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Des tests catalytiques ont été réalisés dans un réacteur lit-fixe, sous haute pression d'hydrogène, en utilisant perhydrophenthrène (C14H24) ou octylcyclohexane (C14H28) comme des charges modèle. La molécule saturée a été obtenue après hydrogénation in situ du composé aromatique correspondant, soit phénanthrène (C14H10) ou phényloctane (C14H22). Des zéolithes à large pore, USY (CBV720) et Beta (CP814e), et une silice-alumine amorphe (Siralox 30), dont la fonction hydrogénante a été représentée par Pt ou sulfures de molybdène promues par du Ni, ont été évaluées dans l'hydroconversion du perhydrophénanthrène et de l'octylcyclohexane. La réaction a produit quelques centaines de composés et leur identification minutieuse a été essentielle pour constituer les schémas réactionnels impliqués dans ces réseaux complexes. Cela a été réussi grâce à une méthodologie analytique spécialement conçue pour cette application, basée sur un couplage GCxGC aux détecteurs à ionisation de flamme et de masse.

Les produits de réaction ont été groupés selon leur nombre d'atomes de carbone et famille chimique. L'évolution des familles et des produits de réaction au sein de ces groupes a été étudiée avec l'objectif de proposer des schémas réactionnels concernant l'hydroisomérisation et l'hydrocraquage des molècules modèle. Des effets de sélectivité de forme ont été mis en evidence expérimentalement en hydrocraquage du perhydrophénanthrène et investigués à l'aide de simulations moléculaires utilisant la méthode de Monte Carlo. L'influence du nombre de cycles naphtèniques, ainsi que la présence d'une longue chaîne alkyle attaché au cycle, sur les réactions d'hydroisomérisation et d'hydrocraquage a été abordée à travers de RESUME l'analyse de résultats obtenus lors de l'hydroconversion de ces molècules modèle sur les catalyseurs bifonctionnels. Enfin, l'activité de catalyseurs Pt a été évaluée dans l'hydroisomérisation du n-hexadecane (C16H34), un alcane à chaîne longue, et comparée aux résultats obtenus sur les molécules naphtèniques.

Mots-clés : hydroisomérisation, hydrocraquage, catalyse bifonctionnelle, naphtènes, zéolithes, perhydrophénanthrène, octylcyclohexane, GCxGC

RESUME SUBSTANTIEL

L'objectif principal de ce travail a été de comprendre les mécanismes impliqués dans l'hydroconversion de naphtènes polycycliques et substitués, les composants majoritaires des fractions lourdes du pétrole, comme les Distillats Sous Vide (DSV). Les catalyseurs bifonctionnels étudiés, caractérisés par une phase hydrogénante (Pt ou NiMoS) supportée sur des phases acides mises en forme, représentées par des zéolithes à large pore (USY ou Beta) ou une silice-alumine (ASA), ont été employés dans l'hydroisomérisation et l'hydrocraquage de deux molécules cycliques à 14 atomes de carbone. Le perhydrophénanthrène, un naphtène polycyclique, et l'octylcyclohexane, un naphtène monocyclique substitué par une chaîne alkyle, ont été choisis en tant que molécules modèles pour évaluer la réactivité de différentes structures cycliques en mécanismes bifonctionnels. L'hydroconversion de ces composés a suivi les principes de la chimie de carbocations et a généré quelques centaines de produits, lesquels ont été exhaustivement identifiés et quantifiés par GCxGC-FID/MS. La caractérisation détaillée des produits de réaction a permis d'établir une étude approfondie de schémas réactionnels et l'identification de familles de composés qui sont rarement rapportées dans la littérature.

L'hydroisomérisation et l'hydrocraquage du perhydrophénanthrène (PHP, C14H24) ont été réalisés sur les catalyseurs bifonctionnels Pt/H-USY, Pt/H-Beta et Pt/ASA. Un schéma global à tous les catalyseurs passe par l'isomérisation du naphtène tricyclique, suivie par une étape d'ouverture du cycle central de PHP, en amont du craquage. La formation des isomères de PHP et produits d'ouverture de cycle a été contrôlée par la sélectivité de forme, conduisant à différentes distributions en nombre d'atomes de carbone. Ainsi, les catalyseurs supportés contenant de la zéolite USY ont donné une large distribution de produits de craquage, alors que les catalyseurs bifonctionnels à base de Beta et ASA ont privilégié le craquage central de la molécule modèle à naphtènes ayant 7 atomes de carbone. Une autre route d'isomérisation du perhydrophénanthrène a résulté dans la production d'adamantanes substitués à 14 atomes de carbone. Ces molécules sont très stables du point de vue thermodynamique et ne subissent pas facilement le craquage. Les alkyladamantanes ne sont pas souvent rapportés dans la littérature en catalyse bifonctionnelle, probablement à cause des difficultés liées à leur séparation et identification parmi d'autres produits de réaction.

Dans notre travail, la formation des alkyladamantanes a été attribuée à la catalyse en RESUME SUBSTANTIEL bouche de pore et a été favorisée à haute conversion de perhydrophénanthrène sur le catalyseur Pt/H-USY. Les effets de sélectivité de forme et plus spécifiquement de la catalyse en bouche de pore ont été rationalisés à l'aide de techniques de simulation moléculaire, en prenant en compte des importants intermédiaires de réaction comme molécules cible. Les zéolithes USY ont été plus actives en hydroconversion de perhydrophénanthrène, suivies par la zéolithe Beta et, à un degré plus faible, par la silice-alumine. L'activité plus importante de Pt/H-USY dans la conversion de naphtènes polycycliques est liée à l'adsorption favorisée du perhydrophénanthrène dans la topologie de FAU, comme les simulations le démontrent. L'hydroconversion de l'octylcyclohexane (C14H28) a été effectuée sur des catalyseurs supportés Pt et NiMoS, sous les mêmes conditions opératoires que les tests catalytiques menés sur le perhydrophénanthrène. Le schéma réactionnel, valide tant pour les catalyseurs Pt que pour les catalyseurs NiMoS, commence par l'isomérisation de la molécule modèle, avant que les isomères arrivent à une conformation qui possibilite la beta-scission rapide. Dans ce cas, l'ouverture de cycle a été une réaction minoritaire, ce qui est attendu en hydroconversion de naphtènes monocycliques. La distribution des isomères a été équivalente sur des catalyseurs zéolithiques, tandis que l'ASA a formé préférentiellement des structures multibranchées, ce qui est lié à une faible activité de craquage de la phase silice-alumine. En accord avec la littérature, le branchement consécutive des isomères s'est initié au niveau du cycle, avec migration du branchement crée vers la chaîne alkyle substituant le naphtène. Les catalyseurs Pt ont donné une distribution similaire en nombre d'atomes de carbone, avec un craquage préférentiel vers la formation de composés à 7 atomes de carbone et une distribution plate autour des atomes de carbone restants. Les catalyseurs bifonctionnels NiMoS étaient moins équilibrés que les catalyseurs Pt, ce qui a résulté dans la formation de produits de craquage plus légers, à cause du sur-craquage. Nous avons essayé de rationaliser la compétition entre isomérisation et craquage en comparant le degré de branchement des molécules représentatives de ces deux familles. Malgré un nombre inférieur de carbones tertiaires, les isomères di-ou tribranchés ont craqué préférentiellement, en comparaison avec les isomères multibranchés. En effet, ces derniers nécessitent un nombre supérieur d'étapes lentes d'isomérisation type B pour les produire. L'ordre d'activité en hydroconversion de l'octylcyclohexane a été l'opposé de celui obtenu sur les essais avec le perhydrophénanthrène.

Les zéolithes Beta ont été plus actives que les zéolithes USY, et l'ASA a été le solide le 
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INTRODUCTION

The worldwide demand in oil fuels is still expected to increase in the next years. Transport sectors will therefore require great capacities of diesel and jet fuel that should be supplied from the processing of heavy oil fractions, e.g. Vacuum Gas Oil (VGO). VGO is obtained from straight run distillation of crude oil, with temperature boiling range around 350-600°C (C20-C60). In refineries, VGO is often upgraded via hydrocracking, a versatile catalytic process that may provide a great variety of good quality products. In the context of energy transition, it is essential to obtain such oil derivatives in an efficient way, in order to increase the selectivity towards desirable compounds. For this reason, an expertise in reaction mechanisms and catalyst design is necessary to improve the performance of hydrocracking units.

Hydrocracking is performed over bifunctional catalysts in the presence of hydrogen.

Catalysts are constituted of a (de)hydrogenating metallic function supported on an acid cracking phase. In an industrial environment, catalysts should be resistant to impurities, such as nitrogen, sulfides, oxygen and water. The metallic phase is mostly constituted of molybdenum sulfides promoted by nickel, cobalt or tungsten because of their nitrogen and sulfur resistance. Platinum may also be used as a stronger hydrogenating agent for sulfur-free feedstocks. The acid phase is brought by zeolites shaped with an alumina binder and amorphous silica-alumina (ASA). These solids present different porosity and acidity tuned to reach targeted cracking products.

VGO is mainly composed of cyclic compounds, i.e. naphthenes and aromatics, in addition to alkanes. Hydroconversion of long-chain alkanes has been widely reported in literature and follow a well described bifunctional mechanism based on carbocation chemistry. In contrast, reaction routes of hydroisomerization and hydrocracking of (poly)cyclic molecules have been less discussed in previous works and are more difficult to predict. Indeed, different reaction possibilities rely on the number of cycles and alkylation degree of the studied molecule. Thus, the objective of this work is to understand the reactivity of polycyclic and substituted naphthenes and rationalize reaction pathways leading to their hydroconversion. Our attempt is to improve scientific foundations regarding these less explored areas.

In this work, perhydrophenanthrene (C14H24), a 3-cycle naphthene, and octylcyclohexane (C14H28), a substituted monocyclic naphthene, were chosen as C14 model molecules. They were obtained after in situ hydrogenation of the parent aromatic, respectively phenanthrene (C14H10) and phenyloctane (C14H22). Octylcyclohexane was assigned as model molecule because it could be a reaction intermediate formed during hydrocracking of perhydrophenanthrene. By doing so, we aim to address the reactivity of both compounds in respect to the number of cycles of the model molecule, and the presence of a long alkyl-chain attached to the cycle. C14 molecules are not truly representative of a VGO feedstock (C20-C60). Nevertheless, for heavier compounds, the complexity of the reaction mechanisms would increase the difficulties in analyzing reaction products, leading to a poor comprehension of hydroconversion pathways. Both molecules were proceeded for catalytic testing in a fixedbed reactor, employing the same operating conditions. Different families of bifunctional catalysts were tested. Reaction products were extensively characterized by two-dimensional gas chromatography coupled to flame ionization and mass detectors.

The impact of the acid phase on hydroconversion reaction pathways was tackled by comparing commercial large-pore zeolites (ultrastable Y and Beta) to amorphous silicaalumina (Siralox 30). We aimed to evaluate the role of acidity and porosity on naphthenes reactivity. Both zeolites were chosen given their similar concentration of BAS, and higher concentration of strong acid sites compared to silica-alumina. Ultrastable Y zeolites possess larger porosity (supercages) that may accommodate large molecules compared to Beta zeolite. ASA catalysts have the largest pore opening among the solids tested. The evaluation of bifunctional catalysts with distinct pore size enabled to verify the occurrence of shape selectivity effects and their influence on the carbon atoms distribution.

The bifunctionality of the catalysts was assessed by changing their metallic phase. The shaped acidic supports were impregnated with either platinum or molybdenum sulfide precursors.

The impact of this balance between (de)hydrogenation and
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as scientific publications, where specific literature is provided as an introduction to the approached theme. Details on experimental methodology are also furnished in each chapter.

The -adsorbed olefin perpendicular to the metal surface; B) formation of the complex with a metal particle [32,33] 

Hydrocracking catalysts

Hydrocracking catalysts are bifunctional solids constituted of a metal and an acid phase. The metal function enables (de)hydrogenation reactions, while the acid one catalyzes isomerization and cracking mechanisms. The choice of metal and acid functions relies on the type of process, as well as on the selectivity to the desired product [1]. This section aims to make an overview of hydrocracking catalysts that are used in hydroconversion of heavy oil fractions, as Vacuum Gas Oil.

The metal function must assure high activities of (de)hydrogenation reactions in order to prevent over-cracking [2]. Noble metals as Pt and Pd can be used for this purpose, but only when the feedstock is free of nitrogen and sulfur impurities [3]. Otherwise, metal sulfides promoted by other non-noble metals are used in hydrocracking, due to their greater resistance to the impurities found in standard oil feedstock [4]. Therefore, Mo and W promoted by Ni and Co, respectively, are preferentially used in industrial applications. According to literature, (de)hydrogenation activities increases in the following order: sulfide metals << Pd < Pt [5].

Amorphous silica-alumina and, more recently, zeolites are the main solids which are used to perform the role of acid function in hydrocracking catalysts [6]. There are several works dealing with the performance of zeolites in bifunctional catalysis [7][8][9][10]. In effect, their crystalline structure and resistance to tough operating conditions make of them a suitable choice in hydrocracking processes. Zeolites are constituted of tetrahedral blocks connected by oxygen atoms. The channels produced by these blocks enables the classification of zeolites in ultra-large (> 12 membered-ring), large (12 membered-ring), medium (10 membered-ring) and small (8 membered-ring) ones. Besides, their pore system can be uni-, di-or tridimensional, with diameters varying from 0.5 to 2 nm [11].

Aluminum or silicon atoms are placed in the center of each tetrahedron, as illustrated in Figure 1. It is interesting to notice that all tetrahedra centered in aluminum (AlO4) -are separated from each other by at least one silicon tetrahedron (SiO4), according to Loewenstein's rule [12]. Another particularity of zeolites structure is the presence of compensation cations, as it can be seen in Figure 1, exemplified by sodium metal cations.

Given that aluminum tetrahedra possess a negative charge, these cations can neutralize the overall charge of the structure. This is an important feature because these compensation metals can be easily exchanged by other cations, creating Brønsted acid sites (BAS) when they are replaced by a proton + . This means that each tetrahedron centered in aluminum corresponds potentially to a BAS. Therefore, the general formula for a zeolite framework is

given by + [ 2, 2] - 2
, where the coefficient x depends on the content of aluminum in the framework. Water can be easily removed from the structure by thermal treatments as drying and calcination. Activity and selectivity of bifunctional catalysts can be mainly influenced by the acidity and porosity of zeolites. The acidity of zeolites is intrinsically related to the density of BAS and their strength. The concentration of BAS increases inversely with Si/Al ratio of the zeolite framework, given that it is associated to the aluminum content. The strength of the sites is associated to their tendency to donate a proton and it depends on the interaction between proton and zeolite framework, on the length of the tetrahedron bonds (Si-OH-Al) and on the structure of the zeolites, as well as their chemical nature [14]. On the other hand, the porosity of the zeolites can lead to confinement and shape selective effects [15][16][17][18][19][20][21][22][23]. The latter parameter will be discussed in the section dedicated to bifunctionality.

Silica-aluminas are disordered structures composed of tetrahedral and octahedral building Oxygen blocks. These materials have large surface area, and are difficult to characterize due to their amorphous character. Their porous structure is linked to their composition and synthesis conditions [24].

In a general way, amorphous silica-aluminas present a lower activity than zeolites. This is related to the strength, concentration and accessibility of the acid sites [25][26][27]. Regarding the strength of the acid sites, the interaction of oxygen atoms with the proton leads to stress in the structure, but silica-aluminas have a greater potential of relaxation than zeolites. This effect yields more covalent O-H bonds, reducing the acidity of the hydroxyl groups. In respect to the concentration of acid sites, silica-aluminas are more susceptible of producing small alumina clusters, which are situated in non-tetrahedral sites. When thermal treatments take place, these clusters can be removed from the structure, creating Lewis acid sites (LAS).

Therefore, while zeolites are normally considered as BAS, the silica-aluminas are potentially linked to LAS. The last aspect regards the porous system of these structures: in comparison with zeolites, amorphous silica-aluminas do not have the same degree of crystallinity and density of acid sites.

Mechanisms of hydrocracking of naphthenes

This section aims to present the main mechanisms involved in hydrocracking of naphthenic compounds, according to a bifunctional approach, i.e. catalysts presenting metal and acid functions, and following the chemistry of carbocations.

Metal-catalyzed reactions

Hydrogenation mechanism was established by Horiuti et al. [28], who worked on the exchange of hydrogen between water and ethylene, water and benzene, and among benzene and ethylene over a series of Ni and Pt catalysts. They proposed that chemisorption of one molecule of hydrogen over two metallic sites is followed by the chemisorption of an unsaturated compound on two other metallic sites. Then, a half hydrogenated state is formed by the transfer of one hydrogen atom to the adsorbed hydrocarbon, which is progressively changed in a final hydrogenated state by the shift of the remaining hydrogen atom, as shown in Figure 2. In addition to (de)hydrogenation reactions, the metal phase can also be associated to ringopening through C-C bond cleavage [29,30]. Ring-opening is an essential tool to increase the cetane number of fuels, avoiding the formation of light compounds [31].

Ring opening on metal surface can take place mainly by two pathways: the multiplet and the dicarbene mechanisms [32][33][34]. Multiplet mechanism, on the other hand, can be divided into doublet and sextet-doublet mechanism, both competitive during the reaction. The former is catalyzed by small metal particles, favoring the selective ring-opening (non-statistical C-C bonds scission) of secondary carbons, once bonds between tertiary carbons cannot undergo ring-opening in this condition due to steric hindrance. This pathway involves the participation of only two metal atoms in the physical adsorption. Sextet-doublet mechanism allows flat adsorption of the naphthenic compound, with participation of several metal atoms and cleavage of tertiary-secondary or tertiary-tertiary carbon bonds.

The dicarbene mechanism goes through the formation of olefins after the cleavage of C-H bonds. In a non-selective ring-opening scenario, only one metal atom participates in the reaction and the olefin is adsorbed parallel to the metallic surface (Figure 3A). Selective ringopening of cyclic compounds, which involves the participation of several metal atoms, may occur, however, in a perpendicular direction to the metal particles. In a way that compensates the steric hindrance of tertiary carbons, an alkyl side-chain can form a complex with the metal particles, allowing tertiary-secondary or tertiary-tertiary C-C bonds to be catalyzed (Figure 3B). and n-butylcyclohexane over iridium, ruthenium, nickel and platinum proceeds slower than five-membered rings for all the metals tested [35]. Therefore, in order to increase the rate of opening C6-rings and avoid loss of carbon atoms, an acidic function must be used in order to isomerize C6-cycles into C5-rings (see section below).

Acid-catalyzed reactions

Similar to alkanes, alicyclic compounds go through different types of isomerization and C-C bonds scission, which are favored by the formation of the most stable carbocation. Among the pathways that should be considered in hydroconversion of naphthenic molecules,

-scission, and intermolecular mechanisms, as proton and hydride transfer, are some examples of rearrangements observed [36][37][38][39].

In superacidic media, two types of isomerization might be distinguished, considering the degree of branching of the final compound. For naphthenic molecules, each tertiary carbon atom corresponds to 1 branching, while quaternary carbon atoms contribute with two branchings [40]. If the degree of branching does not change during the rearrangement, the isomerization is called of type A. Otherwise, it is named type B. Both of them proceed via formation of protonated cyclopropanes (PCP) intermediates [41,42], as shown in Figure 4 for alkanes and cyclic molecules. Type A isomerization is faster than type B one because the latter involves a corner to corner proton jump, which is considered a slow step of the reaction, with respect to hydride shifts observed on the former. Souverijns et al. [40], working on the hydroconversion of 1-cyclohexyloctane over Pt/H-Y zeolite, identified numerous isomers resulting mainly from type A isomerization, besides a first step of ring branching initiated by type B rearrangement (Figure 5). Type A and B isomerization in the ring were faster than chain branching, and methyl-shifts were favored from the cycle towards the alkyl substituent. Moreover, the most preferred positions for branching were near the cycle.

Figure 5. Isomerization pathways of 1-cyclohexyloctane adapted from Souverijns et al. [40].

Beta-scission occurs after skeletal rearrangement [44] and it is most favored when the p orbital from the positive carbon and the one from the beta bond are in a coplanar orientation. This configuration is well attained in aliphatic carbenium ions, because the alpha bond can rotate without hindrance. The same conclusion cannot be afforded to C-C bonds -bonds and p-orbitals are linked in a perpendicular position, avoiding the orbitals overlap.

This effect was observed by Brouwer and Hogeveen, who studied the rates of hydride and -C bonds in superacid media (FSO3H-SbF5-SO2ClF) [45]. The authors compared the conversion of a branched alkane (2,4,4-trimethylpentyl cation) and a cyclic compound with the same degree of branching (1,3,3-trimethylcyclopentyl cation).

Although the former was easily cracked at -73°C, the latter did not undergo the same reaction even for temperatures up to 0°C, as seen in Figure 6. Thus, endocyclic cracking of naphthenes is a very difficult reaction and exocyclic cracking is usually preferred. In general, alicyclic alkylcarbenium ions go through the -scission mechanisms as aliphatic alkylcarbenium ions, and one may classify the different pathways with respect to the types of substituted carbons (primary, secondary, tertiary) involved before and after the cleavage [46]. silica-alumina (10% alumina) [47]. Conversion of C10 to C12-naphthenes showed high selectivity to isobutane and to n-4 cyclic hydrocarbons, where n is the number of carbons.

Among the naphthenes formed, methylcyclopentane was the major product. Paring reaction mechanism is shown in Figure 8. First reaction steps are dehydrogenation on metallic sites and protonation of the double bond or hydride transfer on acidic sites of the catalyst. Then, a series of rearrangements can take place in order to get the most favorable configuration which enables exocyclic cracking by type A beta-scission (tertiary-tertiary). In the case of C10 to C14-naphthenes, this effect allows fast isomerization of the ring with contraction of the cycle. In effect, the methyl groups seem pare from the ring, being eliminated as branched alkanes (e.g. isobutanes), conserving the ring. Moreover, naphthenes with less than 10 carbon atoms do not crack in the same way as C10 to C14-naphthenes. In effect, they do not have an enough number of carbons to ensure the formation of tertiary carbon atoms that can produce tertiary ions by beta-scission, as structure VII (Figure 8). Differences on distribution of reaction products can also be observed in respect to n-alkanes: their cracking profiles present a "bell"-shape, whereas C10 to C12-naphthenes ones correspond to a M-shape (Figure 9) [49]. The major difference between these two profiles is the distribution around C5 products, which highlights the occurrence of paring reactions. This result suggests that ring isomerization is the fastest reaction with respect to ringopening by beta-scission. In contrast, by comparing, in similar conditions, the hydroconversion of 2-methylheptane (acyclic molecule corresponding to ethylcyclohexane), the isomerization into 2,2,4-trimethylpentane (corresponding alkane of 1,1,3trimethylcyclopentane) was not verified, due to the fast type A beta-scission that can occur in this case. In this context, Figure 10 attempts to compare ring-opening rates with rates of Beta-scission of the opening products (or corresponding acyclic compounds).

Figure 10. Comparison between ring-opening and cracking rates according to references [13,52]. Vo stands for ring-opening rate, Vc corresponds to rate of beta-scission of opening products (or of the corresponding alkanes).

As explained previously, ring-opening may take place through acid-catalyzed mechanisms. In acidic sites of bifunctional catalysts, beta-scission is the main pathway that enables the formation of ring-opening products, i.e. compounds having the same number of carbons of the parent naphthene, but containing an inferior number of cycles.

In a general way, the reactivity of the cycle is determined by the number of tertiary carbons attained to the ring, as well as their placement, the number of isomers of the cyclic compound and the total number of carbon atoms of the molecule [53]. For instance, sixmembered rings are unlikely to open directly by hydrogenolysis or beta-scission, on the other hand, ring-contraction into five-membered rings and consequently formation of a tertiary carbon atom increases ring-opening rates.

Regarding polycyclic naphthenes, it is expected that ring-opening of the first cycle will be faster than opening of the subsequent cycles, due to a decrease in the number of tertiary carbons [54]. Therefore, one cannot expect to obtain high yields of long-chain alkanes starting from polycyclic naphthenes. Considering bifunctional mechanisms in ring-opening of cyclic molecules, several works [35,[START_REF] Kustov | Opening of the Rings of Aromatic and Naphthene Hydrocarbons: A new way of improving the quality of fuels[END_REF][START_REF] Samoila | Influence of chlorine on the catalytic properties of supported rhodium, iridium and platinum in ring opening of naphthenes[END_REF][START_REF] Ziaei-Azad | Bifunctional MCM-41 aluminosilicate supported Ir with adjusted metal and acid functionality for catalytic ring opening of 1,2dimethylcyclohexane[END_REF][START_REF] D'ippolito | Influence of the support on the selective ring opening of methylcyclohexane and decalin catalyzed by Rh-Pd catalysts[END_REF][START_REF] D'ippolito | Influence of the Brønsted acidity, SiO2/Al2O3 ratio and Rh-Pd content on the ring opening. Part II. Selective ring opening of methylcyclohexane[END_REF][START_REF] Rao | Selective Ring Opening of Methylcyclopentane and Methylcyclohexane Over Iridium Bifunctional -Al2O3, SiO2 and Ultra Stable Y Zeolites[END_REF] used monocyclic compounds as model molecules. In recent years, other works took into consideration bicyclic molecules [53,[START_REF] Sato | Hydrocracking of diphenylmethane and tetralin over bifunctional NiW sulfide catalysts supported on three kinds of zeolites[END_REF][START_REF] Ferraz | Influence of Support Acidity of NiMo Sulfide Catalysts for Hydrogenation and Hydrocracking of Tetralin and Its Reaction Intermediates[END_REF][START_REF] Holl | Competitive Hydroconversion of Decalin and n-Decane on Noble-Metal Catalysts and the Evaluation of Molybdenum Carbide as Ring-Opening Catalyst[END_REF][START_REF] Monteiro | Effect of metal-acid site balance on hydroconversion of decalin over Pt/Beta zeolite bifunctional catalysts[END_REF][START_REF] González | Hydroconversion of 2-Methylnaphthalene on Pt/Mordenite Catalysts. Reaction Study and Mathematical Modeling[END_REF][START_REF] Santikunaporn | Ring opening of decalin and tetralin on HY and Pt/HY zeolite catalysts[END_REF][START_REF] Piccolo | Mechanism of tetralin ring opening and contraction over bifunctional Ir/SiO -Al O Catalysts[END_REF][START_REF] Santi | High-performance ring-opening catalysts based on iridium-containing zeolite Beta in the hydroconversion of decalin[END_REF][START_REF] Bellussi | Catalytic Ring Opening of Perhydroindan -Hydrogenolytic and Cationic Reaction Paths[END_REF] (tetralin, indan, decalin), in order to represent in a more faithful way real feedstocks of heavier oil cuts. The hydrogenating function plays an essential role together with the acidic function of the catalyst [START_REF] Arribas | The role of metal sites during the coupled hydrogenation and ring opening of tetralin on bifunctional Pt(Ir)/USY catalysts[END_REF]. Kubicka et al. [53,[START_REF] Arvela | Ring opening of decalin over zeolitesII. Activity and selectivity of platinummodified zeolites[END_REF][START_REF]Ring opening of decalin over Pt-and Ir-modified SAPO-5 and VPI-5 zeolite catalysts[END_REF][START_REF]-opening of decalin -Kinetic modelling[END_REF] studied the hydroconversion of decalin using Ptsupported catalysts (BEA, Y and MOR as supports) at temperatures varying from 200 to 270°C. Isomerization of decalin and ring-opening reactions were favored by the contribution of the metal, as compared to proton-form zeolites. Isomerization and ring-opening rates increased about three and five times, respectively, in the presence of Pt. Furthermore, the addition of Pt prevented the cracking activity of the parent zeolites, reducing the yield in light compounds (C1-C4).

In conclusion, according to Egan and coworkers [47,[START_REF] Sullivan | Hydrocracking of alkylbenzenes and polycyclic aromatic hydrocarbons on acidic catalysts. Evidence for cyclization of the side chains[END_REF][START_REF] Egan | Hydrocracking of n-Butylbenzene, sec-Butylbenzene Benzene with Palladium on Silica-Alumina Catalysts[END_REF], the main reactions on hydroisomerization and hydrocracking of alkylnaphthenes, performed from 250 to 350°C, may be arranged in terms of rates as it follows: type A Beta-scission > Type A isomerization of the ring > Type A isomerization of the alkyl chain exocyclic cracking Type B isomerization of the ring > Type B isomerization of the alkyl chain > Type B Beta-scission of the alkyl chain opening of the last ring.

Bifunctionality

According to what was exposed previously, bifunctional mechanisms are governed by metallic and acidic reactions according to the chemistry of carbocations. In a general way, this mechanism is initiated by the dehydrogenation of the cycle on the metal site, creating a cyclic olefin which diffuses into the acidic phase, where these species undergo isomerization and cracking. Then, these intermediates diffuse towards the metallic phase, where hydrogenation takes place. Therefore, the mechanism of hydroconversion processes will be driven by the rate limiting step of the reaction, i.e. metal-or acid-catalyzed reactions, which may, consequently, change the activity and selectivity of the catalyst [START_REF] Weitkamp | Isomerization of Long-chain n -Alkanes on a Pt/CaY Zeolite Catalyst[END_REF].

The term "ideal" catalyst was first used by Weitkamp [77] and it is related to the balance between metal and acid functions in a bifunctional catalyst. For instance, if the (de)hydrogenating function is more active than the acidic one, the reactions performed on the latter represent then the rate limiting step of the process and the catalyst is considered to be "well balanced" or "ideal". Conversely, if the metal function is weaker than the acidic one, then (de)hydrogenating reactions become the rate limiting steps in the overall process, characterizing a "poorly balanced" catalyst [START_REF] Thybaut | Acid-metal balance of a hydrocracking catalyst[END_REF]. Moreover, the diffusion between metal and acidic functions cannot create transport limitations and should obey the Weisz intimacy criterion [START_REF] Guisnet | Ideal" bifunctional catalysis over Pt-acid zeolites[END_REF][START_REF] Batalha | Bifunctional Hydrogenating/Acid Catalysis[END_REF].

Other factors can influence the behavior (ideal or non-ideal) of the catalyst, as the strength of the metal and acidic functions, operating conditions (temperature, total pressure, molar hydrogen to feedstock ratio) and number of carbons of the reactant [START_REF] Monteiro | Effect of metal-acid site balance on hydroconversion of decalin over Pt/Beta zeolite bifunctional catalysts[END_REF]. Therefore, a catalyst can behave ideally in certain conditions, and, in contrast, be considered poorly balanced in a different application. It is necessary to verify the equilibrium of phases for each system studied.

Metal-acid balance of bifunctional catalysts has been widely studied for small and long-chain alkanes [START_REF]bifunctional catalysts for selective conversion of hydrocarbons[END_REF][START_REF] Mendes | Quantification of metal-acid balance in hydroisomerization catalysts[END_REF][START_REF] Guisnet | Ideal" bifunctional catalysis over Pt-acid zeolites[END_REF][START_REF] Alvarez | Hydroisomerization and hydrocracking of alkanes -Influence of the balance between acid and hydrogenating functions on the transformation of n-decane on PtHY catalysts[END_REF][START_REF] Batalha | Optimization of the balance between activity and selectivity on a hydroisomerization catalyst[END_REF][START_REF] Girgis | Impact of catalyst metal acid balance in n-hexadecane hydroisomerization and hydrocracking[END_REF][START_REF] Alvarez | Hydroisomerization and Hydrocracking of Alkanes[END_REF][START_REF] Degnan | Impact of Catalyst Acid Metal Balance in Hydroisomerization of Normal Paraffins[END_REF], but few studies reported the influence of the acid-metal balance on hydrocracking of polycyclic naphthenes, specially tricyclic ones. Most model molecules are mono-or bicyclic naphthenes [START_REF] Monteiro | Effect of metal-acid site balance on hydroconversion of decalin over Pt/Beta zeolite bifunctional catalysts[END_REF][START_REF] González | Hydroconversion of 2-Methylnaphthalene on Pt/Mordenite Catalysts. Reaction Study and Mathematical Modeling[END_REF][START_REF] Piccolo | Mechanism of tetralin ring opening and contraction over bifunctional Ir/SiO -Al O Catalysts[END_REF][START_REF] Nassreddine | Thiotolerant Ir/SiO2-Al2O3 bifunctional catalysts[END_REF][START_REF] Gutierrez-Acebo | Metal/Acid Bifunctional Catalysis and Intimacy Criterion for Ethylcyclohexane Hydroconversion[END_REF] and the analysis is restricted to the effect of the metal loading on the selectivity of the catalyst.

In this context, Monteiro et al. studied the hydroconversion of decalin, a bicyclic naphthene, over a series of Pt-modified Beta catalysts containing different Pt loadings, in order to evaluate the effect of the acid-metal balance in conversion and products distribution [START_REF] Monteiro | Effect of metal-acid site balance on hydroconversion of decalin over Pt/Beta zeolite bifunctional catalysts[END_REF].

They verified that the yield of ring-contraction and ring-opening products increased with the metal/acid ratio until the concentration of Pt achieved 1 wt.% (Figure 11). The overall conversion of decalin did not change when the concentration of Pt increased, which may indicate that the (de)hydrogenation step was not the limiting one, even for low concentrations of Pt. The authors claimed that protolytic dehydrogenation could be the first step in hydroconversion of decalin when small contents of metallic phase are in use. Arribas and coworkers [START_REF] Arribas | Simultaneous hydrogenation and ring opening of aromatics for diesel upgrading on Pt/zeolite catalysts. The influence of zeolite pore topology and reactant on catalyst performance[END_REF] verified the effect of metal content in hydroconversion of tetralin.

They varied the Pt loading from 0.25 wt % to 4.0 wt % and the metal was directly impregnated onto USY zeolite. In this case, conversion of tetralin was up to 94% even for the least metal-charged catalyst. High metal loading favored the ring contraction of decalin (the hydrogenated product of tetralin) into five-membered rings, enhancing formation of ringopening products. The same tendency was observed for selectivity to ring-opening and cracking products. This means that dehydrogenation of the cycle in the metal sites was the rate-determining step in those conditions.

In the same work, Arribas et al. analyzed the distance between metallic and acid phases and its effect on selectivity in tetralin hydroconversion. First, the authors performed catalytic tests by using three different catalyst configurations, where the two phases were put in different distances. The first configuration contained two layers of catalysts (Pt/Al2O3 in one layer and USY in another), the second one was composed of a mechanical mixture of Pt/Al2O3 and USY zeolite, and the third one was constituted of Pt impregnated directly onto the zeolite (Pt/USY), which represented the configuration with the smallest distance between the two functions. In addition, the number of metallic and Brønsted acid sites were almost equivalent. The third configuration presented the greatest yield of decalin isomers and ring-opening products, which was about five times higher with Pt/USY compared to USY alone.

The morphology of the acid function may also influence the activity and selectivity of bifunctional catalysts on hydrocracking of naphthenes. When hydrocracking of heavy cyclic molecules takes place, e.g. hydrocracking of Vacuum Gas Oil, the acid function must assure that the free diffusion path can accommodate such compounds, in order to avoid transport limitations and shape selectivity effects. respectively) [START_REF] Weitkamp | Peculiarities in the conversion of naphthenes on bifunctional catalysts, Erdo l & Kohle[END_REF].

Besides the fact that Mordenite supported catalysts were the most active ones, presenting the same conversion as the others at lower temperatures, the formers did not produce any type of A isomers at low conversion, differently from the other solids. In this case, type A isomers were represented by propylcyclopentane and methylcycloheptane, considering ethylcyclohexane as model molecule; and ethylcyclopentane, when using methylcyclohexane as model feedstock. This effect was granted to a transition state shape selectivity, where the geometry of Mordenite pores intrinsically favored type B isomers formation.

Other structural effects were evidenced by Leite and co-workers [START_REF] Benazzi | New insights into parameters controlling the selectivity in hydrocracking reactions[END_REF][START_REF] Leite | Etude sur molecule modèle des paramètres régissant la sélectivité des catalyseurs d'hydrocraquage des charges lourdes[END_REF]. The authors used Pt-supported catalysts in hydrocracking of phenanthrene and variated Si/Al ratio of the supports (Y, Beta zeolites and silica-alumina) in order to investigate the effects of acidity in the hydroconversion of the polycyclic compound. For beta zeolites and silica-alumina, the activity varied as a function of the acidity. Nevertheless, the selectivity to isomers and cracked products was not affected when the acidity varied. These competing pathways are illustrated in Figure 12. With respect to Y zeolites, dealumination process led to a higher microporous volume, therefore different selectivities to isomerization and cracked products could not be associated only to different acidities. Molecular simulation results showed that this difference could be related to the adsorption energy of the model molecule (perhydrophenanthrene isomers) and its intermediate products on the pores of the zeolites.

Given that this energy was smaller for Y zeolites (compared to Beta ones), the selectivity to isomers products increased. The influence of zeolites structure on ring-opening of bicyclic naphthenes was also reported in literature [START_REF] Arribas | Simultaneous hydrogenation and ring opening of aromatics for diesel upgrading on Pt/zeolite catalysts. The influence of zeolite pore topology and reactant on catalyst performance[END_REF]. Taking tetralin as model molecule, the authors noticed that ring-opening products were favored on large-pore (12MR) zeolites, especially on Beta and USY zeolites, compared to the other acidic supports having similar Si/Al ratio and different pore topology.

Experimental results showed that Pt/Beta catalysts led to a maximum yield of ring-opening products, followed by Pt/USY.

Arribas and coauthors [START_REF] Arribas | Simultaneous hydrogenation and ring opening of aromatics for diesel upgrading on Pt/zeolite catalysts. The influence of zeolite pore topology and reactant on catalyst performance[END_REF] compared Beta and Y zeolites in ring-opening of 1methylnaphthalene, in order to verify the effect of the reactant size in the selectivity of the catalysts. Figure 13 shows a better performance of Y zeolites in terms of selectivity, in contrast to results obtained in ring-opening of tetralin. Attempting to understand this behavior, they performed a molecular simulation by using propyl-ethyl-cyclohexane (PECH) as model feedstock. The authors found out that Beta zeolites may interact with PECH through van der Waals forces, which can hinder diffusion and turn the opening of the second cycle difficult. Conversely, no interactions were observed with respect to Y zeolites. 

Analysis of effluents

Molecular identification of effluents is crucial to determine coherent pathways in hydroconversion processes. This could be, however, a challenging task, given that heavier oil fractions will be more difficult to characterize. For instance, Vacuum gas oil cut, whose total number of carbons varies from 20 to 60 atoms, presents boiling points comprised between 350 and 600°C, which limits its identification by standard methods [START_REF] Dutriez | Improved hydrocarbons analysis of heavy petroleum fractions by high temperature comprehensive two-dimensional gas chromatography[END_REF]. In this case, other strategies must be employed in order to define the families of compounds that constitute heavy oil fractions [START_REF] Garaniya | Extensive chemical characterization of a heavy fuel oil[END_REF][START_REF] Stratiev | Challenges in characterization of residual oils. A review[END_REF][START_REF] Herod | Characterization of Heavy Hydrocarbons by Chromatographic and Mass Spectrometric Methods[END_REF]. Table 1 makes an overview of the techniques applied in the identification of complex mixtures of hydrocarbons, classifying them in families.

Table 1. Separation methods for petroleum matrix [START_REF] Hsu | Prospects for petroleum mass spectrometry and chromatography[END_REF][START_REF] Sama | Recent trends in element speciation analysis of crude oils and heavy petroleum fractions[END_REF][START_REF] Clingenpeel | Comprehensive Characterization of Petroleum Acids by Distillation, Solid Phase Extraction Separation, and Fourier Transform Ion Cyclotron Resonance Mass Spectrometry[END_REF].

Method Main characteristics

Distillation [START_REF] Bacaud | Coupled simulated distillation-mass spectrometry for the evaluation of hydroconverted petroleum residues[END_REF][START_REF] Carbognani | Applications of Hydrocarbon Group-Type and Class-Type Analysis via Simulated Distillation-Mass Spectrometry for Process Upgrading Monitoring[END_REF] Representation of the distillation curve of a given cut as a function of its boiling point Liquid chromatography (LC) [START_REF] Van Beek | Comprehensive two-dimensional liquid chromatography of heavy oil[END_REF][START_REF] Yang | Characterization of naphthenic acids in crude oils and refined petroleum products[END_REF] Great range of selectivity, poor separation efficiency, difficulty on molecular identification. Supercritical fluid chromatography (SFC) [START_REF] Adam | Supercritical fluid chromatography hyphenated with twin comprehensive two-dimensional gas chromatography for ultimate analysis of middle distillates[END_REF][START_REF] Dutriez | Application to SFC-GC×GC to heavy petroleum fractions analysis[END_REF] Separation of complex mixtures, no volatile and temperature sensitive Gas chromatography (GC) [START_REF] Freije-Carrelo | GC-ICP-MS/MS Instrumental Setup for Total and Speciation Sulfur Analysis in Gasolines using Generic Standards[END_REF][START_REF] Kondyli | High-resolution GC/MS studies of a light crude oil fraction[END_REF] Total separation of light compounds (until C35-C40), but olefins and naphthenes not well separated due to coelution. Great variety of specific and universal detectors.

Among these techniques, despite its limitations, gas chromatography (GC) is still widely used in works dealing with separation of complex mixtures, given that it is compatible with several oil derivatives [START_REF] Yang | Characterization of Oil by Micro-Solid-Phase Extraction and Gas Chromatography-Mass Spectrometry[END_REF][START_REF] Kim | Characterization of Petroleum Heavy Oil Fractions Prepared by Preparatory Liquid Chromatography with Thin-Layer[END_REF][112][113][114]. GC is usually coupled to identification methods, especially mass spectrometry (MS) [115]. In recent years, with the evolution of analysis techniques (frequency, resolution, and mass accuracy for MS and modulator, stationary phase for GC), other methods started to be used as essential tools for the characterization of liquid effluents.

Consequently, multidimensional chromatography coupled to MS has been applied in the treatment of trace compounds [116][117][118][119]. From now on, the focus of this chapter will be directed towards some principles of two-dimensional chromatography and mass spectrometry.

Principles of two-dimensional gas chromatography

In two-dimensional gas chromatography, two columns are connected, allowing the separation of the mixture in a high resolution column (first dimension) and a fast, isothermal separation of the effluents in a short column (second dimension). The two columns are connected by a device, e.g. a thermal or fluidic modulator [120], that allows pulses of effluents separated in the first column to be sent towards the second one.

Figure 14 illustrates the principle of a comprehensive GCxGC separation. In the 2D color plot, the first dimension is usually represented in minutes, corresponding to the retention time of the first column, while the second one is represented in narrow intervals of time (seconds). Occasionally, the resulting chromatogram can be represented in 3D plots, where the third dimension corresponds to the signal intensity. Regarding the choice of the column set, the possible configurations are related to temperature and polarity of the mixture to be characterized. Usually, the first dimension separates the compounds by boiling point and the second one by polarity, which is called a normal setup, contrary to a reverse setup [122]. The efficiency of such setups in the separation of complex mixtures has been studied by Jeol and coworkers (Figure 15).

According to the profiles shown below, a normal column setup would be suitable to separate aromatic fractions, due to a higher chromatographic space, whereas a reverse column setup would fit the conditions to well separate naphthenic compounds. Main advantages of two-dimensional gas-chromatography are an improving on the separation of complex mixtures, besides the possibility of grouping the compounds in families, when they elute as ordered structures as in petroleum cuts which are composed of a continuum of molecules.

Principles of mass spectrometry

Mass spectrometry allows the identification of a compound by taking into account the molecular ion and fragments mass/electrical charge (notated m/z) generated throughout the contact of the molecule with a source of electrons to produce ions. These fragments and molecular ion are analyzed and detected, producing a spectrum with all the fragments yielded during this process. The interpretation of this spectrum can give information about the former molecule, i.e. its molecular mass, which can be converted to its molecular formula [123].

There are several ionization techniques available in hyphenation with gas chromatography and their choice depends on the type of molecule to be identified [START_REF] Borisov | Mass Spectrometry in Petroleum Chemistry (Petroleomics) (Review)[END_REF]. The most used and most informative is the electron ionization (EI), which produces molecular ion and fragment ions. It is also possible to use softer ion sources such as chemical ionization (CI) and field ionization (FI) to have access to the molecular ion and molecular formula of a given compound. NIST mass spectrometry database lists the spectrum of more than 100,000 molecules recording with electron ionization ion source, thus herein this will be the technique discussed.

Regarding EI, the first step in the fragmentation mechanism is represented in Figure 16.

When energetic electrons (i.e. 70eV) interact with neutral molecules in the gas phase, ions The fragmentation process in EI may give structural information related to a specific molecule. In the case of naphthenic molecules, it is possible to identify different isomers, as exemplified in Figure 17 with respect to C8H16 cyclic compounds.

Figure 17. Spectra of different C8H16 isomers according to NIST mass spectra database.

Conclusions

Oil industry faces restricted environmental regulations and, at the same time, an increasing demand in middle distillates, especially diesel and kerosene, as indicated by market trends.

Therefore, new technologies should be developed in order to reach a better selectivity to such products. However, from what has been exposed in this chapter, the mechanisms governing the conversion of heavy oil cuts (VGO) into middle distillates are still poorly understood. In fact, most works from literature deal with bicyclic compounds, which not represent properly the real feedstocks found in industry. Besides, these works are particularly interested in selective ring-opening of naphthenic compounds, which does not take into account cracking steps seen in hydrocracking pathways.

Another point is that none of the works considered the comparison between different cyclic molecules having the same number of carbon atoms, at the same operating conditions. The comparison was limited to molecules having the same number of cycles and different saturation degrees, as in the comparison between tetralin and decalin. The same is valid for the study of bifunctionality regarding polycyclic hydrocarbons: scarce literature is provided for 3-cycle naphthenes or heavier alkyl-substituted naphthenes, i.e. naphthenes having more than 12 carbon atoms.

Taking into account what has been discussed so far, this thesis proposes the study of hydrocracking of polycyclic hydrocarbons in order to understand the mechanisms involved in the hydroconversion of (poly)cyclic molecules. The reaction pathways shown in this chapter will be useful for the proposal of a mechanism in hydroisomerization and hydrocracking of polycyclic and substituted naphthenes, as it will be discussed in the following chapters. 

CHAPTER II: HYDROCONVERSION OF PERHYDROPHENANTHRENE OVER BIFUNCTIONAL PT/H-USY ZEOLITE CATALYST
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Highlights

Two-dimensional gas chromatography coupled to flame ionization and mass detectors allowed the separation, identification and quantification of important families of reaction products of perhydrophenanthrene Isomerized perhydrophenanthrene molecules undergo ring opening reactions leading to cyclic, alicyclic and small amounts of aliphatic cracked hydrocarbon molecules Bridging rearrangements of perhydrophenanthrene isomers lead to formation of alkylsubstituted adamantanes which resist hydrocracking

Abstract

In petroleum refining, middle distillates are produced via hydroisomerization/hydrocracking processes using bifunctional catalysts often containing ultrastable Y (USY) zeolite. Petroleum fractions serving as feedstock for hydrocracking processes contain a majority of (poly)cyclic hydrocarbon molecules. Few studies on reaction mechanisms of hydrocracking of such polycyclic compounds are available. In this study the tricyclic phenanthrene molecule was used as model compound. Phenantrene was hydrogenated on a Pt/alumina pre-catalyst to perhydrophenanthrene, and subsequently hydrocracked over Pt/H-USY zeolite. The feed consisted of 3 wt.% phenanthrene dissolved in n-heptane. The reaction was performed at 280°C and 60 bar, with a molar H2 to total hydrocarbon ratio of 7 mol/mol. The reaction products were analyzed using GCxGC-FID/MS. This detailed analysis enabled identification of the reaction scheme involving skeletal isomerization, ring opening and fragmentation. New mechanistic insight is gained on relative reactivities of bridged and non-bridged tricyclic naphthenes. Preferential hydrocracking routes were identified. The study provides insight in the products to be expected from polycyclic hydrocarbon isomerization and hydrocracking.

Introduction

Nowadays, the oil industry faces a discrepancy between products supplied by refineries and the worldwide demand of clean hydrocarbon fuels. Refiners are using heavier crude oil fractions which are more difficult to convert, and consequently, it becomes more challenging to provide commodities that are in accordance with the market demands and strict environmental legislation. Vacuum gas oil (VGO) is a typical heavy oil cut (C20-C60) that can be converted in refineries by hydrocracking and fluid catalytic cracking [1,2]. VGO is composed mainly of polycyclic molecules (aromatics and naphthenes), the rings of which must be cracked to obtain lighter fractions, especially gasoline (less than 10 carbon atoms)

and middle distillates (C10-C22), serving as diesel and kerosene. Market trends suggest that in the period from 2020 to 2040, despite an expected shrinking demand for oil products, middle distillates will remain indispensable for the industry and transportation, especially in emerging countries and, more specifically, in non OECD Asia [3,4]. In the future, conversion of VGO by hydrocracking processes will be strongly directed towards the production of high quality diesel and kerosene.

Hydrocracking catalysts are bifunctional catalysts. The reaction mechanism of bifunctional catalysis in general terms is understood as a combination of hydrogenation-dehydrogenation reactions on a metal phase, and acid catalyzed reaction steps on acid sites, typically provided by zeolites [5][6][7][8]. The reaction mechanism of bifunctional conversion of aliphatic molecules and mono-and bicyclic naphthenes is well documented [9][10][11][12]. Long alkanes undergo consecutive branching isomerization reactions to monobranched, dibranched and tribranched skeletal isomers which become more and more reactive towards cracking [13][14][15][16]. Monocyclic naphthenes undergo ring contraction and expansion, and in this way interchange carbon atoms between ring and side chain. Exocyclic cracking predominates over endocyclic cracking [17]. The grouping of short side chains by consecutive ring expansion and contraction reactions leads to isobutyl and longer branched substituents that are cracked from the ring.

This reaction is known in literature as "the paring reaction" [18][19][20]. Bicyclic molecules like decahydronaphthalene first undergo ring opening and enter the conversion pathways of monocyclic naphthenes.

VGO is composed of hydrocarbons with many cycles [21]. Mechanistic insight in hydrocracking pathways of such molecules is difficult to obtain because of the multitude of reaction products. For mastering the conversion of VGO to middle distillates, there is a need for scientific insight in the mechanisms of hydrocracking of typical VGO molecules because extrapolation of the behavior of small molecules to larger ones of interest to VGO is not possible. The selectivity of reaction among individual cycles of a polycyclic molecule is just one example. Experimental investigations of the reaction pathways of model VGO molecules with carbon numbers higher than 20 in laboratory reactors are practically very challenging because of the solid nature of the feed at ambient temperature. In view of these challenges and needs, we opted for a stepwise approach and selected a tricyclic molecule to expand the collection of documented molecules in hydrocracking beyond naphthenes containing two rings or less [19,[22][23][24].

The objective of this study was to explore the mechanism governing hydrocracking of perhydrophenanthrene (C14H24, PHP), the fully hydrogenated product from phenanthrene (C14H10). The catalyst was a conventional platinum loaded USY zeolite extrudate. Key questions to be answered were about the nature of the skeletal isomerization pathways and the formation of bridged and skeletal isomers. In previous work on perhydrophenanthrene hydrocracking, substituted adamantanes have been observed among the reaction products [25]. These compounds have high cetane index and superior diesel quality [26].

Another particularity is the ring opening selectivity, and especially of the central ring compared to the extremes, and the competition between consecutive ring openings and paring reactions. Finally, the nature of the cracked products in terms of ring size and alkyl substituents is essential for estimating the octane and cetane number of gasoline and diesel fractions to be expected in industrial VGO hydrocracking processes.

Materials and methods

Preparation and characterization of catalysts

Commercial ultrastable Y zeolite powder (CBV 720 with a Brønsted acid site concentration of 202 μmol/g) from Zeolyst was shaped in extrudate using Pural SB-3 alumina binder provided by Sasol, according to a procedure described elsewhere [27]. An aqueous solution in a proportion of 62.5 g water per 100 g of dry powder, containing 6.50 g nitric acid per 100 g dry boehmite, was mixed with USY zeolite and boehmite powder, and stirred with a mixer for 30 minutes, at a frequency of 50 revolutions per minute. A solution composed of 64.5 g water per 100 g of dry powder, containing 2.5 g ammonium per 100 g of dry boehmite, was then added to the mixture, which was kneaded for 15 minutes, keeping the same frequency of stirring. This paste was then extruded into a trilobe shape extrudate with a diameter of 1.6 mm and dried overnight at 80°C. Two supports containing different contents of USY zeolite, 1 and 3 wt.%, respectively, were shaped following this procedure. A trilobe extrudate sample containing only boehmite was also prepared following the same method.

The extrudes were calcined under air flow of 1.5NL/h/gsupport at 600°C for 2 h. The heating rate was 5°C/min. The length of the broken extrudates was selected between 3 and 6 mm.

Selective impregnation of platinum on the alumina binder was performed via ion exchange. In this procedure, the dry support was humidified before the addition of the competitor (chloride ions). The wetted support was mixed with an aqueous solution (4g water per 1g dry support) containing 1.3 wt.% of hydrochloric acid. The suspension was stirred for 1 h and then decanted. After decantation, the extrudates were mixed with another solution (4 g water per 1g of dry support) containing dissolved chloroplatinic acid hydrate (H2PtCl6, Sigma-Aldrich). The amount of precursor was calculated assuming quantitative ionic exchange and based on the targeted content of Pt in the final catalyst. The suspension was then stirred for at least 24 h, decanted and dried overnight at 120°C.

After drying, calcination was carried out in air flow of 1NL/h/gdry catalyst, heating rate of 5°C/min and temperature range starting from room temperature up to 520°C, in steps with 1 h at 150°C, 250°C and 350° C, and 2 h at 520°C. The calcination in steps minimizes sintering of Pt particles [28].

Si and Al contents of the support and Pt content of the final catalyst were determined with X-ray fluorescence (Thermofischer Scientific Advant-X instrument). To this purpose, the samples were crushed and sieved into granulometric particles smaller than 100 m.

The dispersion of the Pt metal on the extrudates was determined via H2-O2 chemisorption (Gira Xisorb equipment). The samples were calcined following the procedure described above, cooled down to room temperature and purged with helium. Then, a first reduction under hydrogen flow was done at 500°C for 2h. The temperature was decreased to 20°C and the samples were purged with Helium flow. Pulses of oxygen gas were used to titrate the platinum hydride contained in the sample. Another purge under Helium flow was applied, and a second reduction with hydrogen at room temperature. After reduction, the catalyst was titrated again with pulses of oxygen gas. The procedure was repeated until the result was stable. The average volume of oxygen corresponding to both titrations is then used for estimating the platinum dispersion based on Equations 1-3 [29].

Pt+ 1 2 H 2 Pt-H (1) Pt-H+ 3 4 O 2 Pt-O+ 1 2 H 2 O (2) Pt-O+ 3 2 H 2 Pt-H+H 2 O (3)
Silicon, aluminum and platinum content of the catalysts obtained with X-ray fluorescence, and platinum dispersion values acquired through H2-O2 titration, are summarized in Table 1.

Platinum particle size was estimated from the platinum dispersion by considering a spherical shape of the particles. The concentration of Brønsted acid sites (BAS) was estimated from the content of USY zeolite in the extrudate, by taking into account the concentration of BAS in the parent USY zeolite, derived from the pyridine adsorption capacity and the speciation determined using FTIR as described elsewhere [30]. Textural properties of the commercial USY zeolite are available in literature [27,31,32]. a According to BAS concentration of the assuming that the zeolite it is not affected by the extrusion.

Catalytic tests

The reaction was carried out in a fixed-bed downflow reactor tube with an internal diameter of 19 mm. The reactor was loaded with two layers of catalysts of 2 g each, with Pt/Alumina hydrogenation catalyst mounted upfront of bifunctional Pt/H-USY zeolite catalyst. The hydrogenation pre-catalyst ensured hydrogenation of phenanthrene before reaching the hydrocracking catalyst. The catalysts were reduced in situ at 450°C for 2 h under a hydrogen flow of 1 NL/h/gcatalyst. The heating rate to 450°C was 5°C/min. The feedstock was composed of 3 wt.% of phenanthrene (Sigma-Aldrich) diluted into 97 wt.% of n-heptane (AnalaR Normapur). With this composition, condensation of feed and reaction products in the reactor unit was avoided. A molar ratio of hydrogen to total hydrocarbons of 7 mol/mol was used. The reaction temperature was 280°C and total pressure 60 bar. In an experiment with Pt/Alumina catalyst only it was verified that all phenanthrene was hydrogenated before contacting the Pt/H-USY zeolite catalyst downstream. The weight hourly space velocity was varied from 10 to 30 gfeed/gzeolite/h by varying the hydrocarbon flow entering the reactor.

Catalyst deactivation was not observed over the entire range of operating conditions tested.

The reaction products were analyzed on-line as well as off-line. On-line analysis was performed with a GC-FID instrument (Varian) equipped with HP-PONA column provided by Agilent. In this on-line analysis, only the molecules up to C6 could be identified and quantified (Figure 1). For heavier molecules eluting from the column at retention times longer than 50 minutes, the chromatographic peaks were too much overlapping in a broad envelope till a retention time of 75 minute because of the presence of a complex mixture of aliphatic and alicyclic hydrocarbons. Both columns had the same temperature programming, starting from 40°C with heating at 2°C/min to 120°C, then from 120°C to 205°C at 1°C/min and finally from 205°C to 280°C at 10°C/min. A volume of 1μL of reaction effluent was injected with a split ratio of 100. Highpurity helium was used as carrier gas at a constant flow rate of 10 mL/min. For MS analysis, the temperature of the ion source and the ionization energy were 200°C and 70 eV, respectively. Ionization was performed in electron ionization mode. Analysis of reaction products was carried out using GC Image 2.6 software (Zoex), and with NIST MS database (version 08) after converting the data obtained. Mass spectra were compared to those available in the NIST database and in literature [33][34][35][36][37].

Molar flow of a carbon number fraction (Ni), Conversion (X), yield (Y) and product distributions of specific fractions (D) were derived from the chromatographic analysis of the reaction products using Equations 4 -8.

= ( ./ . ) (100 ) (4) 
is the mass flow of the feedstock and ( ./ . ) , ci and Mi the mass fraction, the number of carbons and the molar mass of the component i at the outlet, respectively.
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Distribution of component i within the family J:
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3. Results

Identification and quantification of reaction products with GCxGC-FID/MS

The 2-dimensional analysis of the hydrogenation products of phenanthrene, obtained on the Pt/Al2O3 catalyst is shown in Figure 2A. Six compounds were present, which are the stereoisomers of perhydrophenanthrene [38]. These six conformational isomers are collectively considered as the feedstock undergoing hydroisomerization and hydrocracking over the bifunctional Pt/H-USY catalyst loaded downstream of the Pt/Al2O3 hydrogenation catalyst.

They are collectively referred to as PHP for convenience. The region where the perhydrophenanthrene stereoisomers appear is indicated with dashed line. Pink blobs are assigned to perhydrophenanthrene stereoisomers, yellow blobs to C14 alkyladamantanes, blue to C14 skeletal isomers of perhydrophenantrene, green blobs to C14 ring opening products and white blobs to C12H22 molecules. particular in that all of their cycles are 6-rings having armchair conformation. Their linking by bridges makes them the thermodynamically the most stable tricyclic structures [39,40].

An additional molecule family with 14 carbon atoms are molecules containing two cycles having chemical formula C14H26 called ring-opening products (ROP). These are alkylsubstituted decalin isomers obtained by opening of an external ring and alkyl-connected 2cycle naphthenes obtained by opening of the central ring. Molecules with opening of two out of the three cycles of perhydrophenanthrene were not observed in this study. Figure 2B illustrates the power of two-dimensional GC analysis for separating ring-opening products and PHP skeletal isomers from PHP stereoisomers. All molecules with less than 14 C-atoms are referred to as cracking products. They essentially comprise mono-or bicyclic structures and, in small amounts, iso-and n-alkanes. 

Hydroconversion of perhydrophenanthrene

The degree of PHP conversion on the Pt/H-USY zeolite catalyst was varied by changing the contact time at a reaction temperature of 280°C. For the two types of catalyst extrudates with 1% and 3% USY zeolite, the PHP conversion is plotted against contact time in Figure 5.

The catalyst containing 3% zeolite was more active than the one containing only 1% zeolite, as expected. The PHP conversion at a given contact time was roughly proportional to the zeolite loading. The data obtained over the two catalysts all together cover the conversion range from 36 % to 94%. The yield of C14H24 molecules (skeletal isomers of PHP and alkyladamantanes), C14H26 molecules with one ring opening and, consequently, having two more H atoms and cracking products is presented against PHP conversion in Figure 6. PHP isomerization was the predominant reaction at low conversion. The isomerization yield reached a maximum of ca. 43% at 68% conversion. C14H26 ring-opening products are a minority product. Ring opening products reached a maximum yield of about 8% at 80% conversion. Cracked products became dominant above 85% conversion. From the evolution of the yields it is concluded that skeletal isomerization is the primary reaction followed by ring-opening and cracking. The detailed distribution of PHP skeletal isomers (excluding adamantanes) at different levels of PHP conversion is shown in Figure 8. The most abundant isomers were structures I1 and I4, i.e. perhydroanthracene stereoisomers denoted PHA, formed by ring-shift of perhydrophenanthrene [38] and ring-contraction isomers of PHP with one 5-ring and two 6rings. For the perhydroanthracene stereoisomers there is a discrepancy between their content at low and high PHP conversion. This could be due to an analytical difficulty at low PHP isomerization yield when these molecules are formed in small amounts, which was the case for the data points at 36, 42 and 48% PHP conversion in the experiment using the catalyst with 1% USY zeolite. Ring-contraction isomers (I4) formed after isomerization of an external cycle of perhydrophenanthrene were observed at all conversion levels, and their distribution did not change substantially with PHP conversion. Structures resulting from other ring-shift rearrangements of perhydrophenanthrene cycles were also observed, in particular methylperhydrophenalenes (I3). Methylperhydrophenalenes were quite abundant at low PHP conversion, but their proportion decreased with conversion. These compounds could be precursors for the formation of alkyladamantanes [40]. Small amounts of more exotic spirotype compounds (I2), where rings are linked together through a common carbon atom, generating a twisted naphthene, were also formed in low amounts. At low conversion, the unknown fraction accounted for nearly 20% of the distribution, while at higher conversion almost all compounds could be identified. The distribution of compounds within the alkyladamantanes subfamily is depicted in Figure 9. This product fraction was rich in structures presenting different types of alkyl substitution.

The most abundant isomers were tetramethyladamantanes (A1) and dimethylethyladamantanes (A3). Tetramethyladamantane in comparison to the other substituted adamantanes is the thermodynamically most stable isomer because of its higher number of quaternary carbon atoms [39]. Monoalkylsubstituted structures represented by butyladamantanes (A5) were only present in small amounts, and compounds like methylpropyladamantanes (A4) were observed only at low conversion. The unknown fraction accounted for 10-15% of the distribution in the investigated PHP conversion range. molecule into two fragments. PHP stereo and skeletal isomers are more reactive than alkyladamantanes, which accumulate in the C14 fraction at increasing PHP conversion (Figure 7). PHP skeletal isomers undergo bridging to form alkyladamantanes and ringopening needed for cracking.

Ring-opening products comprise a broad spectrum of compounds in terms of substituents and degree of branching (Figure 10). The dominating structures at high PHP conversion were molecules with two cyclohexane rings connected by an alkyl-brigde (R2 and R3). R2, R3

and R5 structures were presumably formed by ring-opening of the central ring of PHP isomers. Products formed by ring opening of an external ring were also observed, i.e.

structures R6 (butyl-decalins) and R7. Molecules resulting from further rearrangements of PHP cycles resulting in multiple alkyl substituted ROP, such as RI and R4, were also
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present. The unknown fraction accounted for 10% of the distribution at low conversion.

Almost all ROP compounds could be identified at high conversion levels. Around 80% PHP conversion, cracked products became predominant. The yield of cracked products grouped per carbon number and expressed as the percentage of carbon atoms contained in that fraction is presented in Figure 11. Cracked products had carbon numbers in the range from 3 to 12. Methane and ethane (C1 and C2) and C13 products were not formed.

Such products are difficult to obtain by bifunctional catalysis and their presence is generally interpreted as being due to hydrogenolysis on metal sites [41]. Significant amounts of C12

were formed especially at low conversion. The formation of C12 products having 2 C-atoms less than the feed molecules by cracking of feed isomers would involve elimination of 2 C1 groups or a C2 group, which is difficult to rationalize with -scission of alkylcarbenium ions.

The yield of C12 reaction products did not change with increasing PHP conversion while other fragments in the C4-C10 range became more abundant (Figure 11). Propane (C3) was

R1 R2 R3 R4 R5 R6 R7
almost not formed. The cracked product yield distribution according to carbon number showed maxima, i.e. at C4, C6, C8 and C10. The proportion of naphthenes, isoalkanes and n-alkanes within the cracked products is revealed in Figure 12. The large majority of the cracked products were naphthenes. Only small amounts of isoalkanes, mainly isobutane, and very little n-alkanes were formed. C7 isoalkanes were not taken into account, since they were considered as impurities of the solvent. The yield of cracked naphthenes divided according to carbon number at increasing PHP conversion is shown in Figure 13. A preferential formation of C10 and C8 naphthene products was observed, followed by C9, C7. and C6. C11 and C12 naphthenes were minority reaction products. Pt/H-USY zeolite catalyst (Figure 15). Major products were dimethylcyclohexane positional isomers (C8-1). The content of ethylcyclohexane (C8-2), trimethyl-and methylethylcyclopentane (C8-4 and C8-5, respectively) was about equal. Minor C8 naphthenic products were propylcyclopentane (C8-3) in addition to a small and stable content of octahydropentalene (C8-6). The product distribution of C9 naphthenes at different PHP conversions is shown in Figure 16. On-line analysis of these products at low PHP conversion was somewhat problematic due to the difficulty of integration of small chromatographic peaks. The distribution at 68% and higher PHP conversion is reliable. Substituted cyclohexanes, especially di-or tribranched molecules such as C9-4 and C9-5 were dominant at high PHP conversion. Alkyl substituted cyclopentanes were minor products among C9 naphthenes. The distribution of C10 naphthenes over Pt/H-USY zeolite catalyst formed preferentially condensed bicyclic naphthenes, as decahydronaphthalene (decalin, C10-7) and its isomers, C10-3 and C10-4 (Figure 17). Non-substituted adamantane (C10-1), the most stable tricyclic hydrocarbon, was observed at all PHP conversion values, and its distribution remained relatively constant with PHP conversion. Minor products were constituted of substituted cyclohexanes (C10-5 and C10-6, for instance) and twisted naphthenes, as spirodecane (C10-8). The C11 and C12 naphthenes were substituted decalin isomers.
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Discussion

Hydroisomerization and hydrocracking reaction pathways

An analysis of the families of reaction products as a function of PHP conversion (Figure 6 and Figure 7) shows that the primary reaction products are ring-contraction and ring-shift isomers of PHP. Alkyladamantanes with the same number of carbon atoms are formed in a secondary reaction. Ring-opening and cracking are secondary and tertiary reaction products, respectively. Alkyladamantanes are final products (Figure 7). A small part of them may have undergone exocyclic cracking explaining the presence of non-substituted adamantane in the C10 naphthene fraction (Figure 17), unless the small amount of adamantane is formed via Formation of alkyladamantanes from perhydrophenanthrene in the presence of aluminum bromide sludge catalyst at 0°C has been reported in literature [39,40]. It was proposed that substituted adamantanes would be the favored products resulting from isomerization of tricyclic naphthenes, such as perhydrophenanthrene isomers, due to their high thermodynamic stability. Perhydrophenanthrene and alkyladamantanes are almost strain-free molecules, therefore the thermodynamic driving force of the rearrangements is based on the increase in chain branching and the number of quaternary carbon atoms which is enhanced by the bridging in alkyladamantane structures. 19) were observed among the skeletal PHP isomers (Figure 8, structures I1 and I3). It is interesting to notice the decreasing content of methylperhydrophenalene (I3) among the PHP skeletal isomers at increasing conversion (Figure 8), which could be explained by its conversion to alkyladamantanes (Figure 19). The formation mechanism of alkyladamantanes following the steps presented in Figure 19 originally proposed for aluminum bromide catalyst could be similar to the mechanism observed here in hydrocracking of perhydrophenanthrene over bifunctional Pt/H-USY zeolite catalyst.

Tetramethyl-substituted adamantanes and ethyldimethyl-substituted adamantanes having three quaternary carbon atoms are the most stable alkyladamantanes and are most abundant in the reaction products (Figure 11). Non-substituted adamantane has a van der Waals diameter of 7.4 Å that could be accommodated in the micropores of zeolite Y [42,43]. Few previous studies mentioned the formation of alkyladamantanes among the reaction products [25,44,45]. These molecules can be overlooked due to a lack of analytical tools which could be used to properly separate and identify them. Ring-opening and cracking are consecutive reactions to skeletal PHP isomerization (Figure 18). This sequence has also been observed with bicyclic naphthenes [46][47][48][49]. Ring opening does not lead to fragmentation, but is a necessary step to enable splitting of the molecule in two parts in a next step. Interestingly, the central ring is opened preferentially (Figure 10, structures R2 and R3) and the alkyl group linking the two remaining rings is elongated from an initial methyl group (R2) to an ethyl (R3) and propyl (R5). The transformation of R2 to R3 is caused by ring contraction and expansion reaction shifting carbons from alkyl substituents on a ring to the chain linking the rings. The yield of ring-opening products is low (Figure 6) probably because these structures enable fast beta-scission pathways splitting rings from chains.

Detailed analysis of the hydrocracking pathways

To shed more light on the hydrocracking reaction pathways, the reaction products to be -scission of the experimentally observed ROP molecules were compared with the experimental data. We opted to consider only the configurations of rings, branchings and positively charged carbon atom in carbenium ions which lead to fast beta-scission.

-scission decreases in the order: tertiary -to-tertiary carbocation > tertiary-to-secondary carbocation and secondary-to-tertiary carbocation > secondary-to-secondary carbocation. Consequently, pathways involving the formation of primary carbocations were not considered. Ring branching is considered to occur, since this step is faster than alkyl-branching [18].

Dehydrogenation and protonation of abundant isomers R2, R3 and R6 (Figure 10) results in several possibilities of carbocations, according to the steps expected in a bifunctional mechanism. These possibilities and the cracked products to be expected are discussed here below. Isomers of structure R2 have been evidenced in previous work on hydrocracking of perhydrophenanthrene over bifunctional catalysts [25,50]. Reasonable pathways of hydrocracking of structure R2, originated from the opening of a central cycle of skeletal perhydrophenanthrene isomers, are exemplified in Figure 20 (A andB). After fast formation of a tertiary carbocation through ring-contraction and hydride shifts, its hydrocracking can lead to the formation of C7 naphthenes, such as dimethylcyclopentane and methylcyclohexane (Figure 20A). Dimethylcyclopentane may also isomerize into methylcyclohexane. The C7 naphthene fraction contains all isomers (Figure 14B). A tertiary carbocation is also obtained after cleavage. The structure R2 may also provide C6 and C8 naphthenes as reaction products, undergoing the same type of skeletal rearrangements (Figure 20B). These are tertiary-to-tertiary alkylcarbenium ion types of beta-scission. 
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Hydrocracking pathways of skeletal isomer R3 (Figure 10), another ring-opening product from perhydrophenanthrene may lead to C6 and C8 naphthenes as cracked products, as depicted in Figure 21A. A favored configuration to fast beta-scission is achieved through hydride and alkyl-shifts. This configuration implies the formation of tertiary carbocations before and after the scission. The products illustrated in Figure 21 can easily be isomerized into 6-membered isomers, by expanding their naphthenic ring. Similar rearrangements may also generate C7 cyclic structures through scission of tertiary carbocations. After scission, the positive charge is located on a secondary carbon, which causes a slower cleavage in comparison to the tertiary-to-tertiary carbocation pathway. The R6 isomer is formed through the opening of an extreme cycle of skeletal perhydrophenanthrene isomers (Figure 10). These intermediates undergo simple rearrangements which lead to a favored configuration allowing cracking to C10 naphthenes
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and isobutane (Figure 22). C10 naphthenes were mainly represented by decalin and its isomers (Figure 17). Cracking of butyldecalin to C6, C7 and C8 naphthenes can generate isoalkanes only through opening of a cycle. Since the content of isoalkanes within the cracked products was very small, these pathways will not be described here. Ring-opening reaction intermediates originated from hydroconversion of skeletal perhydrophenanthrene isomers and the compounds which they may form through bifunctional catalysis are summarized in Table 2. By comparing these compounds to the ones obtained through hydroconversion of skeletal PHP isomers over Pt/H-USY zeolite catalyst, it can be concluded that ROP may, in fact, lead to all cracked products observed in this work.

R6

Table 2. Ring-opening intermediates and main possible hydrocracking products according to bifunctional mechanism. The yield of cracked products (Figure 11) shows maxima at even numbers of carbon atoms.

ROP Intermediate Cracks mainly to

The above analysis of hydrocracking pathways of the main ring-opening products of PHP can offer an explanation for the observed pattern. In this section we analyze why the formation of cracked products with 5 and 9 carbon atoms is suppressed. Ring-opening structures R2 and R3 (Figure 10) offer pathways to C7, C8 and C6 naphthenes, as previously discussed.
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Hydrocracking pathways of these two intermediates leading to C5 and C9 naphthenes are presented in Figure 23. Cracking to C9 naphthenes and C5 isoalkanes proceeds through the opening of a ring, which is a difficult step [51]. In both cases, cracking involves secondary carbocations before and after cleavage, which does not configure a fast type of beta-scission [52]. 

R2 R3

Butyldecalin may be converted into C9 naphthenes and C5 isoalkanes (Figure 24) through opening of a second ring, similar to the other intermediates. In this case, tertiary and secondary carbocations were generated before and after cleavage, respectively. The cyclic structure obtained can be isomerized to its 6-membered naphthene through expansion of the C5-cyclic structure, producing the C9 isomers experimentally observed.

B) Suggested hydrocracking pathway to C9 naphthenes and C5 isoalkanes of ring-opening product originating from hydroconversion of skeletal perhydrophenanthrene isomers (R3) over Pt/H-USY zeolite catalyst. All pathways show subsequent steps to dehydrogenation over the metal sites.

R6

Figure 24. Suggested hydrocracking pathways leading to C9 naphthenes and C5 isoalkanes departing from ringopening product originating from hydroconversion of skeletal perhydrophenanthrene isomers (R6) over Pt/H-USY zeolite catalyst.

The formation of C6, C8 and C10 naphthenes does not require opening of the second cycle of the reaction intermediates, which is considered a strained step in a bifunctional mechanism.

Therefore, the production of compounds containing an odd number of carbon atoms, such as C9 naphthenes and C5 isoalkanes, would be less favored over the bifunctional catalyst. The exception is the formation of C7 naphthenes, which can be easily generated from intermediates R2 and R3, as previously described.

Attempts to rationalize the yield of cracked products

To enable a discussion of contributions of hydrocracking pathways, it is convenient to express 

Introduction

In petroleum refining, hydrocracking plays an important role for upgrading heavy oil fractions, as Vacuum Gas Oil (VGO), to more valuable fractions, such as middle distillates [1][2][3]. Hydrocracking employs bifunctional catalysts, which comprise acid and metal functions. In order to process heavy fractions as VGO, large-pore catalysts must be employed to avoid diffusional limitations [4][5][6][7]. Zeolites and amorphous silica-alumina (ASA) are commonly used in hydrocracking units as the acid function of bifunctional catalysts [8][9][10][11].

The acid function works in synergy with a strong hydrogenating component, as Pt or promoted MoS2, which becomes more active than Pt if the environment contains high H2S concentrations [12][13][14].

Bifunctional catalysts operate by dehydrogenating the feedstock over the metal sites to create an olefin that will diffuse towards the acidic support. The olefin is protonated on the acid sites and it is susceptible to undergo isomerization and cracking, according to the chemistry of carbocations. The isomerized or cracked olefins diffuse towards the metal sites of the bifunctional catalysts to be hydrogenated [15][16][17].

VGO fractions are rich in cyclic molecules, as naphthenes and aromatics [18].

Hydroconversion of monocyclic naphthenes has been well reported in literature [19][20][21][22][23][24], as well as the reaction pathways alkanes [25][26][27][28][29][30][31][32][33][34]. The knowledge of reaction routes leading to conversion of polycyclic naphthenes containing at least 3 cycles is scarcer [10,[35][36][37][38][39][40]. In our preceding study, we established hydroisomerization and hydrocracking pathways of perhydrophenanthrene, a 3-cycle naphthene, over a bifunctional Pt/H-USY catalyst (Chapter II). The model molecule was first isomerized to ring-shift and ring-contraction compounds.

These isomers generated ring-opening products or went through further isomerization to produce alkyladamantanes. The latter are very stable molecules and resisted hydrocracking.

The opening of one cycle (central or extreme) of perhydrophenanthrene isomers was followed by cracking, resulting in a broad distribution of carbon atoms.

In a prior study, Leite and coworkers addressed pore size selectivity on hydroconversion of perhydrophenanthrene over bifunctional catalysts [41,42]. Grand Canonical Monte Carlo simulation was performed in order to obtain adsorption energies of key reaction intermediates on large-pore zeolites topologies. It was established from experimental and theoretical results that isomerization products were predominant on catalysts presenting the biggest pore opening. In spite of the formation of different intermediates on each solid, the same reaction products were obtained on USY, Beta and ASA based catalysts.

In this work, we aim to compare reaction pathways on hydroconversion of perhydrophenanthrene over Pt/H-USY, Pt/H-Beta and Pt/ASA bifunctional catalysts. The main objective is to investigate reaction intermediates and cracked products generated on each solid, the occurrence of shape selective effects and their impact on the reaction products and distribution of carbon atoms. Monte Carlo simulation* was carried out to access adsorption selectivities to probe intermediates on FAU and BEA topologies. We also address the question whether the formation of adamantanes is limited to mesopores/external surface of zeolites or whether it can occur in the micropores of large-pore zeolites.

*Simulations were performed by J. Perez, from Catalysis, Biocatalysis and Separation Division (IFP Energies Nouvelles).

Materials and methods

Preparation and characterization of catalysts

Ultra Stable-Y (CBV720) and Beta (CP814e) zeolites were provided by Zeolyst. The powder was mixed with alumina binder (Pural SB3), furnished by Sasol, and extruded, according to a protocol described elsewhere (Chapter II and [43]). Zeolite loading corresponded to 1 or 3 wt.% of the dried support. Amorphous silica-alumina (Siralox 30) was supplied by Sasol in its extrudate form. All supports were calcined at 600°C, under air flow of 1.5 NL/h/gsupport. The extrudates were sorted to a length from 3 to 6 mm. Impregnation of the Pt precursor (H2PtCl6 from Sigma-Aldrich) on the alumina binder was achieved by assuming total ionic exchange. Hydrochloric acid was applied as competitor. Further details on preparation of catalysts may be found in previous work (Chapter II). Pt-based catalysts were calcined at 520°C for 2h, under air flow of 1NL/h/gcatalyst. A 0.8 wt.% Pt/Al2O3 pre-catalyst was synthesized using the same procedure.

The content of Pt in the catalysts was determined with X-ray fluorescence and dispersion of Pt on the alumina binder was measured by H2-O2 chemisorption. Pt particles were considered to be spheric for the calculation of their size. The concentration of Brønsted acid sites (BAS) of the parent zeolites was determined from pyridine adsorption followed by FTIR.

Concentration of BAS in USY and BETA parent zeolites corresponded to ca. 200 and 220 mol/g, respectively. The BAS concentration of the final catalysts was estimated by a rule of proportionality, considering that extrusion did not affect the acidity of the shaped support.

The BAS acidity of ASA was below the limit of reliable quantification. These properties are summarized in Table 1. 

Catalytic tests

A downflow fixed-bed reactor was used to perform catalytic tests at 280 or 300°C and 60 bar.

The reactor was loaded with a stacking of 2g of Pt/Alumina and 2g of bifunctional catalyst.

Prior to the tests, the solids were reduced in situ, at 450°C for 2h under hydrogen flow of 1NL/h/gcatalyst. The feedstock was composed of 3 wt.% perhydrophenanthrene (Alfa Aesar) diluted in 97 wt.% n-heptane (AnalaR Normapur). A high hydrogen to hydrocarbons molar ratio of 7 mol/mol was applied for all tests and ensured total hydrogenation of the parent aromatic to the naphthenic molecule. This ratio also avoided catalyst deactivation throughout the tests. Different conversion degrees of perhydrophenanthrene were obtained by changing the feed flow entering the reactor. Gas phase reaction products were analyzed online with a GC-FID apparatus (Varian). Liquid phase reaction products were collected for offline identification and quantification, with GCxGC-FID/MS. Further details on the analysis of reaction products are available elsewhere (Chapter II).

Molar flow of a carbon number fraction (Ni) along with catalytic descriptors comprising conversion of perhydrophenanthrene (X), yield of reaction products (Y) and distribution of a given product i within a family J (D), were calculated according to Equations 1-4.

= ( . %) (100 ) (1) 
is the mass flow of the feedstock and ( . %) , ci and Mi the mass fraction, the number of carbons and the molar mass of the component i at the outlet, respectively.
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Molecular simulation with Grand Canonical Monte Carlo (GCMC)

Grand Canonical Monte Carlo simulations combined with a bias scheme for the insertion of the centre of mass of the guest molecules were performed at 280°C to calculate selectivities to hydrocarbon mixtures in zeolite Beta and faujasite. The structure was represented by a 2x2x2 purely siliceous cell of FAU and of the A polymorph of *BEA (taken from the IZA database 65), respectively. The simulations were performed using the code GIBBS 9.3. The adsorbate molecules were described according to the anisotropic united atom (AUA) for hydrocarbons 66, while the description of the zeolite was based on a "Kiselev type" potential 67 where the depth of the potential was slightly modified in order to better match the experimental 

Results

Identification and quantification of reaction products with GCxGC-FID/MS

The reaction products resulting from hydroisomerization and hydrocracking of perhydrophenanthrene over Pt/H-USY, Pt/H-Beta and Pt/ASA bifunctional catalysts were identified and quantified with two-dimensional GC coupled to FID and MS detectors. The chromatograms at isoconversion of perhydrophenanthrene are illustrated in Figure 1. The conversion of phenanthrene, the parent aromatic, to the tricyclic naphthene was complete under operating conditions applied during the catalytic tests. The method to distinguish nontransformed perhydrophenanthrene, i.e. the reactant, from reaction products was the same as applied for the hydroconversion of the model molecule over Pt/H-USY zeolite catalyst (Chapter II). 

C

The reaction products were lumped into families, according to their number of carbon atoms and chemical similarity. The six stereoisomers of perhydrophenanthrene, obtained over the pre-catalyst Pt/Al2O3, were considered as the reactants, which underwent hydroisomerization and hydrocracking over the zeolite or silica-alumina catalysts.

Isomerization products (C14H24) were then divided into substituted adamantanes and skeletal PHP isomers. Among the latter, two subgroups of ring-shift (perhydroanthracene and methylperhydrophenalenes) and ring-contraction isomers were distinguished. Ring-opening products (ROP, C14H26) were characterized by compounds presenting the same number of carbon atoms than PHP and only two naphthenic cycles.

Ring-opening of two out of three cycles of perhydrophenanthrene was not observed among the reaction products. Finally, cracked products comprised all the molecules with less than 14 carbon atoms and were mainly constituted of naphthenes. Globally, the similar reaction products were observed over the three catalysts, as summarized in Figure 2, except for some ring-contraction isomers of perhydrophenanthrene which were not produced on Beta-based catalysts, as will be discussed in the next sections. 

Hydroconversion of perhydrophenanthrene

Conversion of perhydrophenanthrene over Pt/H-USY, Pt/H-Beta and Pt/ASA bifunctional catalysts, as a function of contact time, is depicted in Figure 3. The catalysts containing 3 wt.% of zeolite were the most active among the solids tested. Results obtained with 1 wt.% zeolite loading and Pt/ASA (the latter at 300°C) are available in supporting information. USY-based catalysts gave higher PHP conversion than Beta zeolite, irrespective of the zeolite loading in alumina binder. The activity of Pt/ASA at 280°C was very low compared to zeolite catalysts. We, therefore, raised the temperature to 300°C, in order to achieve a reasonable range of PHP conversions (30 to 45%). In the rest of the manuscript, the 300°C data will be presented for ASA and compared with the zeolite data at 280°C. 

The yield of isomerization, ring-opening and cracking products in a carbon molar basis over

Pt/H-USY, Pt/H-BETA and Pt/ASA bifunctional catalysts is illustrated in Figure 4.

Isomerization products comprised skeletal PHP isomers and alkyladamantanes. Isomerization was the predominant reaction at low conversion over zeolite and ASA-based catalysts. Over Pt/H-USY, a maximum yield of isomerization of ca. 43% was obtained at 68% conversion.

We presume that Beta catalysts reach approximately the same maximum at equivalent PHP conversion, despite of a lack of higher conversion data. As only low conversion degrees were obtained over Pt/ASA catalysts, it was not possible to determine a maximum yield of isomerization over these solids. Similar to isomerization products, ring-opening profiles also reached a maximum, whereas cracked products increased with PHP conversion over the three catalysts. On Pt/H-Beta, the profile of ROP and cracking followed the same trend as observed on Pt/H-USY, but it is not possible to determine, in this case, if there is a maximum yield of ROP, nor at which conversion cracking became the predominant reaction over Beta-based catalysts. Ring-opening and cracking over Pt/ASA were minority reactions in comparison to isomerization. In each case, isomerization was the primary reaction, followed by ring-opening and cracking. Globally, all catalysts behaved similarly, but with slight differences regarding selectivity to reaction products. At 45% conversion, Beta zeolites were, to a small degree, more selective to cracking products than USY and ASA, which is indicated by a lower yield of isomerization products in comparison to the other catalysts. In addition, USY zeolite and ASA presented virtually the same selectivity to isomerization products at isoconversion (although the catalytic tests of ASA were performed at 300°C). At higher PHP conversion, a direct comparison between Beta and USY zeolites indicated the same trend, i.e., cracking was slightly favored over Pt/H-Beta bifunctional catalysts.

The distribution of PHP isomers, represented by skeletal isomers and alkyladamantanes, over

Pt/H-USY, Pt/H-Beta and Pt/ASA bifunctional catalysts is revealed in Figure 5. The proportion of alkyladamantanes increased with PHP conversion, whereas the proportion of skeletal PHP isomers decreased. Among the solids tested, USY zeolite seems to be the most suitable for alkyladamantanes production, in particular at high conversions. ASA-based catalysts were the least selective towards the formation of substituted adamantanes. The distribution of skeletal PHP isomers over Pt/H-USY, Pt/H-Beta and Pt/ASA bifunctional catalysts at isoconversion is depicted in Figure 6. The only compound which was not formed over Beta catalysts is represented by structure I4, corresponding to a ringcontraction product of perhydrophenanthrene. In contrast, this molecule was the major intermediate on USY zeolite and ASA at this conversion. This difference between USY and beta had already been reported by Leite et al.. Structure I1, a ring-shift isomers of perhydrophenanthrene (perhydroanthracene), was widely favored over Pt/H-Beta at this conversion level, in comparison to the other catalysts. Precursors of alkyladamantanes, characterized by methylperhydrophenalenes (I3), were more favored over Beta and ASA catalysts than over USY. Finally, spiro-type compounds, as isomers I2, were almost not perceived over USY zeolites, and formed to a small extent over Beta and ASA based catalysts. At this conversion, the unknown fraction accounted for 20% of the distribution. The distribution of substituted adamantanes over Pt/H-USY, Pt/H-Beta and Pt/ASA catalysts at isoconversion is presented in Figure 7. USY zeolite formed preferentially multibranched isomers, as tetramethyladamantanes (A1), the thermodynamically most stable substituted adamantane [46], and dimethyl-ethyladamantanes (A3), whereas Beta zeolites produced mainly isomers A1 and A2 (diethyladamantanes). Methylpropyladamantanes (A4), in addition to isomers A3 and A1, were perceived almost at the same proportion over ASA. The unknown fraction accounted for about 20% of the distribution of alkyladamantanes on each solid tested. Cracked products were lumped into naphthenes, iso-and n-alkanes subfamilies (Figure 10).

The relative distribution of cracked compounds indicated a high proportion of naphthenes among reaction products generated in hydroconversion of perhydrophenanthrene. It is worth mentioning that C7 isoalkanes are not counted in the distribution of cracked products, since it was not possible to determine whether they resulted from hydrocracking of the tricyclic model molecule or from impurities of the solvent. Either way, the distribution of cracked products remained almost constant throughout PHP conversion. No alkane longer than 8 carbon atoms was formed over the catalysts studied. The yield and distribution of cracked products (Figures 9 and10) showed a predominant cracking to C7 naphthenes over Beta zeolites and ASA. Reaction products resulting from hydroconversion of perhydrophenanthrene over Pt/H-USY zeolite catalyst have been exhaustively described elsewhere (Chapter II). The distribution of C7 naphthenes over Pt/H-USY, Pt/H-Beta and Pt/ASA is presented in Figure 11. Over Beta zeolites and ASA, primary C7 cyclic compounds were composed of methylcyclohexanes, whereas dimethylcyclopentanes seemed to be formed in a primary route over Pt/H-USY bifunctional catalyst. The proportion of dimethylcyclopentanes increased with conversion over Pt/H-Beta and Pt/ASA catalysts. Over the three catalysts, ethylcylopentane was observed to a small extent within this subfamily. These results indicate that Beta zeolites and silica-alumina supports differ from USY catalysts not only in terms of carbon distribution, but also with respect to the nature of primary products formed. At higher conversion, other cracked products, in addition to C7 naphthenes, were also produced, as evidenced in Figure 9. At 71% conversion, molar equivalence was observed between C6 and C8 compounds, as well as between C4 (mainly isobutane) and C10 molecules.

The detailed composition of each family of cracked products will not be presented herein, since similar results were observed in hydrocracking of perhydrophenanthrene over Pt/H-USY zeolite catalyst (for further detail on distribution of reaction products, see Chapter II).

C6 and C8 reaction products were mainly represented by dimethylcylopentanes and ethylcyclohexanes, while C10 structures were assigned as decalin (decahydronaphthalene) and its isomers.

Molecular simulation

Figures 6 and8 show that the distribution of PHP isomers and of ring opening products is quite different on the three catalysts, i.e. we observe shape selectivity. Shape selectivity is often related to the fact that one isomer is preferentially adsorbed over another in a given zeolite [44,45]. In order to explore this hypothesis, a series of molecular simulations of the adsorption of selected intermediates was performed in the crystal structure of USY (FAU)

and Beta (BEA) zeolites. The amorphous silica-alumina was not evaluated with this method because this support does not present a crystallographic structure. Adsorption of the most representative molecules from PHP isomers and ring-opening families were compared at the same operating conditions as catalytic tests were performed, corresponding to ca. 70% perhydrophenanthrene conversion. This conversion degree revealed distinct selectivities to isomerization and ring-opening intermediates on each zeolite, based on the profiles illustrated in Figures 4, 5 Isomer I4 (PHP CC5) was selectively formed over USY zeolites and ASA. In contrast, perhydroanthracene isomers (I1) seemed to be favored over Beta zeolites, especially at high PHP conversion (Figure 12). Within the subfamily of alkyladamantanes, secondary products of isomerization of perhydrophenanthrene, different selectivities to tetramethyl-(A1) and diethyladamantanes (A2) were noticed over the zeolites at high PHP conversion. Although not representative of bridged PHP isomers, C10 adamantane was chosen as probe molecule in the simulation, due to a lack of proper adsorption model to represent C14 alkyladamantanes. We, thus, carried out a simulation of the adsorption of an equimolar mixture of the reactant PHP, perhydroanthracene (I1), the ring contraction isomer I4 and adamantane, in the presence of n-heptane as a solvent. The chosen partial pressures were representative of the reaction conditions. The aim of this simulation was to estimate the inclination of the system to form either skeletal PHP isomers or adamantanes. The quantity of molecules adsorbed per volume is provided in Table 2. Clearly, both zeolites preferred the adsorption of PHP isomers I1 and I4 over the adsorption of adamantane. The adsorption of adamantane was especially unfavorable on zeolite Beta. One may wonder whether the weak adsorption of adamantane in the mixture was caused by steric hindrance or by the lower molecular weight of adamantane.

We, therefore, carried out simulations with pure adamantane at 1 bar. Even in that case, the amount of adsorbed adamantane was extremely low (qFAU=0.70 vs qBeta=0.043 molecules/nm 3 ), which proves that steric hindrance is responsible of the low adsorption. We can, thus, safely conclude that C14 alkyladamantanes would be even less adsorbed.

I1 I2 I3 I4

Furthermore, adsorption of the ring-shift isomer perhydroanthracene (I1) was more favored in zeolite BEA, in comparison to bulky molecules as isomer I4. These trends were confirmed by carrying out simulation with a mixture containing only isomers I1 and I4 (Table 3). The I1/I4 selectivity was ca. 3.2 for BEA, but only 1.06 for FAU. We can, therefore, assume that the preferential adsorption of PHA in BEA is partially responsible for the abundant formation of this intermediate in zeolite Beta.

Table 2 further demonstrates that the PHP reactant is hardly adsorbed in the zeolite BEA, whereas the FAU is quite favorable for the adsorption of PHP. The same approach was applied to ring-opening intermediates. At high PHP conversion, Beta zeolites processed mainly multibranched products (R1) and butyldecalin (R6) (Figure 13). In contrast, USY-based catalysts favored the opening of the central cycle of perhydrophenanthrene isomers, resulting in ring-opening products R2 and R3. Molecular simulations were performed by taking ring-opening intermediates R1 and R2 as probe molecules, as described in Table 4. Both ring-opening products could adsorb in both zeolites, the adsorption of R2 being favored over the adsorption of R1. In FAU, the adsorption selectivity R2/ R1 was 9.62. In BEA, the selectivity was only 0.842. The simulations do not explain why R1 is absent in zeolite USY, while R2 is absent in zeolite beta, but the tendency that the USY zeolite has a stronger preference for intermediate R2 is reproduced.

R1 R2

R3 R6 14. USY zeolite-based catalysts were the most active among the solids tested, followed by Beta and ASA catalysts, irrespective of the zeolite loading in the alumina binder. ASA bifunctional catalyst gave the lowest activity constants even at higher temperature (300°C). Isomerization to ring-shift and ring-contraction perhydrophenanthrene isomers was the primary reaction over the whole set of catalysts studied, followed by ring-opening and cracking or by the formation of alkyladamantanes (Figure 4). The proportion of alkyladamantanes within the family of PHP isomers increased with conversion, whereas the fraction of skeletal PHP isomers diminished. This result reveals the primary character of skeletal PHP isomers. Alkyladamantanes were not easily converted through hydrocracking to C10 adamantanes and isobutane, which is coherent with their high thermodynamic stability.

A detailed analysis on formation of alkyladamantanes starting from perhydrophenanthrene may be found in our previous work (Chapter II).

Cracking can only take place after opening of at least one cycle of skeletal PHP isomers. The yield of ring-opening products was very low over USY, Beta and ASA, indicating that cracking occurred rapidly after opening of a central or external cycle of PHP isomers.

Both zeolites and ASA-based catalysts generated similar isomerization intermediates on hydroconversion of perhydrophenanthrene, with different selectivities. Isomer I3 (methylperhydrophenalene), formed after ring-shift of perhydrophenanthrene, was observed over the three solids throughout PHP conversion. Methylperhydrophenalenes are known to be important intermediates in the synthesis of alkyladamantanes [46,47]. In contrast, ringcontraction PHP isomer I4 (Figure 6) was exclusively formed in the presence of USY and ASA. Its absence on zeolite beta had already been pointed out by Leite et al. [42]. Our molecular simulations show that the adsorption of I4 in zeolite beta is quite unfavorable compared to more linear isomers. BEA adsorbed preferentially more linear structures, represented by perhydroanthracene stereoisomers. It is clear that shape-selectivity excluded the production of bulky molecules on Beta zeolites, due to their more strained pore system.

Molecular simulations showed that even unsubstituted adamantanes are not easily adsorbed in the micropores of USY and beta zeolites. Still, both zeolites produced significant amounts of alkyladamantanes, whereas ASA had a much lower selectivity to these products. At ca.

37% conversion, selectivity to alkyladamantanes on USY zeolite corresponded to 8% vs 3.4% on ASA catalyst. The low adamantane selectivity of ASA is coherent with previous work [40],

where the hydroconversion of fluorene over Pt/ASA produced only very little adamantane products. This result is somewhat surprising, since ASA may accommodate large molecules as alkyladamantanes thanks to its large pore size (pore diameter of 70-80 Å). On the other hand, the easiness to generate alkyladamantanes in USY zeolites was previously attributed to the presence of supercages of 7.4 Å diameter, which corresponds to Van der Waals diameter of non-substituted adamantane [40,48], but our simulations do not confirm that hypothesis of a good fit. We may infer from our results that a large pore size is not a sufficient criterion to form alkyladamantanes. The weak acid sites in amorphous silica-alumina are apparently not good catalysts for adamantane formation. Their production might be favored on the more strongly acidic zeolites, although the very bulky molecules cannot be easily accommodated in the micropores, in particular for zeolite beta. This allows us to assume that alkyladamantanes formation probably takes place in the pore mouths.

In spite of zero adsorption of adamantanes in zeolite BEA (according to the simulations), at high levels of perhydrophenanthrene conversion, the selectivity to alkyladamantanes over Pt/H-Beta and Pt/H-USY bifunctional catalysts corresponded to ca. 10% and 20%, respectively, in a carbon molar basis (Figures 4 and5). Beta zeolites processed mainly structures R1, R4 and R6, according to the distribution presented in Figure 8. The cracking of butyldecalin (R6) to C10 naphthenes, represented by decalin and its isomers, and isobutane is observed at high PHP conversion (Figure 16). We tried to construct reaction pathways for the cracking of intermediates R1 and R4 to C7 naphthenes, the main products over Pt/H-Beta zeolite catalysts (Figure 17, A andB).

Several rearrangements, including a slow step of ring-contraction (type B isomerization) were necessary to achieve a configuration allowing fast beta-scission. In both cases, cracking leading to C6 and C8 was more easily obtained through exocyclic alkylshifts, generating dimethylcyclopentanes and ethylcyclohexanes. In spite of the apparent easiness to form C6 and C8, they were only observed at high PHP conversion, in contrast to C7 naphthenes, which were major reaction products. We infer that both R1 and R4 intermediates were not predominantly cracked on Pt/H-Beta bifunctional catalyst. In addition, cracking of ringopening R2 and R3 intermediates on Pt/H-USY led to primary production of dibranched C7 naphthenes, in contrast to Pt/H-Beta zeolite catalysts. R2 intermediates can easily lead to C7 naphthenes as cracked products, after alkylshift promoting a fast tertiary-tertiary beta-scission, as illustrated in Figure 18. This constitutes then the main hydrocracking pathway over Pt/H-Beta zeolite catalyst and it is in accordance with the exclusive formation of methylcyclohexane as primary C7 products on Beta zeolites, as indicated in Figure 11. 

Conclusions

Hydroisomerization and hydrocracking of perhydrophenanthrene were performed over Pt/H-Beta and Pt/ASA bifunctional catalysts and compared to results obtained with Pt/H-USY zeolite catalyst, under the same operating conditions. The common reaction pathway consisted of converting the reactant into skeletal perhydrophenanthrene isomers, which were further transformed into substituted adamantanes or ring-opening products. The latter underwent hydrocracking, unlike alkyladamantanes, which are very stable compounds.

Shape selectivity effects were evidenced by comparing the large-pore zeolites and ASA at isoconversion. Thanks to their pore system, USY zeolites and ASA were more suitable to process bulky molecules, such as ring-contraction isomers of perhydrophenanthrene. Beta zeolites favored the conversion of linear structures, as perhydroanthracene stereoisomers, and were less effective to convert methylperhydrophenalene isomers, important precursors of alkyladamantanes.

Despite of the presence of mesopores, ASA catalysts did not favor the formation of alkyladamantanes, due to their poor acidity. The simulations indicated a hindered adsorption of adamantanes on FAU and BEA topologies. Therefore, the high selectivity to the bridged isomers over both zeolites cannot be attributed to the pore system of either USY or Beta catalysts. It seems that pore-mouth catalysis is crucial to attain further isomerization of perhydrophenanthrene to alkyladamantanes.

Beta zeolites processed mainly cyclopentyl-cyclohexane as ring-opening products, whereas bicyclohexyl-like compounds, i.e. ring-opening intermediates favored on USY zeolites, accounted for a low proportion within ring-opening products at low PHP conversion and were absent at high PHP conversion. On the other hand, simulation results indicated a more equilibrated adsorption of ring-opening products on BEA topology. The preferential cracking to C7 naphthenes over Pt/H-Beta was rationalized from fast beta-scission (tertiary-tertiary) of substituted bicyclohexyl-intermediates, whereas more branched ROP accumulated at high PHP conversion. ASA catalysts also favored cracking to C7 naphthenes, with hydrocracking pathways similar to the ones suggested for Pt/H-USY zeolite catalyst. 

Introduction

Hydrocracking is a versatile process allowing the conversion of heavy oil fractions, mainly represented by Vacuum gas oil (VGO), to desired products, as diesel and jet fuel [1][2][3]. VGO cuts are rich in cyclic molecules, i.e. aromatics and naphthenes, in addition to aliphatic hydrocarbons [4,5]. Hydroconversion mechanisms of alkanes have been exhaustively reported in literature [6][7][8][9][10][11][12][13][14] and follow a bifunctional pathway [15][16][17] over metal supported zeolite or amorphous-based catalysts. These steps comprise dehydrogenation of the feed over the metal sites of the bifunctional catalyst, diffusion of the generated olefin towards its acidic sites, rearrangements and cracking of the reaction intermediate over the acidic support, and diffusion of the isomerized or cracked species towards the metallic sites of the catalyst, where they undergo hydrogenation. In the absence of shape-selectivity effects, i.e. for large pore zeolite catalysts, the rates of isomerization and cracking steps of alkanes depend on the stability of the carbocation-like transition states. The product distribution can, thus, be fairly well rationalized/predicted from the rules of carbocation chemistry. This also holds true for long-chain alkanes, which are within or close to the VGO boiling range [12,[18][19][20][21].

The hydrocracking chemistry of heavy naphthenes has been much less studied than that of long-chain alkanes. Several practical limitations restrict the size and type of naphthenic molecules that can be employed in a model system. Most hydrocracking studies of cyclic molecules concerned naphthenes presenting two cycles or less [22][23][24][25][26][27]. It has been shown that such molecules undergo the same reactions as alkanes, e.g. isomerization and cracking [16,[28][29][30].

Rearrangements of the naphthenic cycle comprise alkyl-shifts, ring-contraction or expansion, which may change the degree of branching of the molecule. Naphthenes may contract or expand their cycle through a cyclic Protonated CycloPropane (PCP) intermediate. This transition state is also involved in alkyl-shifts that take place around the cycle (endocyclic alkyl-shifts) and move towards the substituent alkyl-chain (exocyclic alkyl-shifts). Finally, there is also a possibility of creating a branching directly in the alkyl-chain through the PCP intermediate. The composite activation energy of these reaction rearrangements were reported in literature [31].

Monocyclic naphthenes undergo isomerization of the cycle, i.e. ring-contraction or expansion, without opening it. The opening of the unique ring of a monocyclic naphthene is considered to be a difficult step, due to orbital hindrance [32]. The main consequence of this strained reaction is that a substituted monocyclic naphthene undergoes isomerization of its ring or of its alkyl-chains until a favored configuration to fast beta-scission is achieved. This effect has been verified for naphthenes containing 9 to 12 carbon atoms and it is called "paring" reaction. Egan and coworkers observed, e.g., that a substituted C10 naphthene would crack selectively to cyclic C6 (cyclohexane or methylcyclopentane) and isobutane [33], irrespective of the native naphthene configuration. In addition, Souverijns et al. studied the hydroisomerization of a C14 naphthene, octylcyclohexane, over Pt/H-USY bifunctional catalyst [34]. The distribution of isomers indicated that branching was kinetically favored in positions close to the ring. These results strongly suggested that branching of the cycle, formed through ring-contraction, was faster than chain branching. The generated branching would then propagate towards the alkyl-substituent.

Another interesting point resulting from "paring" reactions is the formation of compounds presenting different degrees of branching, starting from a monobranched molecule. The degree of branching is designated by the number of tertiary and quaternary carbon atoms in the compound [34].

Reaction pathways of bicyclic naphthenes on bifunctional catalysts accumulate the routes observed in hydroconversion of monocyclic naphthenes, with the possibility of opening one of their rings after isomerization of the cycle. Polycyclic naphthenes react similarly, with ringopening playing an important role in their hydrocracking network, as it has been verified through hydroconversion of perhydrophenanthrene over Pt/H-USY zeolite catalyst in previous works [35,36]. The rate of ring-opening decreases with the number of remaining rings in the molecule [37]. Furthermore, the conversion of polycyclic compounds significantly increases the complexity of the reactions network, and it becomes challenging to predict the distribution of cracked products. As it was evidenced in our previous works, hydroisomerization and hydrocracking pathways of perhydrophenanthrene on bifunctional catalysts (Chapters II and III) led to hundreds of reaction products, and shape selective effects, together with pore-mouth catalysis, were a key factor to promote the formation of important isomerization compounds, e.g. perhydroanthracene and alkyladamantanes.

After having studied the reaction pathway of the tricyclic molecule perhydrophenanthrene, we address here the reactivity of a long-chain substituted monocyclic naphthene.

Octylcyclohexane (C14H28) was evaluated as model molecule. In order to provide mechanistic insights in its hydrocracking reaction pathways on a bifunctional Pt/H-USY zeolite catalyst, we followed the formation of isomerization products presenting different degrees of branching and related them to the resulting cracking products, so as to elucidate the competition between hydroisomerization and hydrocracking.

Materials and methods

Preparation and characterization of catalysts

Catalyst supports based on commercial ultrastable Y zeolite (CBV720), supplied in powder form by Zeolyst, with bulk Si/Al ratio of 17.7 and a Brønsted acid site concentration of 202 μmol/g, where shaped into extrudates with alumina binder (Pural SB3) provided by Sasol, according to procedures described elsewhere (Chapter II and [38]). The shaped acidic support contained 1 wt.% of USY zeolite. A pure alumina support was also prepared. In both cases, the length of the extrudates was equal to 3-6 mm, with a diameter of 1.6 mm. Calcination was performed at 520°C during 2h according to a protocol reported in Chapter II.

Impregnation of Platinum over the alumina binder was achieved through ionic exchange, by using chloroplatinic acid hydrate (H2PtCl6 from Sigma-Aldrich) as Platinum precursor. A complete procedure of the impregnation process, as well as thermal treatments applied on the final catalysts, may be found in previous work (Chapter II).

The impregnated extrudates were characterized by X-ray fluorescence in order to determine the Pt contents of the final catalyst; hydrogen-oxygen chemisorption was implemented in order to calculate Pt dispersion and size of Pt particles, considering a spherical shape, according to a procedure described in literature [39].

Results are shown in Table 1. 

Catalytic tests

Hydroconversion of octylcyclohexane was performed as a model reaction over Pt/H-USY in order to study bifunctional mechanisms of a long side chain substituted monocyclic naphthene. The reaction took place at 300°C in a fixed-bed downflow reactor with internal diameter of 19 mm and total pressure of 60 bar. Phenyloctane (C14H22, Alfa Aesar) was diluted into n-heptane (AnalaR Normapur) in a proportion of 5/95 wt. %. The parent aromatic was used due to the difficulty of obtaining its corresponding naphthene commercially. A high molar ratio of hydrogen to total hydrocarbons of 7 mol/mol was used to prevent coke formation, and guarantee the full conversion to the model naphthene, octylcyclohexane (C14H28). Two catalysts were loaded into the reactor, comprising 2 g of monofunctional Pt/Al2O3 and 2 g of bifunctional Pt/H-USY zeolite catalyst. The metallic catalyst was employed to ensure total hydrogenation of the aromatic compound into octylcyclohexane, whereas the zeolite-based catalyst carried out isomerization and cracking reactions. Both extrudate catalysts, similar in length (3-6 mm) and diameter (1.6 mm), underwent in situ reduction in presence of hydrogen, as described in our previous work (Chapters II and III).

Gas and liquid fractions corresponding to the reaction products of hydrocracking of octylcyclohexane over Pt/H-USY extrudate catalyst were analyzed by gas chromatography (GC) coupled to flame ionization (FID) and mass detectors. Further details on the analysis of liquid reaction products are provided in the next section. Gas products were analyzed with a GC-FID apparatus (Nexis GC -2030, by Shimadzu) coupled online to the catalytic unit.

This apparatus allowed the separation and quantification of hydrocarbons up to 7 carbon atoms. Heavier compounds, if present, could not be resolved and eluted with peaks corresponding to C7 hydrocarbons.

Catalytic performance was analyzed through calculation of octylcyclohexane conversion, yield, selectivity and distribution in a molar basis. The molar flow of the component i by taking into account the number of carbon atoms is represented in Equation 1. Conversion of octylcyclohexane was calculated as the molar flow in a carbon basis of the reaction products divided by the total molar flow in a carbon basis at the outlet (Equation 2). The yield of a component i was calculated as the total molar of this component divided by the molar flow of the reactant, octylcyclohexane (Equation 3). The molar yield of a cracked product fraction with carbon number ci was calculated as the number of mol of a product k divided by the number of mol of cracked products (Equation 4). The yield of cracked products is expressed as mol per 100 mol cracked. The selectivity to a given product was calculated as the number of mol of a component i divided by the number of mol of reaction products (Equation 5). The distribution of a given product was calculated as the total molar flow of the product i, in a group J, divided by the total molar flow of the group J (Equation 6).

Molar flow in respect to the number of carbons

= ( . %) (100 ) (1) 
Where is the mass flow of the feedstock and ( . , %) , ci and Mi corresponds to the mass fraction, the number of carbons and the molar mass of the component i at the outlet, respectively.

Conversion of octylcyclohexane

= 1 , , (2) 
Yield on a carbon basis

= 100 196 ( 3) 
Molar yield of cracked products

= 1 , 1 14 ( , / ) 100% (4) 
Selectivity to a given component

= , (5) 
Distribution of component i within the family J
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Deactivation of the catalysts was not perceived in the range of operating conditions tested.

Methodology of analysis of liquid reaction products

As in our previous work on the hydrocracking of perhydrophenanthrene (Chapters II and III), two-dimensional comprehensive gas chromatography was carried out on a gas chromatograph (Agilent) coupled either to a time of flight mass spectrometer (TOF/MS provided by LECO) or to a flame ionization detector (FID). Detailed procedure regarding this setup are available in our previous work.

Both columns operated at the same temperature programming, starting from 40°C, with a holding time of 5 minutes, to 120°C at 1.5°C/min; then from 120°C to 135°C at 0.75°C/min , holding 10 minutes at this temperature; following from 135°C to 160°C at 0.75°C/min, holding 5 minutes at this temperature; and finally from 160°C to 230°C, at 5°C/min, holding 5 minutes at the final temperature. 1μL of the reaction effluent was injected with a split ratio of 100. High-purity Helium was used as carrier gas at a constant rate of 10 mL/min. The configuration used in identification of reaction products through mass spectrometry, as well as data treatment, was the same as applied in the analysis of reaction products of hydrocracking of perhydrophenanthrene (Chapters II and III).

Results

Identification and quantification of reaction products with GCxGC -FID/MS

The parent aromatic compound, phenyloctane, was hydrogenated in situ over the Pt/Al2O3 pre-catalyst. GC analysis confirmed that its conversion to naphthenic molecules was complete at 300°C. The pre-catalyst formed octylcyclohexane and its only monobranched isomer, nonylcyclopentane. This mixture constituted the reactant which underwent hydroisomerization and hydrocracking over the bifunctional Pt/H-USY zeolite catalyst. For the sake of clarity, herein the reactant will be referred to only as octylcyclohexane.

The analysis of reaction products generated from hydroconversion of octylcyclohexane over bifunctional Pt/H-USY zeolite catalyst is illustrated in Figure 1. The GCxGC-FID chromatogram, obtained at 71% conversion, assembles more than 200 products that have been individually assigned. This chromatogram is less complex than the ones obtained through hydroconversion of perhydrophenanthrene over the same bifunctional catalyst, since there are less reaction possibilities than in the hydroconversion of polycyclic naphthenes. After an individual identification of reaction products generated from hydroconversion of octylcyclohexane over Pt/H-USY zeolite catalyst, they were lumped into different groups according to their carbon number and chemical family (Figure 2).

Isomers of octylcyclohexane (C14H28) were divided into positional and ring-contraction isomers. The former subfamily assembled substituted cyclohexanes, comprising multiple structures presenting different degrees of branching, while the latter was constituted of substituted cyclopentanes, represented by di-or multibranched molecules.

Ring-opening products (C14H30), i.e., alkanes containing 14 carbon atoms, were detected only in small amounts, since the opening of a naphthenic cycle is a difficult reaction [32]. They were mostly represented by mono-or dibranched isoalkanes. Finally, products containing less than 14 carbon atoms were assigned as cracking products. They were divided into naphthenes, n-and isoalkanes. 

Hydroconversion of octylcyclohexane

Different levels of conversion of octylcyclohexane over the catalyst containing 1% of USY zeolite in the alumina binder were obtained by changing the contact time at a reaction temperature of 300°C, as depicted in Figure 3. The degree of octylcyclohexane conversion covered a range from ca. 48% to 86%. The selectivity, expressed in mol per mol of reaction products, to isomerization, ring-opening and cracked compounds, is illustrated in Figure 4. The profiles reveal a primary character of isomerization reactions, followed by cracking, as expected in bifunctional mechanisms [17,40].

At higher conversion, cracked products were favored. Selectivity to ring-opening products accounted for less than 1% at all conversion degrees, since the opening of a cycle is a difficult reaction. The yield of cracked products per mol of octylcyclohexane according to carbon number is presented in Figure 6. Cracked products became predominant in hydrocracking of octylcyclohexane over Pt/H-USY zeolite catalyst around 70% conversion. Cracked compounds covered a range of carbon numbers from 1 to 12. The profiles revealed in Figure 6 show a preferential formation of C7 compounds, followed by an almost symmetrical distribution from C4 to C10 cracked molecules at all conversion degrees. It is important to note that C7 compounds comprise only cyclic molecules, since the distinction between C7 isoalkanes derived from the solvent n-heptane and C7 isoalkanes generated from hydroconversion of octylcyclohexane was not possible. Yield of light compounds as methane and ethane represented less than 0.5 and 0.06 mol per mol octylcyclohexane, respectively, and could be associated to the cracking of the model molecule to C12 naphthenes (0.08-0.11
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mol.%) and light products, which characterizes hydrogenolysis [41,42]. Since the contents of C1, C2 and C12 products were very low, they will not be further discussed in this work. Cracked products were divided into naphthenes, isoalkanes and n-alkanes, as illustrated in Figure 7. Their distribution was fairly stable as a function of octylcyclohexane conversion over Pt/H-USY zeolite catalyst and indicated a predominant formation of naphthenes, followed by iso-and n-alkanes. Each mol of octylcyclohexane that is cracked should result in an equimolar mixture of naphthenes and alkanes, if secondary cracking does not take place.

The distribution presented in Figure 7 does not confirm this behavior, since C7 isoalkanes were not counted as reaction products. Therefore, alkanes were underestimated in comparison to cracked naphthenes. The distribution of cracked naphthenes obtained from hydroconversion of octylcyclohexane over Pt/H-USY zeolite catalyst is shown in Figure 8. C7 naphthenes were the major products.

Their percentage slightly decreased with conversion. C8, C9 and C10 cyclic molecules were also abundant products, followed by smaller amounts of C6 naphthenes. C11 and C12 naphthenes (not represented) accounted altogether for less than 4% of the distribution. The distribution of C6 naphthenes over Pt/H-USY zeolite catalyst, as depicted in Figure 9A, was composed of methylcyclopentane and cyclohexane. Methylcyclopentane was favored at all conversion levels over its 6-membered isomer due to its greater stability at higher temperature [43]. With respect to C7 naphthenes (Figure 9B), the main primary product was methyl-cyclohexane. The distribution then evolved towards the formation of dimethylcyclopentane through type B isomerization of methylcyclohexane. Ethylcyclopentane was a minor product in this fraction. This result differed from hydrocracking of perhydrophenanthrene (Chapter II) over the same catalyst, where the primary formation of the dibranched 5-membered naphthenic isomer was observed. This also confirms that the distribution of the naphthene cracking products is not an equilibrium distribution, but related to structure of the C14 isomer, which undergoes cracking. Unknown structures constituted about 10% of the distribution at all conversion degrees. The distribution of C9 naphthenes over Pt/H-USY zeolite catalyst is revealed in Figure 11.

Major cyclic C9 isomers included structures such as methyl-ethylcyclohexane (C9-3, dibranched), followed by trimethylcyclohexane (C9-1, tribranched) and 5-membered isomers represented by diethylcyclopentane molecules (C9-2, dibranched). The latter can be directly obtained through ring-contraction, i.e., type B isomerization, of methyl-ethylcyclopentane.

Minor compounds corresponded to n-and isopropylcyclohexane (C9-5 and C9-4, respectively), followed by substituted cyclopentane, as butyl-and tetramethylcyclopentane (C9-7 and C9-6, respectively). The distribution of C9 naphthenes did not change with octylcyclohexane conversion. Unknown compounds accounted for less than 5% of the distribution. Iso-and n-alkanes were minor cracked products from hydroconversion of octylcyclohexane over Pt/H-USY extrudate catalyst. Their distribution is presented in Figure 13. Alkanes heavier than 8 carbon atoms were not formed through hydrocracking of the model molecule.

Isoalkanes were preferentially formed over linear isomers, they accounted for ca. 65 mol.% of the distribution. Branched molecules as isobutane, methylbutane and methylpentane were favored over iso-C8 compounds. Among n-alkanes, n-hexane was the major product. Only two main groups of isomers of C6 and C8 isoalkanes were identified over Pt/H-USY zeolite catalyst, and their distribution is presented in Figure 14. All the isoalkanes were mono-branched, preferentially in position 2. The distribution was fairly stable with conversion. 
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Discussion

Attempts to rationalize isomerization pathways

A large spectrum of isomers was formed through hydroconversion of octylcyclohexane over Pt/H-USY zeolite catalyst (Figure 5). This diversity was achieved thanks to endocyclic rearrangements and exocyclic alkyl-shifts. Carbocation chemistry shows that type B rearrangements are required to generate an additional branching on the ring or on the alkyl chain substituent. The branching on the alkyl chain preferentially occurs in 2-position, via a PCP involving the naphthene cycle. The generated methyl-substituents can then change position on the ring or on the alkyl chain by endo-or exo-cyclic alkyl shifts, respectively.

From an energetic point of view, Martens et al. [31] showed that endocyclic alkyl-shifts as well as type A ring-contraction and ring-expansion, require less activation energy than type B arrangements, covering a range from 21-25 kJ/mol vs 27-42 kJ/mol, respectively. Activation energies for exocyclic alkyl-shits were in the range of 10-15 kJ/mol.

By taking into account the results previously mentioned, the reaction pathways presented herein will describe the formation of the most abundant isomers (structures I2, I4 and I6) through ring-contraction (branching occurring in the ring) and cycle expansion, with eventual alkyl-shifts around the ring (endocyclic alkyl-shift) or towards a substituent alkyl-chain (exocyclic alkyl-shift). The majority of isomerization products were branched on the cycle, and not on the substituent alkyl-chain, as previously reported by Souverijns et al. [34].

Branching occurred first in the ring through type B isomerization, forming a methyl-octylcyclopentane. Alkyl shifts can then transfer the methyl-branching to different positions on the ring and also to the initial alkyl substituent chain (Scheme 1). Methyl-heptylcyclohexane (I2), for instance, could be obtained through initial ringcontraction to methyl-octylcylopentane, followed by hydride shift and cycle expansion to form the 6-membered dibranched naphthene through type A isomerization (Figure 15). The distribution of C14H28 isomers indicated that the content of methyl-heptylcyclohexane decreased slightly with conversion, suggesting that it would be the primary isomerization product from hydroconversion of octylcyclohexane, which is then further converted to other isomers or cracking products. All the suggested isomerization pathways go through the formation of methyl-heptylcyclohexane as initial intermediate, which confirms the primary character of this isomer. Structures I4 and I6 were similarly obtained, but with an increasing number of the sequential steps previously described in comparison to methyl-heptylcyclohexane, as illustrated in Figure 16 A and B. Transformation of the latter to isomers I4 and I6 share a common intermediate which was assigned as i-C14. A significant difference in respect to these two compounds (I4 and I6) regards the degree of branching. Structure I4 is a dibranched molecule, with two alkyl-chains as substituents, whereas structure I6 is a tetrabranched isomer, containing smaller substituents. In order to change the degree of branching, the model molecule must undergo a higher number of type B isomerization, which is indeed the case for isomer I6, as evidenced in Figure 16B. The easiness to form a given isomer should be associated to the number of reaction steps needed for their formation. These data allow us to rationalize the distribution of isomers presented in Figure 5. For carrying out this exercise, the number of branchings on cycle and on alkyl-chain, as well as the total number of type B ring-contraction required to produce a specific isomer are recapitulated in Table 2. According to Table 2, structures I2, I4 and I8, and to a lesser extent I7, should be the most favored among isomerization products over Pt/H-USY zeolite catalyst. The reaction pathways (type B isomerization) leading to structures I1, I6, I3 and I5 should be much slower.

Major isomerization products comprised methyl-heptylcyclohexane (I2), I4 and I6 structures.

Conversely, I7 and I8 molecules were only observed to a small extent. The dibranched structures I7 and I8 can be easily formed through isomerization of methyl-heptylcyclohexane, but they can also crack very fast, as it will be discussed in next section. On the other B extreme, the highly branched compounds I3 and I5 were the least abundant in the isomer fraction, which correlates well to the number of slow reactions steps involved to form such molecules. The high abundancy of the tetra-branched compound I6 indicates that this molecule is not easily converted to subsequent cracking products. However, it should be emphasized that, as C7 isoalkanes were not accounted among reaction products, the cracking yields are underestimated, i.e. they should be higher than 200 mol per The yield of cracked products presented in Figure 6 and Figure 17 suggests a predominant cracking to C7 compounds, followed by an almost symmetrical distribution varying from 4 to 10 carbon atoms. Starting from a molecule containing 14 carbon atoms, there are at least four possibilities of cracking it to lighter compounds, generating in this way a smaller naphthene and an alkane. The main pathway would lead to the formation of C7 naphthenes and C7 alkanes. The distribution of C7 naphthenes depicted in Figure 9B indicated a primary formation of methylcyclohexane. A presumed reaction pathway would therefore produce monobranched methylcyclohexane along with methylhexane as C7 reaction products, resulting from hydrocracking of a tribranched C14H28 isomer. Among isomerization products, I7 is the only tribranched structure, and only an exocyclic alkyl-shift must take place prior to its cracking in order to obtain the desired product. On the other hand, its formation requires a Following the same procedure, the profiles illustrated in Figure 6 and Figure 17 suggest a molar equivalence between C5 and C9 compounds. According to Figure 11 and Figure 13, major C9 products corresponded to C9-3, C9-1 and C9-2 structures, whereas methylbutane predominated among C5 molecules.

The distribution of C9 naphthenes was mainly constituted of dibranched and tribranched molecules (Figure 11). Thus, they should be formed after hydrocracking of at least tetrabranched isomers, e.g. I1, I3, I5 and I6. As previously mentioned, I1 and I3 need to isomerize back to longer side chains, via slow steps, before allowing a cleavage configuration leading to C9 naphthenes. The same argument may be applied to I5 compounds. Within the isomers fraction, structure I6 is the only molecule that can be easily converted to major C9 reaction products, e.g., C9-3. The pathway goes through a cycle expansion without changing its degree of branching before cracking to C9-3 molecules and methylbutane, as presented in Figure 20. It is worth mentioning that formation of I6 by isomerization is difficult, as recapitulated in Table 2. Finally, the last pathway to be considered is hydrocracking of the isomerized model molecule into C6 and C8 compounds. According to Figure 14, the major C6 isoalkane is 2methylpentane, whereas primary C8 naphthenes corresponded to ethylcyclohexane and methyl-ethylcyclopentane.

C8 naphthenes were predominantly constituted of di-and monobranched molecules. Among isomerization products, tetrabranched I6 and dibranched I8 molecules are the most suitable structures to generate dibranched and monobranched C8 compounds, respectively, without needing to go through several slow rearrangements (type B isomerization). I6 isomers may be easily converted into methyl-ethylcyclopentane and methylpentane only via hydride-and alkylshifts, while I8 isomers may react through ring-expansion (type A isomerization) and chain branching (type B isomerization) to produce ethylcyclohexane and isoC6 (Figure 21, A and B respectively). The transformation of these isomers into the aforementioned compounds correspond to the minimum number of type B rearrangements required to achieve betascission. In addition, all the pathways indicated the production of 2-methylpentane as primary isoalkane C6, which avoids the formation of primary carbocations. Cracking to cyclohexane and isoC8 is a minor reaction pathway and is, therefore, not discussed in detail.

A B

Rationalization of the products distribution

In the previous section, hydrocracking pathways of octylcyclohexane isomers favoring the formation of cracked products on bifunctional Pt/H-USY catalyst were analyzed. In this section, we aim to explain the distribution of cracked compounds based on the degree of branching of the starting isomer molecule.

Cracked products, essentially constituted of naphthenes, were mainly comprised of monobranched C7 compounds (Figure 9), which may be formed through hydrocracking of tribranched isomers. From the previous section, the best compromise to obtain C7 molecules is through conversion of methyl-hepthylcyclohexane (I2) and ethyl-heptylcyclopentane (I8) after alkyl-branching via PCP intermediate (type B isomerization). In addition to C7 compounds, hydrocracking of octylcyclohexane on Pt/H-USY resulted in a flat distribution varying from 4 to 10 carbon atoms (Figure 6).

Most cracked C8 to C10 naphthenes were dibranched structures, therefore they originated from at least tetra-branched isomers, i.e. one more branching than the isomers, which can crack to methyl-cyclohexane. This additional branching competes with the cracking of tribranched isomers. The tetra-branched isomers themselves can either branch further (to I5 and I3), or crack to C8, C9 and C10 naphthenes. This competition can explain why the latter naphthenes are less abundant than C7 naphthenes.

It is also remarkable that C8, C9 and C10 naphthenes are formed in equimolar amounts (Figure 8). This result suggests that a fast interconversion between the different tetrabranched compounds, which lead to C8 to C10 products, is possible, through alkyl-shifts and ring-contraction or expansion.

Finally, if branching continues to produce many short side chains (I1 and I3), cracking becomes unfavored. A minimum of 4 carbon atoms is required to achieve a configuration allowing beta-scission.

The proportion of different isomers is result of compromise between formation and consumption by consecutive reactions, which is not easy to rationalize. Nevertheless, it seems that isomers which preferentially crack are constituted of long alkyl-substituents, i.e. less branched structures. Even if it is easier to crack multibranched structures, due to their higher number of tertiary carbon atoms, a greater number of rearrangements will be required to achieve such conformations, leading to the preferential cleavage of more linear compounds.

Multibranched isomers tend, therefore, to accumulate within the isomers subfamily. The following figure summarizes the reaction pathways discussed herein and present C14H28

isomers that could easily lead to cracked compounds.

Figure 22. Reaction pathways and isomers that may lead to observed cracked compounds.

Conclusions

Hydroisomerization and hydrocracking of octylcyclohexane were performed over a bifunctional Pt/H-USY zeolite catalyst at 300°C and 60 bar. Octylcyclohexane was obtained through in situ hydrogenation of the parent aromatic compound, phenyloctane, over a metallic pre-catalyst, Pt/Al2O3. The reaction products were identified and quantified with comprehensive GCxGC-FID/MS analysis, and lumped into groups, according to carbon number and chemical family. Hydroconversion of octylcyclohexane over the bifunctional catalyst resulted in several isomerization products, presenting distinct degrees of branching.

Cracked products became predominant even at average conversion, while ring-opening products were almost not perceived throughout the reaction.

Hydrocracking of octylcyclohexane over Pt/H-USY zeolite catalyst generated a broad distribution of cracked products, comprised mainly of C7 naphthenes. Pathways leading to major cracked products were also depicted, revealing the preferential formation of dibranched naphthenes. The reaction steps needed to form isomers and cracked products were analyzed in detail, by taking into account rearrangements of the cycle, i.e. ring-contraction or expansion, alkyl-shifts, and branching of the alkyl-substituent.

A correlation between the number of slow steps to form each isomer (type B rearrangement)

and their proportion within the C14H28 family showed that multibranched structures require a high number of type B rearrangements to be synthesized, and are less favored in comparison to less branched compounds.

On the other hand, multibranched isomers may easily undergo hydrocracking due to their higher number of tertiary carbon atoms, but their formation requires a greater number of rearrangements than less branched structures. Therefore, structures that present long alkylsubstituents are more suitable to be cracked and generate the reaction products obtained from hydroconversion of octylcyclohexane on Pt/H-USY bifunctional catalyst. 

Introduction

Hydrocracking is a refining process for the upgrading of heavy oil fractions. Bifunctional catalysts are employed in hydrocracking. Their structure comprises a hydrogenating function, generally represented by molybdenum sulfides, promoted by nickel or cobalt [1][2][3]; and an acid function, characterized by zeolites or amorphous silica-alumina [4][5][6][7][8]. Stronger hydrogenating components, as Pt or Pd, may be used in a sulfide-free environment [9][10][11][12],

but this condition can only be achieved in two-stage hydroprocessing of heavy oil fractions [13]. Sulfide catalysts are therefore widely used in hydrocracking units thanks to their resistance to H2S, generated by hydrodesulfurization of the oil [14][15][16][17].

In an ideal case, bifunctional catalysts are designed to be equilibrated, which means that the (de)hydrogenating function operates close to thermodynamic equilibrium and that conversion and product distribution only depend on the properties of the acid function [18][19][20][21][22][23]. Sulfide catalysts are much less active in (de)hydrogenation than Pt or Pd catalysts. Thus, they are generally not equilibrated and tend to produce lighter products by over-cracking, even when very high metal loadings (up to 30% MoO3) are used.

The selectivity towards desired hydrocracked products may be tuned as a function of the acid phase [24][25][26][27][28][29][30]. Amorphous silica-alumina catalysts give higher selectivity to middle distillates, whereas zeolite hydrocracking catalysts are more selective towards naphtha.

In our previous works on hydroconversion of a tricyclic naphthene (perhydrophenanthrene, PHP) over Pt-supported bifunctional catalysts, shape selective effects played an important role in the formation of specific reaction intermediates according to the type of acid catalyst.

Bridged perhydrophenanthrene isomers, referred to as alkyladamantanes, and ringcontraction skeletal isomers were preferentially processed on USY zeolites, whereas Betasupported catalysts favored ring-shift compounds, as perhydroanthracene stereoisomers. This was attributed to the pores system of USY zeolites, large enough to accommodate bulky molecules. Molecular simulation indicated a hindered adsorption of alkyladamantanes and ring-contraction isomers on Pt/H-Beta catalyst. In spite of their mesopores, ASA catalysts did not produce large molecules as alkyladamantanes.

Shape selectivity effects were also decisive in the formation of ring-opening products leading to different distributions of carbon atoms over each zeolite. While USY catalysts gave a broad distribution of cracked products, Beta zeolites privileged cracking to C7 compounds.

With respect to hydroconversion of octylcyclohexane, previous work carried out over bifunctional Pt/H-USY catalyst (Chapter IV) evidenced a complex distribution of isomerization products, that led to major cracking to C7 molecules and homogeneous distribution of remaining carbon atoms, i.e. from C4 to C10 compounds. The distribution of cracked products was rationalized from the degree of branching of octylcyclohexane isomers.

It was elucidated that less branched isomers were more suitable to undergo hydrocracking than multibranched ones, because of the small number of type B isomerization necessary to produce the former.

The goal of this work is to compare the activity of Pt and sulfide bifunctional catalysts and hydrocracking pathways in the hydroconversion of a long alkyl-chain substituted monocyclic naphthene, represented by octylcyclohexane (C14H28). For that purpose, commercial largepore zeolites, as ultrastable Y zeolite (CBV720) and Beta (CP814e), along with amorphous silica-alumina (Siralox 30, abbreviated as ASA) were tested in a sulfide-free environment and in the presence of H2S. Key points to be addressed are the reactivity of the model molecule in these distinct environments, and if hydrocracking pathways are changed according to the equilibrium of metal and acid functions on both systems tested.

Further objectives consist of analyzing the reaction pathways of hydroconversion of perhydrophenanthrene and octylcyclohexane, assess the reactivity of both model molecules and compare it to hydroconversion of n-hexadecane, a long alkyl-substituent alkane.

Materials and methods

Preparation and characterization of catalysts

Commercial supports for USY (CBV720) and Beta (CP814e) zeolite catalysts were provided in powder form by Zeolyst. They were mixed with alumina binder (Pural SB3 from Sasol) and extruded, according to a procedure described elsewhere (Chapters II and III; [31]). to data available in literature [32,33].

Results

Identification and quantification of reaction products with GCxGC -FID/MS

Prior to hydroisomerization and hydrocracking of the naphthenic model molecule, octylcyclohexane, the initial feedstock composed of phenyloctane diluted into n-heptane was completely hydrogenated in situ on a pre-catalyst Pt/Al2O3 or NiMoS/Al2O3. Only octylcyclohexane and its isomer, nonylcyclopentane, were identified among the hydrogenated products. Both compounds were considered as the model reactant which underwent hydroconversion over the zeolite and amorphous bifunctional catalysts. For the sake of simplification, the reactant will be herein referred to as octylcyclohexane.

The reaction products resulting from hydroconversion of octylcyclohexane over Pt-supported bifunctional catalysts were individually identified and quantified with GCxGC-FID/MS. These analysis enabled the quantification of more than 200 compounds, as displayed in the following chromatograms (Figure 1). They were obtained at similar octylcyclohexane conversion, ca. 70%. Figure 1 suggests that at first sight, the product distribution is quite similar for the three catalysts. For the analysis of the global reaction pathways, the products were lumped into isomers of octylcyclohexane (C14H28), ring-opening products (C14H30) and cracked products with a carbon number lower than 14 (Figure 2). Ring opening products were only quantified as trace compounds, which confirms that opening of the ring of a monocyclic naphthene is a difficult reaction [34].

A: Pt/H-USY

Column I: Retention time (min) Column II: Retention time (sec) The reaction products resulting from hydroconversion of octylcyclohexane on Pt and sulfide catalysts were lumped into isomerization, ring-opening and cracking subfamilies. The selectivity, expressed in mol per mol of reaction products is illustrated in Figure 4 (A andB).

Regarding Beta-catalysts, we included the results at 280°C in Figure 4, in order to better rationalize the selectivity to families of reaction products at lower octylcyclohexane conversion levels. The continuity of the profiles at 280 and 300°C shows that temperature had minor impact on the catalysts reactivity.

Pt/H-USY and Pt/ASA catalysts gave similar octylcyclohexane conversion values and therefore can be compared at the same conditions. The amorphous catalyst was more selective to isomerization and to ring-opening products than Pt/H-USY zeolite catalyst at isoconversion. The selectivity to ring-opening products on Pt/ASA accounted for ca. 6 mol/mol reaction products throughout the conversion degrees. Over the zeolite catalysts, ring-opening was almost not perceived. Compared to Pt/H-USY, Pt/H-beta was more selective to isomerization products and less prone to cracking. Similar results were obtained with sulfide catalysts (Figure 4B). Up to 60% conversion, isomerization was the major reaction. It is worth mentioning that ring-opening products could not be separated from the isomerization subgroup and were, therefore, counted as isomers, if present.. NiMoS/H-USY was slightly more selective to cracking products than NiMoS/H-beta. Globally, the yield of cracked products over NiMoS/H-Beta was always superior to that observed at isoconversion over Pt/H-Beta. At 92% conversion, for instance, these values corresponded to ca. 99 and 154 mol/mol octylcyclohexane over Pt-and sulfide-based bifunctional catalysts, respectively. The same behavior was noticed with bifunctional ASAsupported catalysts. At 38% conversion, the sulfide catalyst gave a yield of cracked products equivalent to 90 mol/mol octylcyclohexane against 17 mol/mol octylcyclohexane over Pt/ASA bifunctional catalyst .

Isomers of octylcyclohexane were analyzed in detail for the Pt-based catalysts (Figure 5 A and B). As aforementioned, reaction products resulting from hydroconversion of octylcyclohexane on sulfide catalysts were detected and quantified with online 1D GC-FID, therefore detailed isomer distributions could not be obtained for these catalysts. A few offline B GCxGC analyses of the collected liquids confirmed, however, that the same type of compounds were formed over Pt and sulfide catalysts.

Structures identified over Pt/zeolites and Pt/ASA bifunctional catalysts at isoconversion were equivalent. They were assigned as dibranched (I2, I4 and I8), tribranched (I7) and more highly branched (I1, I3, I5 and I6) isomers. Over Pt/H-USY, major isomerization products were represented by dibranched compounds (I2 and I4) and multibranched structure I6. On Pt/H-Beta, in comparison with Pt/H-USY, isomer I2 was quantified to a smaller extent, while I4 and I6 remained as major products within the isomerization family (Figure 5A). A comparison at isoconversion between Pt/ASA and Pt/H-USY revealed that the distribution shifted towards the preferential formation of multibranched structures, characterized by I3 and I6 isomers, over the amorphous catalyst (see supporting information for further details on the distribution of octylcyclohexane isomers). From previous results, it is possible that hydrogenolysis contributed to form cracked products, in addition to bifunctional mechanisms, in hydrocracking of octylcyclohexane over the Pt/ASA catalyst. Therefore, the distribution of major cracked products on the amorphous catalyst will not be analyzed herein. The distribution of C7 naphthenes over Pt zeolite catalysts is presented in Figure 9. Over Pt and sulfide catalysts, methylcyclohexane was primarily produced, followed by the formation of dimethylcyclopentane. In addition, much less dimethylcyclopentane is formed over sulfide catalysts, especially over NiMoS/H-USY (see supporting information for the distribution of C7 products on sulfide catalysts). As indicated in Figures 6 and7, cracked products comprised, in addition to C7 naphthenes, C6, C8, C9 and C10 compounds. The detailed analysis of cracked reaction products originating from hydrocracking of octylcyclohexane over Pt/H-USY is available elsewhere (Chapter IV).

The same distributions of cracked naphthenes were obtained over Pt/H-Beta zeolite catalyst.

Minor differences regarding the sulfide series of catalysts were observed and may be attributed to inaccuracies related to the analysis method.

The distribution of alkanes over Pt-zeolite catalysts is revealed in Figure 10. Further details on the distribution of sulfide catalysts are available in supporting information. Except for ASA (not represented), they were minor reaction products. Only alkanes containing 8 carbon atoms or less were formed, whereas C9 branched acyclic compounds were quantified to a low extent over the sulfide solids. Pt-and also sulfide catalysts generated preferentially isoalkanes as isobutane, methylbutane and methylpentane and few n-alkanes. Iso-alkanes were preferentially branched in position 2. Amongthe n-alkanes, n-hexane was the major product over Pt catalysts, while propane was the most abundant n-alkane on sulfide-based zeolite catalysts. 

Discussion

Comparison of isomerization and cracked products

Isomers of octylcyclohexane were assigned according to their degree of branching. Globally, the same structures were identified over Pt/zeolites and Pt/ASA bifunctional catalysts, although minor discrepancies regarding their distribution within the isomers subfamily were evidenced. 4). C8 and C9 naphthenes did not undergo secondary cracking.

In spite of the observed shift of the product selectivity to cracking products (Figure 4) and the occurrence of over-cracking, the product distribution of sulfide catalysts is not radically different from Pt catalysts. C14 isomers were abundant products of the sulfide catalysts at low conversions. This is in stark contrast with the hydrocracking of n-hexadecane. When nhexadecane is converted on Pt/H-USY zeolite, i-C16 isomers are the major products up to fairly high conversions, before cracking becomes dominating. With NiMoS/H-USY zeolite catalysts, however, cracking becomes the major reaction starting from very low conversion (unpublished results). The reason for the much lower tendency of octylcyclohexane to crack over sulfide catalysts (compared to n-hexadecane) is probably the difficulty of endocyclic cracking. In other words, the cracking selectivity of naphthenes seems to be less sensitive to the metal-acid balance than the cracking selectivity of alkanes.

Comparison of the hydroconversion of perhydrophenanthrene vs octylcyclohexane and n-hexadecane

Whereas the zeolite topology had a big influence on the distribution of intermediates and cracking products in the hydroconversion of perhydrophenanthrene, hydroconversion of octylcyclohexane (C14H28) over Pt and sulfide-catalysts was less controlled by shape selective effects. The conversion of the model molecule towards isomers revealed a similar distribution of these compounds on zeolite catalysts, with preferential formation of methylheptylcyclohexane, along with other di-or tribranched molecules. Over ASA-supported catalyst, the distribution of isomers was shifted in favor of multibranched compounds.

Opening of the unique ring of octylcyclohexane was a minor reaction and it only took place on ASA-catalysts. Cracking of the isomers led to the preferential formation of C7 compounds on Pt-supported catalysts and an otherwise flat distribution of C4 to C10 products. In contrast, hydrocracking of perhydrophenanthrene gave different distributions according to the acid phase tested. USY-supported catalysts generated a broad distribution of cracked products, while Pt/H-Beta and Pt/ASA bifunctional catalysts resulted in a central cracking to C7 compounds.

The catalytic activity per catalyst mass estimated through apparent first-order kinetic constants for hydroconversion of perhydrophenanthrene and octylcyclohexane over Pt and sulfide bifunctional catalysts, as a function of the acid phase and zeolite loading in the alumina binder (except for ASA catalysts), is summarized in Table 3. The catalytic activity in hydroconversion of perhydrophenanthrene at 280°C decreased from USY to Beta, followed by ASA-based catalysts, regardless of zeolite content. Activity was roughly proportional to zeolite loading in Pt/zeolites catalysts, although USY zeolites gave a greater ratio zeolite content/activity (3.4 vs 2.3 on Beta zeolite).

Interestingly, in the hydroconversion of octylcyclohexane at 300°C, Beta catalysts were more active than USY zeolites, which were much more active than amorphous catalysts. There was a clear impact of the hydrogenating phase on activity of sulfide catalysts in hydroconversion of octylcyclohexane. The catalytic performance of sulfide catalysts was inferior to Pt ones, because of the poor equilibrium between metallic and acid phases of these bifunctional catalysts.

The inversion on activity of zeolite catalysts with respect to the model molecules suggests the hypothesis that USY-based catalysts converted more efficiently bulky molecules, thanks to their larger pores and supercages, while linear structures are preferentially converted on Betazeolites. This is also in line with the observation that Beta was more active than USY in the hydroconversion of n-hexadecane (see supporting information and [35]). Monocyclic naphthenes containing a long alkyl-chain substituent seem to behave as acyclic compounds. The naphthenic ring provides the branchings (through ring-contraction isomerization) that will be shifted towards the side chains, to improve cracking.

Conclusions

Hydroisomerization and hydrocracking of octylcyclohexane were evaluated on Pt-and NiMoS-supported bifunctional catalysts. Two large-pore zeolites (USY and Beta), along with an amorphous silica-alumina, were used as acid function. A pre-catalyst Pt or NiMoS/Al2O3 was employed to guarantee a complete hydrogenation of the parent aromatic compound, phenyloctane, towards the naphthenic model molecule. Octylcyclohexane was then isomerized and cracked afterwards over the bifunctional catalysts.

Reaction products were carefully analyzed in order to verify if hydrocracking pathways were changed according to the hydrogenated phase tested. It was confirmed that the same reaction intermediates, which were assigned as isomerization products, were observed on Pt and sulfide catalysts. The distribution of isomerization products, though, changed according to the acid phase tested. Despite of that, the distribution of cracked products was independent of the acid function. Similar profiles were observed over USY and Beta zeolite catalysts. It was shown that isomerization compounds (C14H24) were formed in a primary route over all Pt-supported catalysts, followed by ring-opening and cracking reactions. USY and ASA supported catalysts were the most selective to isomerization and, at isoconversion, had almost equivalent selectivities towards these products. Beta zeolites were slightly more selective to cracking. This order of selectivity was similar to that proposed by Leite et al. on hydrocracking of perhydrophenanthrene over Pt/zeolite and Pt/ASA bifunctional catalysts, although this study resulted in ASA as the most selective catalyst to isomerization products [1,2].

According to Leite and coworkers, the selectivity to cracking products over Pt/zeolites is related to the pore structure of these catalysts, based on calculations developed by Fraissard [3]. In this case, a higher number of interactions between the acid sites and molecules should be found with zeolite-based catalysts, because of their more strained pores network, compared to the mesopores of ASA.

In our work, perhydrophenanthrene isomers were classified as skeletal PHP isomers and alkyladamantanes. The former comprised ring-contraction and ring-shift tricyclic molecules, as perhydroanthracene stereoisomers and methylperhydrophenalene, and underwent further isomerization to produce alkyladamantanes. Comparing different catalysts, a preferential formation of linear skeletal isomers such as perhydroanthracene was revealed over Beta zeolites, whereas bulky molecules resulting from ring-contraction of perhydrophenanthrene were mainly processed over USY zeolite and ASA. Molecular Monte Carlo (MC) simulation demonstrated that the BEA structure led indeed to a higher adsorption selectivity to perhydroanthracene stereoisomers than the FAU structure. This was attributed to the bigger pore size and supercages of USY zeolites, which can accommodate large molecules. These shape selectivity effects were the first hints to better appreciate the role of the acid phase on hydroconversion of polycyclic naphthenes.

Alkyladamantanes, bridged perhydrophenanthrene isomers, were secondary isomerization products and resisted hydrocracking due to their high stability, except for a small fraction that was converted to C10 adamantanes and isobutane. They were strongly favored over USY zeolites at high PHP conversion, in contrast to Beta and ASA-supported catalysts. MC simulations indicated that the adsorption of adamantanes was hindered on both types of zeolites, compared to skeletal perhydrophenanthrene isomers. In literature, the high selectivity to alkyladamantanes on USY zeolites was attributed to their large-pore size and supercages [4,5]. However, our simulation results strongly suggest that substituted adamantanes are not produced on the pores of either USY or Beta zeolites, but at the poremouth of these solids. USY zeolite was more selective to these isomers because of the easiness to process methylperhydrophenalenes, bulky precursors of alkyladamantanes, compared to Beta and ASA catalysts. In spite of their mesopores of 70Å, ASA catalysts were the least selective towards the bridged isomers. On the other hand, Pt/ASA was also the least acidic The activity of bifunctional Pt-supported catalysts on hydroisomerization and hydrocracking of perhydrophenanthrene followed the order USY > Beta >> ASA, independent of the zeolite loading in alumina binder. The study of Leite and coworkers on hydroconversion of perhydrophenanthrene revealed that Beta zeolites were the most active among the catalysts tested, followed by USY, which were much more active than ASA [7]. Conversely, our simulations indicated that PHP reactant is poorly adsorbed on BEA topology, which correlates well with the higher activity of USY-based catalysts. It is likely that, in our work, a better separation between reaction products and PHP reactant led to an opposite order of activities compared to the work of Leite and coauthors.

Families of products resulting from octylcyclohexane conversion (chapters 4 and 5), as for hydroconversion of perhydrophenanthrene, were divided into substituted cyclopentane and substituted cyclohexane isomers (C14H28), ring-opening resulting in isoalkanes (C14H30) and cracked products containing less than 14 carbon atoms. Formation of isoalkanes through opening of the unique ring of octylcyclohexane was a minor reaction, as expected in literature for monocyclic naphthenes [9]. The activity of Pt and NiMoS-supported catalysts followed an opposite trend to that on hydroconversion of perhydrophenanthrene: Beta was the most active catalyst, followed by USY zeolite. ASA was significantly less active than both zeolites.

sulfide catalysts, in contrast, gave a distribution with maxima at 4, 6 and 8 carbon atoms.

Yields higher than 200 mol per 100 mol of cracked products indicated that secondary cracking took place on sulfide catalysts, with subsequent formation of lighter compounds. In effect, sulfide catalysts are less well equilibrated than Pt ones, because molybdenum sulfides are not a strong hydrogenating as platinum. Therefore, the metallic phase of sulfide catalysts are not able to saturate cracked olefins produced on the acidic sites of zeolites fast enough in order to avoid secondary cracking. Besides over-cracking, the reaction pathways for hydroconversion of octylcyclohexane on Pt-supported catalysts were also valid for bifunctional sulfide-supported catalysts. The reaction pathway for hydroconversion of octylcyclohexane over bifunctional Pt and NiMoS-supported catalysts is depicted in Figure 2. From what has been previously discussed, it is clear that there are more reaction possibilities, from a mechanistic point of view, on hydroconversion of polycyclic naphthenes. The presence of two or three cycles in a molecule creates a new route which goes from isomerization of the cycle until its opening prior to cracking. In addition to ring-opening, shape selectivity effects may also play an important role on the final distribution of carbon atoms, as it was evidenced in the formation of PHP isomers. Octylcyclohexane was less subject to shape selectivity because of its linearity and less bulky structure.

Hydroconversion of monocyclic naphthenes are globally easier to predict, because ringopening is only observed to a small extent, thus a straightforward reaction pathway consists of isomerization leading to cracking. With respect to octylcyclohexane, the key point in this case is to investigate the influence of a long alkyl-substituent on reaction pathways and the reactivity of this molecule vs. perhydrophenanthrene.

In hydroconversion of perhydrophenanthrene, Pt/H-USY and Pt/ASA catalysts were more selective to isomerization products, whereas Pt/H-Beta zeolite catalyst privileged cracking.

USY-based catalysts were the most active among the solids tested, followed by Beta and ASA. Hydroconversion of octylcyclohexane, in contrast, indicated an inverse trend, and Pt and sulfide catalysts supported over shaped Beta zeolites were more selective towards isomerization compounds. The study of selectivities at isoconversion according to metallic phase and catalyst tested allows comparing the evolution of both model molecules towards isomerization, ring-opening and cracking pathways (Tables 123). On USY and ASA catalysts, cracking of octylcyclohexane was favored over Pt and NiMoS, whereas PHP underwent isomerization and ring-opening, subsequent steps necessary to crack polycyclic naphthenes.

These results clearly illustrate the high selectivity towards cracking of sulfide catalysts, compared to Pt/zeolites and Pt/ASA on hydroconversion of octylcyclohexane (see supporting information for full selectivity profiles). Pt catalysts were also evaluated on hydroconversion of n-hexadecane (C16H34). Pt/H-Beta zeolite catalyst was slightly more effective to process the alkane molecule than Pt/H-USY and Pt/ASA. The amorphous catalyst was the least active among the solids tested. These results are in agreement with previous study carried out in hydroconversion of n-hexadecane [12]. Together with the activity of Pt and sulfide catalysts on octylcyclohexane conversion, these trends confirm the preferential cracking of linear structures over Beta zeolite based catalysts, as it was evidenced in hydrocracking of perhydrophenanthrene. We may assume that octylcyclohexane reacted in a similar way as n-hexadecane, and the cycle provided the branchings in order to promote cracking of the cyclic molecule. The flat carbon distribution obtained in hydrocracking of octylcyclohexane (spite of major cracking to C7 products) is another common point with hydroconversion of long-chain alkanes.

In conclusion we can make a parallel between the molecules studied with respect to cracked products resulting from their hydroconversion. The yield of cracked products generated from hydroconversion of perhydrophenanthrene over Pt-supported catalysts indicated minima at C9 naphthenes and C5 isoalkanes. The reaction pathways leading to these compounds go through the opening of a second ring of perhydrophenanthrene, which produces a di-or tetrabranched monocyclic C14 naphthene. These structures corresponded to similar molecules identified as isomers of octylcyclohexane (C14H28) generated from hydroisomerization of the monocyclic naphthene over the solids tested. The same C9 and C5 compounds were produced after hydrocracking of both model molecules. This confirms that opening of a second cycle of perhydrophenanthrene would lead to similar reaction pathways as observed for hydroconversion of octylcyclohexane. However, as the distribution of cracked products demonstrated, this second ring-opening was not the preferential route on hydrocracking of the polycyclic model molecule. Instead, a tendency to preserve two out of three cycles of perhydrophenanthrene was noticed.

By looking forward to industrial hydrocracking of heavy molecules, in terms of distribution of carbon atoms, USY-supported catalyst would give a great range of cracked products, irrespective of the structure of the molecule (mono-or polycyclic naphthenes), which is interesting in terms of versatility of the process. Beta zeolites were more selective to cracking of polycyclic naphthenes and could be tuned to produce lighter products in hydrocracking of heavy VGO feedstocks. ASA catalysts were the most selective to isomerization products on hydroconversion of both model molecules, compared to zeolite catalysts. Therefore, ASA could be employed to limit over-cracking and increase the selectivity towards middle distillates, especially if the (de)hydrogenating function is represented by molybdenum sulfides.

followed by Beta and, at a lower degree, ASA catalysts. The higher activity of Pt/H-USY in the conversion of the polycyclic naphthene is related to the favored adsorption of PHP reactant on FAU topology, as demonstrated by simulations.

Hydroconversion of octylcyclohexane (C14H28) was carried out over Pt-and NiMoS-supported catalysts, under the same operating conditions as catalytic tests with perhydrophenanthrene.

The reaction pathway, valid for Pt-and sulfide-supported catalysts, started from isomerization of the model molecule, before achieving a conformation enabling fast betascission. Ring-opening was a minor reaction, as expected for monocyclic naphthenes. The distribution of isomers was equivalent over zeolite catalysts, whereas ASA formed preferentially multibranched structures, related to the poor cracking activity of the silicaalumina phase. As previously reported in literature, the consecutive branching of isomers started at the cycle, migrating afterwards to the side-chain. Pt-catalysts resulted in similar distribution of carbon atoms, with preferential cracking to C7 compounds in addition to a homogeneous distribution of the remaining carbon atoms. NiMoS bifunctional catalysts were less well equilibrated than the noble ones and resulted in formation of lighter cracked products, due to over-cracking. We tried to rationalize the competition between isomerization and cracking pathways by comparing the degree of branching of molecules representative of these two families. In spite of a lower number of tertiary carbon atoms, dior tribranched isomers cracked preferentially over multibranched isomers, because of the higher number of slow type B isomerization required to produce the latter. The order of activity in hydroconversion of octylcyclohexane was opposite to that obtained with perhydrophenanthrene. Beta zeolites were more active than USY catalysts, and ASA was the least active of the solids tested, irrespective of the metallic phase composing the bifunctional catalyst.

Pt-supported catalysts were also evaluated in hydroconversion of a long chain alkane, nhexadecane (n-C16H34). As for octylcyclohexane, Beta catalysts were more effective in converting the alkane, followed by USY zeolites. Again, ASA catalyst was the least active among the solids tested. These results, together with shape-selectivity effects observed on hydroisomerization of perhydrophenanthrene, confirm the preferential conversion of linear structures on Beta zeolites. We may also infer that octylcyclohexane, a monocyclic naphthene containing a long alkyl-substituent, reacted similarly as n-hexadecane, with the cycle providing the branchings to improve beta-scission.

This work provides a deep characterization of reaction intermediates and pathways that are useful to understand the distribution of cracked products in noble and base bifunctional catalysts. It is clear that polycyclic and monocyclic naphthenes react in different ways, and the complexity of reaction pathways increases with the number of cycles of the molecule.

The data provided herein may contribute to rationalize the behavior of more complex feedstocks in a molecular level, and adapt textural and acidic properties of bifunctional catalysts accordingly.

For future work, it could be particularly interesting to test reaction intermediates resulting from isomerization or ring-opening of perhydrophenanthrene or octylcyclohexane, in order to build a more complex reaction network. Another possibility is to convert different types of molecules typically present in a VGO fraction, i.e. alkanes, naphthenes and aromatics, to investigate the reactivity of these compounds in a more realistic feedstock. In addition, a kinetic study could be carried out to elucidate isomerization, ring-opening and cracking rates, thus determining more precisely the competition between different reaction routes.

Due to lack of time, hydroconversion of perhydrophenanthrene was not performed over NiMoS-supported catalysts. We would like to address the impact of the balance between metallic and acid phases on hydroisomerization and hydrocracking of perhydrophenanthrene.

As aforementioned, the conversion of this molecule resulted in a large number of reaction products, with shape selectivity effects playing an important role in the distribution of carbon atoms, which makes this molecule attractive from a mechanistic point of view. In addition, NiMoS catalysts are commonly used in industrial environments, thus they could be evaluated in more severe operating conditions, expanding the knowledge on hydrocracking of cyclic molecules.
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  Martens et al. estimated isomerization rates of cycloalkanes on bifunctional noble catalysts (Pt/Y zeolites) [43]. According to the authors, composite activation energies of external and internal alkyl shifts (Figure 4, II and IV) are in the range of 21-25 kJ/mol, whereas cyclic PCP branchings energies are higher (Figure 4, VI), within the interval of 27-40 kJ/mol. Moreover, internal alkyl shifts (cyclohexane to cyclopentane interconversions) are slower than external alkyl shifts (10-16 kJ/mol), while PCP branchings (type B isomerization) and corresponding acyclic rearrangements are energetically comparable (30-42 kJ/mol for alkanes).
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 4 Figure 4. Types of isomerization and comparison between alkanes and naphthenes. Adapted from references [13,41].
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 7 Figure 7 shows examples of hydroconversion of C10-naphthenes. It can be noticed that C-C bond scission of these different cyclic structures occurs at the alkyl-chain (exocyclic C-C cleavage) and all of them result exclusively in C6 and C4 products. Preferential exocyclic scission of naphthenes occurs due to orbital effects described above, and the selectivity to C6 and C4 products is explained through "paring reactions", as this type of pathway was first named by Chevron researchers, in the beginning of the 1960s. Egan et al studied hydrocracking of C9 to C12-naphthenes over nickel sulfide (5.3% Ni) catalysts supported on

Figure 7 .

 7 Figure 7. Types of beta-scission and comparison between alkanes and naphthenes. Adapted from references [43,48].

Figure 8 .

 8 Figure 8. Reaction pathway of exocyclic beta-scission ("paring") of 1,2,3,4-tetramethylcyclohexane towards formation of methylcyclopentane and isobutane (adapted from Egan et al.[23]).

Figure 9 .

 9 Figure 9. Carbon number distribution curves of a n-alkane (left, bell-type) and a naphthene (right, M-type) [50].

Figure 11 .
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  radical cations) are produced. The radical cations follow different fragmentation pathways and the produced fragments give the structural information of the starting molecule. From a radical cation, it is possible to produce a radical and a cation or a neutral molecule and a radical cation [125].
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 16 Figure 16. Fragmentation pathway of radical cations in EI [125].
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 1 Figure 1. Example of GC-FID analysis of reaction products from hydroconversion of perhydrophenanthrene over Pt/H-USY zeolite catalyst.
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 2 Figure 2. A) GCxGC-FID analysis of perhydrophenanthrene stereoisomers obtained by hydrogenation of phenanthrene over Pt/Al2O3 catalyst. B) GCxGC-FID analysis of the heaviest reaction products obtained at

  of PHP at 68% conversion is shown in Figure3. It illustrates that the reactor effluent is a very complex mixture with over 300 different compounds.
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 3 Figure 3. GCxGC-FID analysis of reaction products in the range C3 to C14 of hydroconversion of perhydrophenanthrene obtained over Pt/H-USY zeolite catalyst at 68% conversion.
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 4 Figure 4. Molecule families and typical examples of reaction products of perhydrophenanthrene stereoisomers hydroisomerization and hydrocracking over Pt/H-USY zeolite catalyst.
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 5 Figure 5. Evolution of PHP conversion with contact time on Pt/H-USY catalyst extrudates with 1 wt.% and 3 wt.% zeolite in alumina binder.
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 6 Figure 6. Yield of skeletal isomerization, ring-opening and cracked products against perhydrophenanthrene conversion over Pt/H-USY zeolite catalyst.

Figure 7 .

 7 Figure 7. Distribution of C14H24 reaction products of PHP conversion over Pt/H-USY zeolite catalyst against PHP conversion.
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 8 Figure 8. Distribution of skeletal isomers of PHP (excluding substituted adamantanes) at different PHP conversions over Pt/H-USY zeolite catalyst. PHA: perhydroanthracene; PHP 149: methylperhydrophenalenes; PHP CC5: perhydrophenanthrene that underwent ring-contraction.
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 9 Figure 9. Distribution of alkyl adamantanes at different PHP conversions over Pt/H-USY zeolite catalyst.
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 10 Figure 10. Distribution of ring-opening products (ROP) at different PHP conversions over Pt/H-USY zeolite catalyst.
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 11 Figure 11. Yield of cracked products according to the number of carbon atoms in the molecules at different levels of PHP conversion over Pt/H-USY zeolite catalyst.
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 12 Figure 12. Distribution of naphthenes, isoalkanes and n-alkanes in the cracked products based on C-atom content against PHP conversion over bifunctional Pt/H-USY zeolite catalyst.
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 13 Figure 13. Yield of cracked naphthenes per 100 mol of cracked products as a function of perhydrophenanthrene conversion over bifunctional Pt/H-USY zeolite catalyst.
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 14 Figure 14. A) Distribution of C6 naphthenes and B) Distribution of C7 naphthenes resulting from hydrocracking of PHP over Pt/H-USY zeolite catalyst. .
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 15 Figure 15. Distribution of C8 naphthenes from hydrocracking of PHP over Pt/H-USY zeolite catalyst at different conversions.
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 16 Figure 16. Distribution of C9 naphthenes from hydrocracking of PHP over Pt/H-USY zeolite catalyst at different conversions.
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 17 Figure 17. Distribution of C10 naphthenes resulting from hydrocracking of PHP over Pt/H-USY zeolite catalyst at different conversions.

  bridging of other C10 naphthenes. Based on this analysis a general reaction scheme for hydroconversion of PHP over Pt/H-USY zeolite catalyst is proposed in Figure18.

Figure 18 .

 18 Figure 18. General reaction pathway for hydrocracking of perhydrophenanthrene over bifunctional Pt/H-USY zeolite catalyst.
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 19 Figure 19. Steps of formation of alkyladamantanes over aluminum bromide sludge catalyst according to Schneider et al [40]. A similar reaction pathway is observed in this work in hydrocracking of PHP over Pt/H-USY zeolite catalyst.
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 20 Figure 20. Proposed hydrocracking pathway to C7 naphthenes (A) and C6 and C8 naphthenes (B) of ring-opening products originating from hydroconversion of skeletal perhydrophenanthrene isomers (R2) over Pt/H-USY zeolite catalyst.
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 21 Figure 21. A) Suggested hydrocracking pathway to C6 and C8 naphthenes of ring-opening product originating from hydroconversion of skeletal perhydrophenanthrene isomers (R3) over Pt/H-USY zeolite catalyst. B) Suggested hydrocracking pathway to C7 naphthenes.
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 22 Figure 22. Suggested hydrocracking pathway to C10 naphthenes and isobutane of ring-opening product originating from hydroconversion of skeletal perhydrophenanthrene isomers (R6) over Pt/H-USY zeolite catalyst.
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 23 Figure 23. A) Suggested hydrocracking pathway to C9 naphthenes and C5 isoalkanes of ring-opening product originating from hydroconversion of skeletal perhydrophenanthrene isomers (R2) over Pt/H-USY zeolite catalyst.

  the cracked product yields as mol per 100 mol of PHP cracked. Primary hydrocracking results in the formation of 200 mol of cracked products per 100 mol of feed cracked. Values obtained covered, instead, a range from ca. 154 to 200 mol/100 mol of cracked PHP. Values below 200 mol per 100 mol cracked mean that next to cracking, some oligomerization of feed molecules and/or cracked products takes place. The yields of cracked product fractions according to carbon number is presented in Figure 25. This phenomenon has been observed in smaller molecules, as n-heptane. Blomsma et al.studied the hydroconversion of n-heptane over bifunctional Pd/H-Beta zeolite catalyst[53].Cracking of the C7 alkane resulted in non-equimolar amounts of C3 and C4, in addition to formation of C5 and C6 alkanes. The yield of these cracked products was explained by a dimerization-cracking mechanism, where two molecules of C7 would form a C14 molecule cracking e.g. into 1 C4 and 2 C5 fragments.In a similar way, a dimerization mechanism, in addition to classic hydrocracking, could explain the low overall molar yields of cracked products per feed molecule cracked. The oligomerization-cracking mechanisms can explain the formation of C12 naphthenes at low PHP conversion. Disproportionation is a reasonable mechanism to explain such result. In fact, disproportionation has been observed in hydroconversion of naphthenes containing 9 or less carbon atoms over large-pore zeolite-based catalysts, such as Pt/CaY. Although there are no many evidences on how this reaction works, it is believed that the mechanism goes through the formation of an alkenyl cation, formed after ionic ring-opening, which could alkylate a cyclo-olefin over the acid sites of the zeolite. The resulting structure would then undergo cracking after rearranging favorably to beta-scission[54].
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 25 Figure 25. Yield of cracked products from hydrocracking of perhydrophenanthrene over Pt/H-USY zeolite catalyst expressed as mol/100 mol PHP cracked. Total yield of cracked products at the different conversions is indicated at the bottom of the graph.

  Column I: Retention time (min) Column II: Retention time (sec) adsorption data available for pure linear alkanes (octane and hexadecane) in *BEA and FAU. 50 million Monte Carlo steps were accumulated for mixtures.
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 1 Figure 1. GCxGC-FID analysis of reaction products from hydroconversion of perhydrophenanthrene obtained over A) Pt/H-USY zeolite catalyst at 48% conversion, B) Pt/H-Beta zeolite catalyst at 45% conversion, C) Pt/ASA catalyst at 45% conversion.

Figure 2 .

 2 Figure 2. Families and typical examples of molecules in the reaction products of hydroconversion of perhydrophenanthrene over Pt/H-USY, Pt/H-Beta and Pt/ASA bifunctional catalysts.

Figure 3 .

 3 Figure 3. Evolution of perhydrophenanthrene conversion with contact time on Pt/H-USY, Pt/H-BETA catalysts with 3 wt.% zeolite in alumina binder; and Pt/ASA bifunctional catalysts.
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 4 Figure 4. Yield of isomerization, ring-opening and cracked products as a function of perhydrophenanthrene conversion over Pt/H-USY, Pt/H-BETA at 280°C and Pt/ASA bifunctional catalysts at 300°C.

Figure 5 .

 5 Figure 5. Distribution of C14H24 reaction products from hydrocracking of perhydrophenanthrene over Pt/H-USY, Pt/H-BETA and Pt/ASA bifunctional catalysts as a function of PHP conversion. Skeletal PHP isomers are indicated with triangles. Alkyladamantanes are assigned with squares.

Figure 6 .

 6 Figure 6. Distribution of skeletal isomers of PHP (excluding substituted adamantanes) at isoconversion over Pt/H-USY, Pt/H-BETA and Pt/ASA bifunctional catalysts. PHP 149 stands for methylperhydrophenalene. PHP CC5 represents a skeletal perhydrophenanthrene isomer containing a C5-ring.
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 78 Figure 7. Distribution of alkyladamantanes at isoconversion over Pt/H-USY, Pt/H-Beta and Pt/ASA bifunctional catalysts.
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 9 Figure 9. Yield of cracked products according to the number of carbon atoms at isoconversion of perhydrophenanthrene over Pt/H-USY, Pt/H-BETA and Pt/ASA bifunctional catalysts.

Figure 10 .

 10 Figure 10. Distribution of cracked products as a function of perhydrophenanthrene conversion over Pt/H-USY, Pt/H-BETA and Pt/ASA bifunctional catalysts. Cracked products were assigned as naphthenes, isoalkanes and n-alkanes.

Figure 11 .

 11 Figure 11. Distribution of C7 naphthenes as a function of perhydrophenanthrene conversion over Pt/H-USY, Pt/H-BETA and Pt/ASA bifunctional catalysts. C7 naphthenes were identified as dimethylcyclopentanes (triangles), methylcyclohexanes (squares) and ethylcyclopentanes (circles).
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 9 These results could indicate the existence of shape selectivity to isomerization and ring-opening pathways, leading to different distribution of carbon atoms over USY and Beta zeolites. As a first step, we wanted to rationalize the preferential formation of skeletal PHP isomers or alkyladamantanes on each zeolite. The choice of representative intermediates was made based on the distribution of skeletal PHP isomers and alkyladamantanes (Figures 6, 7 and 12).
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 12 Figure 12. Distribution of skeletal isomers of perhydrophenanthrene (excluding substituted adamantanes) at isoconversion over Pt/H-USY and Pt/H-Beta bifunctional catalysts.
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 13 Figure 13. Distribution of ring-opening products at isoconversion over Pt/H-USY and Pt/H-BETA bifunctional catalysts.

Figure 14 .

 14 Figure 14. Simplified reaction pathway for hydrocracking of perhydrophenanthrene over bifunctional Pt/H-Beta, Pt/H-USY zeolite catalysts and Pt/ASA catalyst. Reaction intermediates obtained on each catalyst are illustrated.

Figure 15 .

 15 Figure 15. Suggested hydrocracking pathway to C7 naphthenes of ring-opening product (R3) originated from hydroconversion of skeletal perhydrophenanthrene isomers over Pt/ASA catalyst. The pathway shows subsequent steps to dehydrogenation over the metal sites.
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 16 Figure 16. Suggested hydrocracking pathway to C10 naphthenes and isobutane of ring-opening product (R6) originated from hydroconversion of skeletal perhydrophenanthrene isomers over Pt/H-Beta zeolite catalyst.

Figure 17 .

 17 Figure 17. A) Suggested hydrocracking pathway to C7 (major products), C6 and C8 naphthenes resulting from

Figure 18 .

 18 Figure 18. Suggested hydrocracking pathway to C7 naphthenes of ring-opening product R2 originated from hydroconversion of skeletal perhydrophenanthrene isomers over Pt/H-USY zeolite catalyst.
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 22 Figure 22. Reaction pathways and isomers that may lead to observed cracked compounds. ........................................................................................................................................... 157
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 1 Figure 1. GCxGC-FID analysis of reaction products from hydroconversion of octylcyclohexane obtained over
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 2 Figure 2. Molecule families and typical examples of molecules in the reaction products of hydroconversion of octylcyclohexane over Pt/H-USY zeolite catalyst.
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 3 Figure 3. Evolution of octylcyclohexane conversion with contact time on Pt/H-USY extrudate catalyst with 1 wt.% zeolite in alumina binder.
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 4 Figure 4. Selectivity to isomerization, ring-opening and cracked products as a function of octylcyclohexane conversion over Pt/H-USY zeolite catalyst.
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 5 Figure 5. Distribution of positional and ring-contraction isomers of octylcyclohexane over Pt/H-USY bifunctional catalyst.

Figure 6 .

 6 Figure 6. Yield of cracked products according to the number of carbon atoms at different levels of octylcyclohexane conversion over Pt/H-USY zeolite catalyst.

Figure 7 .

 7 Figure 7. Distribution of cracked products as a function of octylcyclohexane conversion over bifunctional Pt/H-USY zeolite catalyst.

Figure 8 .

 8 Figure 8. Distribution of cracked naphthenes as a function of octylcyclohexane conversion over bifunctional Pt/H-USY zeolite catalyst.

Figure 9 .

 9 Figure 9. A) Distribution of C6 naphthenes as a function of octylcyclohexane conversion over bifunctional Pt/H-USY zeolite catalyst. B) Distribution of C7 naphthenes as a function of octylcyclohexane conversion over bifunctional Pt/H-USY zeolite catalyst.

Figure 10 .

 10 Figure 10. Distribution of C8 naphthenes as a function of octylcyclohexane conversion over bifunctional Pt/H-USY zeolite catalyst.

Figure 11 .Figure 12 .Figure 12 .

 111212 Figure 11. Distribution of C9 naphthenes as a function of octylcyclohexane conversion over bifunctional Pt/H-USY zeolite catalyst.

Figure 13 .

 13 Figure 13. Distribution of alkanes as a function of octylcyclohexane conversion over bifunctional Pt/H-USY zeolite catalyst.

Figure 14 .

 14 Figure 14. A) Distribution of C6 isoalkanes as a function of octylcyclohexane conversion over bifunctional Pt/H-USY zeolite catalyst. B) Distribution of C8 isoalkanes as a function of octylcyclohexane conversion over bifunctional Pt/H-USY zeolite catalyst.

Scheme 1 .

 1 Scheme 1. Isomerization pathways of octylcyclohexane over Pt/H-Y according to Souverijns et al.

Figure 15 .

 15 Figure 15. Suggested reaction pathway for isomerization of octylcyclohexane towards methyl-heptylcyclohexane (I2) over Pt/H-USY zeolite catalyst, in accordance with Souverijns et al.

Figure 16 .

 16 Figure 16. A) Suggested reaction pathway for isomerization of octylcyclohexane towards isomer I4 starting from methyl-heptylcyclohexane (I2) over Pt/H-USY zeolite catalyst. B) Suggested reaction pathway for isomerization of octylcyclohexane towards isomer I6 starting from structure i-C14 over Pt/H-USY zeolite catalyst.

  CHAPTER IV: HYDROCONVERSION OF OCTYLCYCLOHEXANE OVER BIFUNCTIONAL PT/H-USY ZEOLITE CATALYST 151 100 mol of cracked product, indicating that secondary cracking took place. This contrasts with the hydrocracking of perhydrophenanthrene, where the analysis of the yield of cracked products revealed values below 200 mol/mol, indicating an important contribution of addition-cracking mechanisms (Chapter II).

Figure 17 .

 17 Figure 17. Yield of cracked products per 100 mol of cracked products resulting from hydroconversion of octylcyclohexane over bifunctional Pt/H-USY zeolite catalyst. Values indicated in the graph correspond to total yield of cracked products per 100 mol of cracked molecules.

Figure 18 .

 18 Figure 18. Suggested cracking pathway towards formation of methylcyclohexane and isoheptane from hydroconversion of octylcyclohexane over Pt/H-USY zeolite catalyst.

Figure 19 .

 19 Figure 19. Suggested cracking pathway towards formation of structure C10-5 and isobutane from hydrocracking of I5 isomer over Pt/H-USY zeolite catalyst.

Figure 20 .

 20 Figure 20. Suggested cracking pathway towards formation of structure C9-3 and methylbutane from hydrocracking of I6 isomer over Pt/H-USY zeolite catalyst.

Figure 21 .

 21 Figure 21. A) Suggested cracking pathway towards formation of methyl-ethylcyclopentane and methylpentane from hydrocracking of I6 isomer over Pt/H-USY zeolite catalyst. B) Suggested cracking pathway towards formation of ethylcyclohexane and methylpentane from hydrocracking of I8 isomer over Pt/H-USY zeolite catalyst.
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 13 Figure 1. GCxGC-FID analysis of reaction products from hydroconversion of octylcyclohexane obtained over A)Pt/H-USY zeolite catalyst at 71% conversion (300 °C); B) Pt/H-Beta zeolite catalyst at 72% conversion (280 °C);
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 4 Figure 4. Selectivity to isomerization, ring-opening and cracked products as a function of octylcyclohexane conversion over A) Pt-based catalysts; and B) sulfide catalysts. Data obtained at 280°C are indicated in the legend box.
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 5 Figure 5. Distribution of substituted cyclopentane and substituted cyclohexane isomers of octylcyclohexane over A) Pt/H-USY and Pt/H-Beta zeolite catalyst and B) Pt/H-USY and Pt/ASA bifunctional catalysts at isoconversion.

  Pt-based catalysts: Beta zeolite generated a broad distribution in terms of carbon atoms, whereas the amorphous catalyst promoted cracking to lighter compounds, specially, in this case, to C6 molecules.

Figure 7 .

 7 Figure 7. Yield of cracked products according to the number of carbon atoms at different levels of octylcyclohexane conversion over Pt (top) and NiMoS-based (bottom) bifunctional catalysts.
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 8 Figure 8. Distribution of cracked products as a function of octylcyclohexane conversion over A) bifunctional Pt/ zeolites and Pt/ASA catalysts and B) bifunctional sulfide catalysts.
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 9 Figure 9. Distribution of C6 naphthenes as a function of octylcyclohexane conversion over bifunctional Pt/H-USY and Pt/H-Beta zeolite catalysts.
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 10 Figure 10. Distribution of alkanes as a function of octylcyclohexane conversion over bifunctional Pt/H-USY and Pt/H-Beta zeolite catalysts.
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 12 Figure S 1. Distribution of positional and ring-contraction isomers of octylcyclohexane over A) Pt/H-USY, B) Pt/H-Beta and C) Pt/ASA bifunctional catalysts.
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 34 Figure S 3. Distribution of alkanes as a function of octylcyclohexane conversion over bifunctional NiMoS/H-USY and NiMoS/H-Beta zeolite catalysts.

Figure 1 .

 1 Figure 1. Global reaction scheme for hydroisomerization and hydrocracking of perhydrophenanthrene over Pt/H-USY, Pt/H-Beta and Pt/ASA bifunctional catalysts (see further details in Chapters II and III).

Figure 2 .

 2 Figure 2. Reaction pathways for hydroconversion of octylcyclohexane over Pt and NiMoS-supported catalysts.Over-cracking over NiMoS catalysts is not represented.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  second part of this work emphasizes results obtained in hydroisomerization and hydrocracking of perhydrophenanthrene (PHP), in Chapters 2 and 3. Chapter 2 deals with hydrocracking of PHP over Pt/H-USY zeolite catalyst. Reaction pathways were proposed based on a comprehensive description of reaction intermediates. Chapter 3 compares reaction pathways for hydroconversion of PHP over Pt/H-USY, Pt/H-Beta and Pt/ASA bifunctional catalysts. Pore size effects are discussed, helped by Molecular Simulation with Grand Canonical Monte Carlo (GCMC).

Reaction pathways on hydroisomerization and hydrocracking of octylcyclohexane (OCC6) were described in the third part of this work, also divided into two chapters. Chapter 4 discusses hydroconversion of OCC6 over Pt/H-USY zeolite catalyst. Chapter 5 compares noble metal (Pt) and base metal (NiMoS) bifunctional catalysts on hydroconversion of OCC6. The objective is to shed light on reaction pathways obtained over bifunctional catalysts containing different metallic phases, widely employed in industrial applications, and compare the reactivity of octylcyclohexane on Pt-and sulfide-based catalysts. A brief comparison with hydroconversion of a long-chain alkane is also provided. The fourth part (Chapter 6) of this study promotes an overall discussion which connects key results obtained throughout this work. A comparison between perhydrophenanthrene and octylcyclohexane in terms of reactivity, reaction intermediates and distribution of carbon atoms is presented. Final conclusions and perspectives for future work are addressed in the last part of this report.
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Table 1 .

 1 Properties of Pt-loaded zeolite USY extrudates determined by X-ray fluorescence, H2-O2 chemisorption and pyridine adsorption monitored with FTIR.

	USY content in binder (wt. %)	Pt loading (wt. %)	Pt dispersion (%)	Pt particle size (nm)	nPt	BAS	a
	1	0.7	45	2.5	9	2	
	3	0.7	89	1.3	18.8	6	

  The formation mechanism of alkyladamantanes proposed bySchneider et al. (Figure 19) 

	departs	from	perhydrophenanthrene	stereoisomers,	which	are	isomerized	to
	perhydroanthracenes, undergo ring condensation to methylperhydrophenalenes, which
	undergo multiple further rearrangements that ultimately lead to substituted adamantanes
	with methyl, ethyl, propyl or butyl substituents. Intermediates needed to produce the bridged
	naphthenes (Figure					

TABLE OF

 OF GCxGC-FID analysis of reaction products from hydroconversion of perhydrophenanthrene obtained over A) Pt/H-USY zeolite catalyst at 48% conversion, B) Pt/H-Beta zeolite catalyst at 45% conversion, C) Pt/ASA catalyst at 45% conversion. ....... 92 Figure 2. Molecule families and typical examples of molecules in the reaction products of hydroconversion of perhydrophenanthrene over Pt/H-USY, Pt/H-Beta and Pt/ASA bifunctional catalysts. ........................................................................................................... 94 Figure 3. Evolution of perhydrophenanthrene conversion with contact time on Pt/H-USY, Pt/H-BETA catalysts with 3 wt.% zeolite in alumina binder; and Pt/ASA bifunctional catalysts. .............................................................................................................................. 95 Figure 4. Yield of isomerization, ring-opening and cracked products as a function of perhydrophenanthrene conversion over Pt/H-USY, Pt/H-BETA at 280°C and Pt/ASA bifunctional catalysts at 300°C. ............................................................................................ 96 Figure 5. Distribution of C14H24 reaction products from hydrocracking of perhydrophenanthrene over Pt/H-USY, Pt/H-BETA and Pt/ASA bifunctional catalysts as a function of PHP conversion. Skeletal PHP isomers are indicated with triangles. Distribution of cracked products as a function of perhydrophenanthrene conversion over Pt/H-USY, Pt/H-BETA and Pt/ASA bifunctional catalysts. Cracked products were assigned as naphthenes, isoalkanes and n-alkanes. ....................................... 102 Figure 11. Distribution of C7 naphthenes as a function of perhydrophenanthrene conversion over Pt/H-USY, Pt/H-BETA and Pt/ASA bifunctional catalysts. C7 naphthenes were identified as dimethylcyclopentanes (triangles), methylcyclohexanes (squares) and ethylcyclopentanes (circles). ................................................................................................ 103

FIGURES -CHAPTER III

Figure 1. Alkyladamantanes are assigned with squares. ....................................................................... 97 Figure 6. Distribution of skeletal isomers of PHP (excluding substituted adamantanes) at isoconversion over Pt/H-USY, Pt/H-BETA and Pt/ASA bifunctional catalysts. PHP 149 stands for methylperhydrophenalene. PHP CC5 represents a skeletal perhydrophenanthrene isomer containing a C5-ring. .................................................................................................. 98 Figure 7. Distribution of alkyladamantanes at isoconversion over Pt/H-USY, Pt/H-Beta and Pt/ASA bifunctional catalysts. ...................................................................................... 99 Figure 8. Distribution of ring-opening products at isoconversion over Pt/H-USY, Pt/H-BETA and Pt/ASA bifunctional catalysts. ......................................................................... 100 Figure 9. Yield of cracked products according to the number of carbon atoms at isoconversion of perhydrophenanthrene over Pt/H-USY, Pt/H-BETA and Pt/ASA bifunctional catalysts. ......................................................................................................... 101 Figure 10.

Figure 12. Distribution of skeletal isomers of perhydrophenanthrene (excluding substituted adamantanes) at isoconversion over Pt/H-USYand Pt/H-BETAbifunctional catalysts. ...... 105 Figure 13. Distribution of ring-opening products at isoconversion over Pt/H-USY and Pt/H-BETA bifunctional catalysts. .............................................................................................. 107

TABLE OF

 OF Simplified reaction pathway for hydrocracking of perhydrophenanthrene over bifunctional Pt/H-Beta, Pt/H-USY zeolite catalysts and Pt/ASA catalyst. Reaction intermediates obtained on each catalyst are illustrated. ...................................................... 109 Figure 15. Suggested hydrocracking pathway to C7 naphthenes of ring-opening product (R3) originated from hydroconversion of skeletal perhydrophenanthrene isomers over Pt/ASA catalyst. The pathway shows subsequent steps to dehydrogenation over the metal sites..... 112 Figure 16. Suggested hydrocracking pathway to C10 naphthenes and isobutane of ringopening product (R6) originated from hydroconversion of skeletal perhydrophenanthrene isomers over Pt/H-Beta zeolite catalyst. ............................................................................. 113

	Figure 17. A) Suggested hydrocracking pathway to C7 (major products), C6 and C8
	naphthenes resulting from hydroconversion of ring-opening intermediate R1 over Pt/H-Beta
	zeolite catalyst. B) Suggested hydrocracking pathway to C7 (major products), C6 and C8

FIGURES -CHAPTER III

Figure 14. naphthenes resulting from hydroconversion of ring-opening intermediate R4 over Pt/H-Beta zeolite catalyst. ................................................................................................................... 114 Figure 18. Suggested hydrocracking pathway to C7 naphthenes of ring-opening product R2 originated from hydroconversion of skeletal perhydrophenanthrene isomers over Pt/H-USY zeolite catalyst. ................................................................................................................... 115 Figure S 1. Evolution of perhydrophenanthrene conversion with contact time on Pt/H-USY, Pt/H-BETA catalysts with 1 wt.% zeolite in alumina binder at 280 ; and Pt/ASA (at 300 bifunctional catalysts. .......................................................................................................... 121

Table 1 .

 1 Properties of Pt-loaded zeolite and amorphous catalysts determined by X-ray fluorescence, H2-O2 chemisorption and pyridine adsorption monitored with FTIR.

	Type of support	Zeolite content in (wt. %) binder	(wt. %) Pt loading	(%) Pt dispersion	size (nm) Pt particle	nPt	BAS
	USY (CBV720)	1	0.60	48	2.3	9.0	2.0
	Beta (CP814e)	1	0.65	45	2.5	9.0	2.2
	USY (CBV720)	3	0.66	89	1.3	18.8	6.0
	Beta (CP814e)	3	0.69	85	1.3	15.8	6.6
	ASA (Siralox 30)	-	0.60	84	1.3	15.8	n.d.

Table 2 .

 2 Quantity of molecules adsorbed per unit cell as a function of zeolite topology. Operating conditions were equivalent to that of catalytic tests: T=280°C, partial pressure of each component = 10 mbar, partial pressure of n-heptane = 8 bar.

			qi (molecule/nm 3 )			
	Zeolite topology	PHP reactant	A1 Adamantane	I4 (PHP CC5)	I1 (PHA)	n-C7
	FAU	0.197	0.002	0.087	0.119	0.548
	BEA	0.008	0	0.055	0.207	0.820

Table 3 .

 3 Quantity of molecules adsorbed per unit cell as a function of zeolite topology.

	Operating conditions were

Table 4 .

 4 Quantity of ring-opening products adsorbed per unit cell as a function of zeolite topology. Operating conditions were equivalent to that of catalytic tests: T=280°C, partial pressure of each component = 10 mbar

		qi (molecule/nm 3 )		Selectivity
	Zeolite topology	R1	R2	R2/R1
	FAU	0.016	0.154	9.62
	BEA	0.404	0.340	0.842
	4. Discussion			
	4.1. Attempts to rationalize hydrocracking pathways	
	Reaction pathways for hydrocracking of perhydrophenanthrene over Pt/H-Beta and Pt/ASA

bifunctional catalysts were rationalized from the analysis of reaction product yields, together with the study of reaction intermediates, i.e. PHP isomers and ring-opening products, and cracked compounds. A global pathway and the reaction intermediates attributed to each catalyst are illustrated in Figure

  The higher alkyladamantanes selectivity of USY vs. Beta is coherent with the literature. In a previous study, Rolmann and coworkers compared the effectiveness to convert perhydrofluorene, a tricyclic naphthene, to trimethyladamantanes over Pt or Pd/USY and Pt or Pd/Beta zeolite catalysts. At similar operating conditions, the yield of alkyladamantanes obtained over USY-based catalysts corresponded to 27%, whereas a yield of only 3% was acquired with Beta zeolites. In a similar work, Wang et al. studied the hydroconversion of fluorene on Pt-supported catalysts. Higher yield of perhydrophenalene, precursors of alkyladamantanes, and propyladamantanes were obtained over USY zeolite, in comparison to Beta. Figure6illustrates the distribution of skeletal PHP isomers at isoconversion on Pt-supported catalysts. As aforementioned,

	In order to explain the formation of cracked products, it is necessary to analyze pathways of
	hydrocracking	of	ring-opening	products	resulting	from	hydroconversion	of
	perhydrophenanthrene over Pt/H-Beta and Pt/ASA bifunctional catalysts. Hydrocracking
	pathways over Pt/H-USY were exhaustively studied in our previous work (Chapter II). Ring-
	opening products processed over ASA-based catalysts mainly comprised structures R3 and
	R6. No formation of C10 compounds, followed by C4 isoalkanes, was observed among reaction
	products over the amorphous catalyst, suggesting that butyldecalin (R6) did not undergo
	hydrocracking over Pt/ASA. A major cracking to C7 naphthenes was favored at all PHP
	conversion levels, according to the yield of cracked products presented in Figure 9. A
	hydrocracking pathway of intermediate R3 is depicted in Figure 15. Cleavage involved
	tertiary and secondary carbocations before and after scission, respectively. The same
	intermediate was produced over Pt/H-USY zeolite catalyst.			

methylperhydrophenalene is an important intermediate for the production of alkyladamantanes. Methylperhydrophenalene isomers accumulated within the skeletal PHP isomers fraction over Beta zeolites, while they were consumed on USY zeolites to generate alkyladamantanes or ring-opening products. It is likely that Beta zeolites did not easily convert such intermediates, hindering the further isomerization of methylperhydrophenalene to alkyladamantanes on their pores.

  hydroconversion of ring-opening intermediate R1 over Pt/H-Beta zeolite catalyst. B) Suggested hydrocracking pathway to C7 (major products), C6 and C8 naphthenes resulting from hydroconversion of ring-opening intermediate R4 over Pt/H-Beta zeolite catalyst.Preferential cracking to C7 naphthenes over Beta zeolites can be rationalized from the fast consumption of R2 intermediate. The distribution of ROP (Figures8 and 13) shows that R2 accounts for ca. 10% of the distribution at low PHP conversion, and its content decreases to virtually zero at high PHP conversion. Besides, the simulations pointed out an equilibrated adsorption of intermediates R1 and R2 on BEA structure, therefore it is likely that the formation of either R1 or R2 ring-opening products is favored over Beta-supported catalysts.
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Table 1 .

 1 Properties of Pt/H-USY zeolite catalyst determined by X-ray fluorescence, H2-O2 chemisorption and pyridine adsorption followed by FTIR.

	USY content in binder (wt. %)	Pt loading (wt. %)	Pt dispersion (%)	Pt particle size (nm)	nPt (	(	BAS	a
	1	0.65	45	2.5	9		2	
	a							
	assuming that it is not affected by the shaping pr ocedure.				

Table 2 .

 2 Number of branchings on rings or on chain, and type B ring-contraction required to produce isomers from octylcyclohexane over Pt/H-USY zeolite catalyst.

	Isomer	Branchings on ring	Branchings on chain	Number of type B branchings required for formation of isomer
	I2	2	-	1
	I8	2	-	1
	I4	2	-	1
	I7	3	-	2
	I1	4	-	3
	I6	4	-	3
	I5	4	1	4
	I3	4	2	5
	4.2. Attempts to rationalize hydrocracking pathways
	Cracked products were formed rapidly after isomerization and became predominant around
	70% of octylcyclohexane conversion (Figure 4). In order to verify the nature of cracking
	reactions, i.e., if secondary cracking takes place or if non-classical cracking mechanisms
	contribute to hydroconversion of octylcyclohexane over Pt/H-USY, the yield of a given
	cracked product per 100 mol of cracked products is analyzed as a function of
	octylcyclohexane conversion, as depicted in Figure 17. Values of total yield covered a range
	from ca. 200 to 210 mol per 100 mol of cracked products. These values correspond globally to
	cracking of one molecule into two other ones, as expected for a single cracking event.
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TABLE OF

 OF Distribution of C7 naphthenes as a function of octylcyclohexane conversion over bifunctional NiMoS/H-USY and NiMoS/H-Beta zeolite catalysts. ...................................... Distribution of alkanes as a function of octylcyclohexane conversion over bifunctional NiMoS/H-USY and NiMoS/H-Beta zeolite catalysts. ...................................... Beta and Pt/ASA bifunctional catalysts. ..................................................................

	FIGURES -CHAPTER V
	Figure S 2. Figure S 3. Figure S 4. Conversion of n-hexadecane as a function of temperature over Pt/H-USY,
	Pt/H-

Table 1 .

 1 Properties of Pt-loaded zeolite and amorphous catalysts determined by X-ray fluorescence, H2-O2 chemisorption and pyridine adsorption monitored with FTIR.

	Type of support	Zeolite content in binder (wt. %)	Pt loading %) (wt.	(%) Pt dispersion	(nm) Pt size particle	nPt	BAS
	USY (CBV720)	1	0.60	48	2.3	9.0	2.0
	Beta (CP814e)	1	0.65	45	2.5	9.0	2.2
	ASA (Siralox 30)	-	0.60	84	1.3	15.8	n.d.

Table 2 .

 2 Properties of bifunctional sulfide catalysts determined by X-ray fluorescence, and respective compacted bulky density (CBD). Both solids were reduced in situ at 450°C under hydrogen flow of 1 NL/h/gcatalyst prior to the tests. The metallic catalyst was employed to hydrogenate the aromatic feedstock, constituted of 5 wt.% phenyloctane (Alfa Aesar) diluted into 95 wt.% n-heptane (AnalaR Normapur), to the naphthenic model molecule. A hydrogen to hydrocarbons molar ratio of 7 mol/mol prevented the deactivation of the catalysts and promoted hydrogenation of phenyloctane (C14H22) to octylcyclohexane (C14H28). The hydrogenated feedstock was isomerized and cracked afterwards over the zeolite or amorphous silica-alumina catalysts. The conversion of octylcyclohexane was regulated by changing the feed flow entering the reactor. The reaction products were analyzed with GC-FID and GCxGC-FID/MS, according to a protocol described in a previous work (Chapter II).Sulfide catalysts were tested in another fixed-bed downflow micro-reactor of 16 cm 3 volume.Similarly, the tests were carried out at 280 or 300°C and 60 bar, in total gas-phase conditions. The hydrogen to hydrocarbon molar ratio as well as the composition of the μL volume of the products sample was injected, with a split ratio of 100. Helium was used as carrier gas at a constant flow rate of 10 mL/min. The flame ionization detector temperature was set at 300°C. Regarding the mass spectrometry analysis, the ion source temperature was kept at 230°C, while the ionization energy was configured at 70 eV. The analysis of mass spectra was carried out with NIST MS database (version 8) and compared

	Type of support	Zeolite content in binder (wt. %)	MoO3 (wt. %)	NiO (wt.%)	P2O3 (wt.%)	CBD (g/cm 3 )
	USY (CBV720)	1	24.0	4.9	5.7	1.12
	Beta (CP814e)	1	24.9	5.2	5.9	1.14
	ASA (Siralox 30)	-	23.9	4.9	5.7	0.97
	2.2. Catalytic tests				
	Hydroconversion of octylcyclohexane was performed over Pt and sulfide catalysts, following

slightly different setups and protocols. Pt-based supported catalysts were tested at 300°C and 60 bar, in a fixed-bed downflow reactor, which was loaded with 2 g of a metallic (Pt/Al2O3) and 2 g of the bifunctional catalyst (Pt/zeolite or Pt/ASA). feedstock were equivalent to Pt-based catalytic tests. The reactor was charged with both metallic (NiMoS/Al2O3) and bifunctional (NiMoS/zeolite or NiMoS/ASA) catalysts. The same volume of catalyst was used throughout the tests, corresponding to 2 cm 3 per solid. The conversion of the apparent first-order constant per volume of catalyst (kv) to the apparent constant per mass of catalyst (km) is given in Equation

1

. The contact time on sulfide-based catalytic tests was corrected according to km. The solids were reduced in situ prior to the catalytic tests. The sulfidation feedstock was composed of 94.12 wt.% cyclohexane and 5.88 wt.% dimethyl-disulfide (DMDS). Under hydrogen flow, DMDS decomposes itself

  The formation of each isomer was thoroughly explained in our previous work on hydrocracking of octylcyclohexane over Pt/H-USY zeolite catalyst (Chapter IV). To this purpose, the reactions steps leading to each isomer were carefully addressed and classified according to the type of rearrangement, i.e. type A or B isomerization. Such reactions are These molecules correspond to di-or tribranched structures presented in Figure5, such as I2, I7 and I8. products, was analyzed as illustrated in Figure11. In a classical bifunctional mechanism, if secondary cracking is prevented, we may expect that each molecule will crack at least once. In this scenario, a yield of 200 mol per 100 mol of cracked products should be obtained.Bifunctional Pt/H-USY and Pt/H-Beta zeolite catalysts gave a yield range varying from ca. 180 to 201 mol per 100 mol of cracked products. It should be emphasized that C7 isoalkanes were not accounted as reaction products, since it was difficult to predict if they resulted from hydroconversion of the model molecule or from the transformation of the solvent (n-heptane) at the operating conditions. Consequently, the values of yield of cracked products must be greater than the ones acquired. For that reason, it can be inferred that, over Pt-based catalysts, only bifunctional mechanisms participated to the formation of reaction compounds.

	Furthermore, it was established that isomer I2 was primarily formed after fast rearrangement
	of the model molecule.
	Over Pt/H-Beta catalyst, at high octylcyclohexane conversion, structures I4 (dibranched)
	and I6 (multibranched) were major isomerization products. Compound I2 (dibranched)
	accounted for less than 10% of the distribution. Dibranched molecule I8 was only perceived
	to a small extent. These results imply that, at these conversion levels, over Beta-supported
	catalysts, isomers containing a long alkyl-substituent were preferentially cracked. In
	opposition, multibranched isomers accumulate within this fraction, despite their higher
	number of tertiary carbon atoms.
	In terms of distribution of carbon atoms, hydrocracking of octylcyclohexane over Pt-
	supported catalysts resulted in a major central cracking to C7 naphthenes and an almost
	molar equivalent distribution of the other carbon atoms. A major cracking to C7 naphthenes No preferential central cracking to C7 naphthenes was evidenced over the less equilibrated
	implies formation of C7 isoalkanes as reaction products. According to Figure 9, C7 naphthenes sulfide catalysts. Moreover, because of secondary cracking, lighter compounds containing 4
	were primarily represented by methylcyclohexane over all Pt-supported catalysts tested. A and 6 carbon atoms were generated. Therefore, no molar equivalence was found between C10
	hydrocracking pathway leading to such compounds would be equivalent to that proposed to naphthenes and isobutane, nor between C8 naphthenes and 2-methylpentane over both
	hydrocracking of the model molecule over Pt/H-USY (Chapter IV), with probable production zeolite catalysts.
	of 2-methylhexane along with methylcyclohexane.
	characterized as ring-contraction or expansion; endocyclic or exocyclic alkyl-shifts; and chain-These results propose that, over sulfide catalysts, the model molecule containing 14 carbon
	branching. They all occur through a PCP intermediate that require more or less reaction atoms cracked to C10 naphthenes and C4, in an equimolar proportion. C10 naphthenes were
	steps to be achieved. 4.2. Pt vs. NiMoS catalysts cracked again to C6 naphthenes and C4 (mainly isobutane). In parallel, the other possible
	routes contribute to increase the yield of lighter products, as C5 and C6, especially over

From the results obtained in hydrocracking of octylcyclohexane over Pt/H-USY zeolite catalyst, it has been verified that compounds which require the most reduced number of type B rearrangements could be preferentially formed over the solids studied.

In respect to Pt/ASA catalyst, major isomerization products were multibranched structures I3 and I6. The formation of such isomers involves a high number of type B rearrangement steps, in comparison to dibranched compounds, which were minor isomerization products over the ASA catalyst. In this case, it is likely that, besides hydrocracking, less branched structures underwent further isomerization to multibranched compounds, given the low cracking activity of these catalysts.

Cracked compounds were the main reaction products over zeolite-based bifunctional catalysts. In order to establish if secondary cracking took place or if a non-classical cracking mechanism contributed to the bifunctional pathway, the yield, expressed in mol per 100 mol of cracked Sulfide catalysts, in opposition, provided higher yield degrees, covering a range from ca. 218 to 235 mol per 100 mol of cracked products. Such values do not take into account C7 isoalkanes, as aforementioned, which may indicate that superior values of yield should be obtained on NiMoS/H-USY and NiMoS/H-Beta zeolite catalysts. Accordingly, these results suggest that secondary cracking occurred over these catalysts. A Figure 11. Yield of cracked products expressed in mol per 100 mol of cracked products on A) Pt/H-USY (top left) and NiMoS/H-USY (top right) zeolite catalysts; B) Pt/H-Beta (bottom left) and NiMoS/H-Beta (bottom right) zeolite catalysts.

Bifunctional sulfide catalysts are less well equilibrated than Pt-based ones. The hydrogenating function of the former is not strong enough to saturate the cracked olefins produced on the acidic sites of zeolites. This leads to secondary cracking, i.e. the formation of lighter compounds. Since Pt is a strong hydrogenating component, Pt/H-USY and Pt/H-Beta catalysts are referred to as well equilibrated and, in this case, only primary cracking, along with a more homogeneous distribution, was observed.

NiMoS/H-USY, which was slightly more selective towards cracked products at isoconversion B than NiMoS/H-Beta zeolite catalysts (Figure

Table 3 .

 3 Catalytic activity of Pt and sulfide bifunctional catalysts on hydroconversion of perhydrophenanthrene and octylcyclohexane as a function of acid phase.

	k app, h -1

Table 3 .

 3 Selectivity towards isomerization, ring-opening and cracking products on hydroconversion of perhydrophenanthrene and octylcyclohexane over ASA-supported catalysts.

	ASA	Selectivity (mol C/mol C reaction products, %) over Pt catalysts	Selectivity (mol C/mol C reaction products, %) over NiMoS catalysts
			PHP		OCC6	OCC6	
	Conversion	45	37	30	50	38	38	26
	Isomerization	82	86	86	69	74	80	87
	ROP	10	8	7	10	7	-	-
	Cracking	8	6	7	21	19	20	13

USY-based catalysts were the most active among the solids tested, whereas the ASA support resulted in lower conversion degrees of perhydrophenanthrene compared to both zeolites, even at higher temperature. Molecular simulation pointed out a weak adsorption of PHP reactant on the pores of BEA structure, which strongly correlates with the order of activity of USY and Beta zeolites on hydroconversion of perhydrophenanthrene.

Pt/H-USY zeolite catalyst at 71% conversion.

Table1. Selectivity towards isomerization, ring-opening and cracking products on hydroconversion of perhydrophenanthrene and octylcyclohexane over USY-supported catalysts.

Figure S1. Selectivity towards isomerization, ring-opening and cracking according to model molecule and catalysts tested. A) Hydroconversion of perhydrophenanthrene over Pt-supported catalysts. Hydroconversion of octylcyclohexane over B) Pt-supported and C) NiMoS-supported catalysts.
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Highlights

Similar reaction pathways resulted from hydroconversion of octylcyclohexane over Pt/zeolites and NiMoS/zeolites catalysts. Sulfide catalysts led to over-cracking.

Beta zeolites were more effective to process linear molecules, as octylcyclohexane and n-hexadecane, while USY zeolites were more active in the conversion of bulky naphthenes.

Abstract

Hydroisomerization and hydrocracking of octylcyclohexane (C14H28) were performed over Pt and NiMoS-supported catalysts, at 300°C and 60 bar, with a molar H2 to hydrocarbon ratio of 7 mol/mol. The feed, composed of 5 wt.% phenyloctane dissolved in n-heptane, was initially hydrogenated in situ over a pre-catalyst, Pt or NiMoS/Al2O3. The C14 naphthene underwent isomerization and cracking under high hydrogen pressure over the bifunctional catalysts, whose acid function was represented by large-pore zeolties (USY, Beta) or amorphous silica-alumina (ASA). Similar reaction intermediates resulted from hydroconversion of octylcyclohexane over Pt and NiMoS bifunctional catalysts, thus the reaction pathway was not affected by the hydrogenating function tested. Sulfide catalysts were less well equilibrated than Pt ones and led to over-cracking. Pt/H-Beta was more active in hydroconversion of octylcyclohexane and n-hexadecane, an opposite trend to that observed on conversion of perhydrophenanthrene, confirming the preferential transformation of linear molecules over Beta-supported zeolites.

Commercial silica-alumina supports (Siralox 30) were obtained from Sasol already in their extruded shape. Calcination of the supports was performed at 600°C, under air flow of 1.5 NL/h/gsupport. Impregnation of Platinum on the alumina binder was performed through ionic exchange, employing chloroplatinic acid hydrate (H2PtCl6 from Sigma-Aldrich) as Pt precursor and hydrochloric acid as competitor. The detailed preparation of Pt-supported catalysts can be found in previous works (Chapters II and III). Pt catalysts were calcined at 520°C, under air flow of 1 NL/h/gcatalyst. A pre-catalyst 0.8 wt.% Pt/Al2O3 was also prepared using the same method. The length of the extrudates was kept between 3 and 6 mm.

The same supports were used for the preparation of sulfide catalysts. For this purpose, a solution containing the metal precursors Ni, Mo and P was formulated by aiming a weight fraction of 24 wt.% MoO3, with a molar Ni to Mo ratio of 0.4 mol/mol, and a molar P to Mo ratio of 0.48 mol/mol on the dried catalyst. For the synthesis of the catalyst NiMoS/Al2O3, citric acid was added to the solution, with a molar citric acid to Mo ratio of 0.3 mol/mol.

The solution containing (heteropoly)molybdates, phosphates and Ni 2+ cations was heated to 80°C for 12h to dissolve all components and then cooled down to room temperature. After incipient wetness impregnation of the supports, the humidified catalysts were placed in a reservoir overnight, in order to achieve a uniform distribution of the metallic phase over the alumina binder. The extrudates were then dried at 120°C during 15h and sorted to lengths varying from 3 to 6 mm.

Pt-catalysts were characterized with X-ray fluorescence and H2-O2 chemisorption (Table 1).

The concentration of Brønsted Acid Sites (BAS) in the shaped zeolites was calculated by considering that it was proportional to that of the parent zeolite, i.e. presuming that the extrusion process did not affect its acidity. The concentration of BAS of parent zeolites was provided from pyridine adsorption followed by FTIR, as described in literature [31]. The content of molybdenum, nickel and phosphorus precursors impregnated over the alumina binder in sulfide catalysts, obtained with X-ray fluorescence, is indicated in Table 2. The compacted bulk density (CBD) of each catalyst is also recapitulated.

Octylcyclohexane conversion (X), yield (Y), yield of cracked products (YCi) and distribution (D) of a product (i) within a given family (J) were calculated through Equations 4-8. They allow to evaluate the catalytic performance of the solids tested, according to the approach applied in our previous work (Chapter II).

Molar flow in respect to the number of carbons

Where is the mass flow of the feedstock and ( . , %) , ci and Mi corresponds to the mass fraction, the number of carbons and the molar mass of the component i at the outlet.

Conversion of octylcyclohexane

Yield on a carbon basis

Molar yield of cracked products

Distribution of component i within a family J

C) Pt/ASA amorphous catalyst at 71% conversion (300 °C).

The compounds generated on sulfide catalysts were identified with GC/MS and quantified with GC-FID. The one-dimensional GC analysis did not allow distinguishing ring-opening products from C14H28 isomers, but since the former were only trace products, this should not have much impact on the interpretation of the results. 

Hydroconversion of octylcyclohexane

The evolution of octylcyclohexane conversion with contact time at 300°C, for Pt-and NiMoSbased catalysts, is illustrated in Figure 3. Zeolite-supported solids contained 1 wt.% of zeolite in alumina binder. Pt-catalysts were significantly more active than sulfide catalysts. For the Pt-catalysts, the order of activity was Pt/H-Beta > Pt/H-USY > Pt/ASA. For the sulfide catalysts, we found the ranking NiMoS/H-Beta NiMoS/H-USY >> NiMoS/ASA.

Pt/H-USY and Pt/H-Beta catalysts behaved similarly, presenting almost the same yield of cracked products. Considering sulfide catalysts, the major distinction in respect to the Pt series corresponded to the higher yield of cracked products obtained over the former (Figure 7). A comparison between USY and Beta zeolite catalysts at conversion levels superior to 90% showed that the cracking yield has maxima at even carbon numbers, i.e. C4, C6 and C8 compounds, except for C10 compounds, which probably underwent secondary cracking. Among zeolites, USY gave slightly higher yields of cracked products. In order to evaluate the behavior of zeolites and amorphous catalysts at isoconversion, the ASA catalysts was tested at 320°C and the beta catalyst at 280°C. In spite of the higher temperature, the NiMoS/ASA catalyst resulted in lower yields of cracked products. Furthermore, these profiles indicated a behavior close to Cracked products were assembled into naphthenes, iso-and n-alkanes subgroups (Figure 8).

From the hydrocracking of the model molecule, an equimolar proportion of naphthenes and alkanes was expected in the absence of secondary cracking. Within the Pt-series of catalysts, the proportion of naphthenes was superior to that of iso-and n-alkanes over the zeolite catalysts, which may be explained by the fact that C7 isoalkanes were not accounted among reaction products, as they were assigned as impurities of the solvent (n-heptane). With respect to Pt/ASA bifunctional catalyst, a close equivalence of naphthenes and n-alkanes was observed, which could indicate cracking through hydrogenolysis, as aforementioned.

Within the sulfide series, zeolites and amorphous catalysts also behaved differently. Over the former, almost the same proportion of naphthenes and isoalkanes was obtained. Since C7 isoalkanes were not taken into account as previously described, we may presume that a higher proportion of isoalkanes would be generated over sulfide catalysts, which may indicate a secondary cracking.

A

Reaction pathways observed on hydroconversion of octylcyclohexane over Pt/zeolites were also applicable to NiMoS/zeolite bifunctional catalysts, with secondary cracking being observed on sulfide catalysts. The amorphous silica-alumina behaved differently, because it produced light products as methane, ethane and propane through hydrogenolysis.

Sulfide catalysts are less well equilibrated than Pt-supported ones. As a consequence, secondary cracking took place over the former, and their carbon atoms distribution was shifted mainly towards the formation of C4, C5, C6, C8 and C9 cracked products. In contrast, Pt-based catalysts gave a more homogeneous distribution in terms of carbon atoms, with a preferential central cracking to C7 compounds. Another indication of secondary cracking on sulfide catalysts is related to higher yields of cracked products obtained on these solids, compared to Pt-catalysts at isoconversion.

The activity of Pt and sulfide catalysts were compared in the hydroconversion of perhydrophenanthrene and octylcyclohexane. ASA was the least active among the solids tested. Pt/H-USY was more active than Pt/H-Beta in the hydroconversion of perhydrophenanthrene, but less active in the hydroconversion of octylcyclohexane and also of n-hexadecane. These results altogether indicate a preferential conversion of linear compounds over Beta catalysts, whereas large-pore USY zeolite is more active in the conversion of bulky polycyclic naphthenes.

Supporting information

A catalyst among the solids tested. Our interpretation infers that the production of alkyladamantanes is a function of both pore-size and acidity.

The formation of alkyladamantanes over an aluminum bromide sludge catalyst, initially proposed by Schneider and coworkers [6], is based on multiple rearrangements of tricyclic naphthenes, starting from perhydrophenanthrene, which isomerizes into perhydroanthracene and methylperhydrophenalene, before acquiring the armchair conformation leading to the bridged isomer. This reaction pathway was also valid for all Pt-catalysts tested in our work.

In addition, the reaction intermediates necessary to synthesize C14 adamantanes were successfully identified among isomerization products. Precursors of alkyladamantanes have also been distinguished among reaction products in other works available in literature.

Substituted adamantanes are rarely reported in literature of bifunctional reaction pathways, although some few works certified the efficiency of large-pore zeolites of processing it [2,4,5].

Previous study on hydroconversion of perhydrophenanthrene on Pt-supported bifunctional catalysts revealed the presence of such naphthenes among reaction products, even if they could not be separated from other isomerized compounds [2,7]. More recently, alkyladamantanes resulted from hydroisomerization of fluorene, and USY zeolite was also the most selective catalyst to the bridged isomers, which did not undergo hydrocracking [4]. Our work confirms these results, providing a detailed description of isomerization of perhydrophenanthrene on Pt-supported catalysts and shedding light on the characterization of substituted adamantanes. Even if they are not easily cracked, these molecules are particularly interesting because of their high cetane number, and could be employed in the production of high-quality diesel fuels [8].

Ring-opening products (C14H26) were obtained after scission of one cycle of ring-contraction and ring-shift perhydrophenanthrene isomers. Opening of two cycles of PHP skeletal isomers did not occur, because opening of a ring is a strained reaction and its rate decreases with the number of remaining cycles of the molecule. This was verified through hydroconversion of octylcyclohexane, where the unique cycle of the naphthene was preserved throughout the reaction. USY zeolite and ASA gave similar ring-opening intermediates, with preferential cleavage of the central cycle of skeletal perhydrophenanthrene isomers. The preferred production of such ring-opening intermediates is probably related to a high adsorption selectivity towards these molecules on FAU topology. Beta zeolites were selective towards Previous work on hydroconversion of perhydrophenanthrene established that primary products on USY and ASA-supported catalysts consisted of ring-contraction PHP isomers, whereas Beta zeolites privileged the formation of ring-opening molecules in a primary route [7]. Isomerization and ring-opening compounds were then lumped into the same family of reaction products. In contrast, thanks to a thorough molecular characterization, our work allowed to distinguish different families of reaction intermediates, expanding the knowledge on the types of reactions taking place in hydroconversion of polycyclic naphthenes.

Cracking took place after ring-opening of skeletal perhydrophenanthrene isomers. Cracked products were essentially constituted of naphthenes over all catalysts. The yield of cracked products on Pt/H-USY zeolite catalyst resulted in a broad distribution of carbon atoms, while Beta and ASA catalysts privileged cracking to C7 products. Conversely, Leite and coworkers found the same distribution of cracked products centered at C7 naphthenes over all Pt-supported bifunctional catalysts tested, irrespective of the reaction intermediates formed on each solid. The large distribution of carbon atoms on Pt/H-USY was deeply rationalized through hydrocracking pathways of ring-opening intermediates observed among reaction products. The preferential cracking to C7 products over Beta resulted from conversion of substituted bicyclohexyl-intermediates through fast tertiary-tertiary beta-scission, whereas reaction intermediates on USY catalysts led to more possibilities for fast cleavage to a broad number of cracked products. ASA-catalysts also cracked mainly to C7, but only to a small extent, given the poor acidity of these catalysts. The global reaction pathway for hydroconversion of perhydrophenanthrene on Pt-supported catalysts is illustrated in Figure 1.

Isomerization products were meticulously analyzed over Pt-based bifunctional catalysts. A similar distribution of isomerization products over Pt/H-USY and Pt/H-Beta zeolite catalysts was obtained at close octylcyclohexane conversion, although a smaller proportion of methylheptylcyclohexane, the primary isomerization product, was found over the latter. In contrast, the distribution of isomers over Pt/ASA bifunctional catalyst led to a preferential formation of multibranched compounds because of its high selectivity towards isomerization products and the poor cracking activity of these catalysts. At isoconversion, Pt/ASA was more selective to isomerization than Pt/USY zeolite catalyst. Among zeolites, USY was slightly more selective towards cracking, which was also valid for sulfide-based zeolite catalysts.

Few works in literature dealt with hydroconversion of long-chain substituted monocyclic naphthenes [10,11]. 

Supporting Information

CONCLUSIONS

The main objective of this work was to elucidate reaction pathways on hydroconversion of (poly)cyclic naphthenes, major constituents of heavy oil fractions, e.g. Vacuum Gas Oil