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Hydroisomerization and hydrocracking of octylcyclohexane (C14H28), obtained after in situ hydrogenation of the parent aromatic compound, phenyloctane (C14H22), on a Pt/Al2O3 precatalyst, were performed over a bifunctional Pt/USY zeolite catalyst, at 573 K, 6 MPa and a molar ratio H2/HC of 7 mol/mol. About 200 reaction products were identified and quantified with GCxGC-FID/MS and then lumped into families according to carbon number and chemical similarity. Insight in reaction pathways was gained from the evolution of the composition of the isomers and cracked products with conversion. The results illustrate a kinetic competition between isomerization steps, which increase the number of branchings on the ring by shifting carbon atoms from the long alkyl chain to the ring, with exo-cyclic cracking of the long alkyl chain. Favorable cracking distributions are reached as soon as the molecule is tri-branched, which leads to a peak at C7 in the product distribution.

Introduction

Hydrocracking is a versatile process serving the conversion of heavy oil fractions, mainly Vacuum gas oil (VGO), to desired products, such as diesel and jet fuel [START_REF] Viswanathan | Chapter 2 -Petroleum[END_REF][START_REF] Speight | Thermal Decomposition of Hydrocarbons[END_REF][START_REF] Sahu | A review of recent advances in catalytic hydrocracking of heavy residues[END_REF][START_REF] Scherzer | Hydrocracking science and technology[END_REF][START_REF] Marcilly | Acido-basic catalysis[END_REF][START_REF] Bertoncini | Catalysis by Transition Metal Sulfides[END_REF] . VGO cuts are rich in cyclic molecules, i.e. aromatics and naphthenes, in addition to aliphatic hydrocarbons [START_REF] Altgelt | Composition and analysis of heavy petroleum fractions[END_REF][START_REF] Dutriez | Chromatographie multidimensionnelle : vers une caractérisation moléculaire étendue des charges type distillat sous vide et la compréhension de leur réactivité à l'hydrotraitement[END_REF] .

Hydroconversion mechanisms of alkanes have been exhaustively reported in literature [START_REF] Alvarez | Hydroisomerization and Hydrocracking of Alkanes[END_REF][START_REF] Calemma | Hydroisomerization and hydrocracking of long chain n-alkanes on Pt/amorphous SiO2-Al2O3 catalyst[END_REF][START_REF] Claude | Dimethyl Branching of Long n-Alkanes in the Range from Decane to Tetracosane on Pt/H-ZSM-22 Bifunctional Catalyst[END_REF][START_REF] Weitkamp | Isomerization and hydrocracking of C9 through C16 n-alkanes on Pt/HZSM-5 zeolite[END_REF][START_REF] Bi | Hydroisomerization of long chain n-paraffins:The role of the acidity of the zeolite[END_REF] and follow a bifunctional reaction pathway [START_REF] Noh | Isomerization and β-scission reactions of alkanes on bifunctional metal-acid catalysts:Consequences of confinement and diffusional constraints on reactivity and selectivity[END_REF][START_REF] Jacobs | Chapter 12 Introduction to Acid Catalysis with Zeolites in Hydrocarbon Reactions[END_REF] over metal supported zeolite or amorphous oxide based catalysts. The reaction steps comprise dehydrogenation of the feed over metal sites of the bifunctional catalyst, diffusion of the generated olefin towards acidic sites, protonation and rearrangement and cracking of the reaction intermediates on the acidic sites, and desorption and diffusion of the isomerized or cracked olefins towards the metal 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 alkylcarbenium ions involved. The product distribution can be fairly well rationalized and predicted based on carbocation chemistry. This also holds true for long-chain alkanes, which are within or close to the VGO boiling range [START_REF] Calemma | Hydroisomerization and hydrocracking of long chain n-alkanes on Pt/amorphous SiO2-Al2O3 catalyst[END_REF][START_REF] Claude | Dimethyl Branching of Long n-Alkanes in the Range from Decane to Tetracosane on Pt/H-ZSM-22 Bifunctional Catalyst[END_REF][START_REF] Burnens | Hydrocracking reaction pathways of 2,6,10,14-tetramethylpentadecane model molecule on bifunctional silica-alumina and ultrastable Y zeolite catalysts[END_REF][START_REF] Valéry | Kinetic Modeling of Acid Catalyzed Hydrocracking of Heavy Molecules: Application to Squalane[END_REF] .

The hydrocracking chemistry of heavy naphthenes has been much less studied than that of longchain alkanes. Several practical limitations restrict the size and type of naphthenic molecules that can be employed as model compound for kinetic studies. Many recent studies focused on the hydroconversion of decalin in the context of selective ring opening, i.e. with bifunctional catalyst with very high metal loadings, having a high hydrogenolysis activity. Under such conditions the metal assumes a cracking function that is beneficial for the purpose of selective ring opening of compounds like decaline [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][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][START_REF] Bellussi | Catalytic Ring Opening of Perhydroindan -Hydrogenolytic and Cationic Reaction Paths[END_REF][START_REF] Blanco | Effect of H2S on the mechanisms of naphthene ring opening and isomerization over Ir/NaY:A comparative study of decalin, perhydroindan and butylcyclohexane hydroconversions[END_REF][START_REF] Calemma | Selective ring opening of naphthenes:From mechanistic studies with a model feed to the upgrading of a hydrotreated light cycle oil[END_REF][START_REF] Catherin | Selective ring opening of decalin over bifunctional RuS2/zeolite catalysts[END_REF][START_REF] Di Felice | Decalin ring opening over NiWS/SiO 2 -Al 2 O 3 catalysts in the presence of H 2 S[END_REF][START_REF] Du | The chemistry of selective ring-opening catalysts[END_REF][START_REF] Haas | Ring Opening of Mono-and Bicyclic Naphthenes via Hydrogenolysis on Noble Metal Catalysts[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] Piccolo | Mechanism of tetralin ring opening and contraction over bifunctional Ir/SiO₂-Al₂O₃ Catalysts[END_REF][START_REF] Rabl | Catalytic ring opening of decalin on Ir-and Pt-containing zeolite Y -Influence of the nature of the charge-compensating alkali cations[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] Martínez | Bifunctional noble metal/zeolite catalysts for upgrading low-quality diesel fractions via selective opening of naphthenic rings[END_REF] . Here, we only consider bifunctional catalysts where the metal function only serves hydrogenation-dehydrogenation to feed the acid sites with olefins. Hydrocracking studies of this kind have been dealing with naphthenes presenting three cycles [START_REF] Benazzi | New insights into parameters controlling the selectivity in hydrocracking reactions[END_REF][START_REF] Leite | Hydrocracking of phenanthrene over bifunctional Pt catalysts[END_REF][START_REF] Lee | Selective ring opening of phenanthrene over NiW-supported mesoporous HY zeolite catalyst depending on their mesoporosity[END_REF][START_REF] Martinez-Saavedra | Fluorene hydrocracking over bifunctional platinum catalysts in a high-pressure simultaneous thermal analyzer[END_REF] , two cycles [START_REF] Kubička | Ring opening of decalin over Pt-and Ir-modified SAPO-5 and VPI-5 zeolite catalysts[END_REF][START_REF] Kubička | Ring opening of decalin over zeolitesII. Activity and selectivity of platinummodified zeolites[END_REF][START_REF] Kubička | Ring-opening of decalin -Kinetic modelling[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] Oliveira Soares | Influence of the Brønsted Acidity on the Ring Opening of Decalin for Pt-USY Catalysts[END_REF] or one cycle [START_REF] Abbot | Active sites and intermediates for isomerization and cracking of cyclohexane on HY[END_REF][START_REF] Egan | Selective Hydrocracking of C 9 -to C 12 -Alkylcyclohexanes on Acidic Catalysts. Evidence for the Paring Reaction[END_REF][START_REF] Weitkamp | Peculiarities in the conversion of naphthenes on bifunctional catalysts[END_REF] . It has been shown that the hydroisomerization and hydrocracking mechanisms of cyclic molecules follow similar principals as for the hydroconversion of alkanes with respect to relative stabilities of involved alkylcarbenium ions, but the presence of rings leads to distinctly different product distributions [START_REF] Weitkamp | Catalytic Hydrocracking-Mechanisms and Versatility of the Process[END_REF] . Rearrangements of the naphthenic cycle comprise alkyl-shifts, ring-contraction and expansion, which may change the degree of branching of the molecule. Naphthenes may contract or expand their cycle through Protonated Cyclo Propane (PCP) intermediates [START_REF] Marcilly | Acido-basic catalysis[END_REF] . This PCP-type transition state is also involved in positional alkyl-shifts that take place around the cycle (endocyclic alkyl-shifts) and that move carbons towards the substituent alkyl-chain (exocyclic alkyl-shifts). Finally, there is also a possibility of creating a branching in an alkyl-chain substituent of the ring through a PCP intermediate. Activation energies of all these skeletal rearrangements have been reported in literature [START_REF] Martens | Single-Event Rate Parameters for the Hydrocracking of Cycloalkanes on Pt/US-Y Zeolites[END_REF] .

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 reaction step, due to orbital hindrance 46 . The main consequence of this strained reaction is that the alkylcarbenium ion of a substituted monocyclic naphthene undergoes skeletal branching of its ring and of its alkyl chains until a favorable configuration of branchings and the positively charged C-atom is achieved to enable fast beta-scission. This catalytic chemistry has been observed for naphthenes containing 9 to 12 carbon atoms and it is called "paring" reaction [START_REF] Egan | Selective Hydrocracking of C 9 -to C 12 -Alkylcyclohexanes on Acidic Catalysts. Evidence for the Paring Reaction[END_REF] . Egan et al. observed that a substituted C10 naphthene would crack selectively to cyclic C6 (cyclohexane or methylcyclopentane) and isobutane, irrespective of the starting naphthene isomer. C11 and C12 naphthenes (pentamethyl-and hexamethylcyclohexane) also mainly cracked into isobutane and a corresponding substituted naphthene with 7 or 8 carbon atoms, respectively [START_REF] Egan | Selective Hydrocracking of C 9 -to C 12 -Alkylcyclohexanes on Acidic Catalysts. Evidence for the Paring Reaction[END_REF] . The formation of isobutane can be rationalized by a series of alkyl shifts on the ring and ring contractions (both of which are very fast reactions), leading to the formation of a tert-butyl side chain, which can then very easily undergo beta-scission.

Souverijns et al. studied the hydroisomerization of a C14 naphthene with a long alkyl side chain, viz. octylcyclohexane, over a Pt/USY bifunctional catalyst [START_REF] Souverijns | Mechanism of the paring reaction of naphtenes[END_REF] . The catalyst quickly generated a distribution of naphthene isomers with mainly di-and mono-substituted rings. The distribution of isomers indicated that methyl branching of the alkyl chain was kinetically favored at carbon positions close to the ring. Methyl groups on the ring were formed through ring-contraction, and shifted to the long alkyl side chain, where after the ring expanded again by incorporation a C atom of the long alkyl chain. In other words, branchings were generated on the ring and propagated towards the long alkyl-substituent. This reaction pathway was faster than direct methyl branching of the long alkyl chain.

The reaction conditions in the paper by Souverijns et al. [START_REF] Souverijns | Mechanism of the paring reaction of naphtenes[END_REF] . were very mild, so the feed molecules were only isomerized, but not cracked. Hence, there is no documented study on the hydrocracking behavior of naphthenes with long alkyl-chain substituent. Such information is clearly needed to understand better the hydrocracking behavior of real feeds like VGO, since the analyses of VGO suggests that the naphthenes in this feed are heavily alkyl substituted and must, statistically, contain quite long alkyl chains in view of their molecular mass [START_REF] Dutriez | High-temperature two-dimensional gas chromatography of hydrocarbons up to nC60 for analysis of vacuum gas oils[END_REF][START_REF] Dutriez | Improved hydrocarbons analysis of heavy petroleum fractions by high temperature comprehensive twodimensional gas chromatography[END_REF] .

Therefore, after having studied in previous work the reaction pathway of the tricyclic molecule perhydrophenanthrene [START_REF] Dutriez | Improved hydrocarbons analysis of heavy petroleum fractions by high temperature comprehensive twodimensional gas chromatography[END_REF] , we address here the bifunctional catalytic conversion of octylcyclohexane (C14H28) as a long-chain substituted monocyclic naphthene. In order to provide mechanistic insights in its isomerization and hydrocracking reaction pathways on a bifunctional Pt/USY zeolite catalyst, we identified in great detail the distribution of isomerization products by the use of GCxGC-MS analysis, and related them to the resulting cracking products, so as to elucidate the reaction network.

2 Materials and methods

Preparation and characterization of catalysts

Commercial ultrastable Y zeolite (CBV720) with bulk Si/Al ratio of 17.7 and a Brønsted acid site concentration of 202 µmol/g according to pyridine adsorption and quantification with FTIR was supplied in powder form by Zeolyst. The zeolite was shaped into extrudates with alumina binder (Pural SB3) provided by Sasol, according to procedures described elsewhere [START_REF] Brito | Hydroconversion of perhydrophenanthrene over bifunctional Pt/H-USY zeolite catalyst[END_REF] . The shaped catalyst contained 1 wt.% of USY zeolite. Pure alumina extrudate without zeolite was also prepared. In both cases, the length range of the cylindrical extrudates was 3-6 mm, and the diameter 1.6 mm. Calcination was performed at 793 K during 2 h according to the protocol used previously [START_REF] Brito | Hydroconversion of perhydrophenanthrene over bifunctional Pt/H-USY zeolite catalyst[END_REF] . The main motivation for using extudates was (i) to obtain a well-defined packing of the catalyst bed and, thus, a well-defined hydrodynamics and (ii) to dilute the zeolite in catalyst bed in a homogeneous way. A strong dilution was necessary in order to be able to reach reasonably low conversion values with the very active USY catalyst.

Impregnation of the extrudates with platinum was carried out using chloroplatinic acid (H2PtCl6, Sigma-Aldrich). The PtCl6 2-complex exhibits a strong ionic interaction with the alumina support and should be preferentially adsorbed on the latter (and not in the USY crystals) [START_REF] Zečević | Nanoscale intimacy in bifunctional catalysts for selective conversion of hydrocarbons[END_REF] . We are aware the impact on Pt location on activity and selectivity in bifunctional hydrocracking reactions is still subject to debate, but it is beyond the scope of the present article to fully address this issue [START_REF] Oenema | Influence of Nanoscale Intimacy and Zeolite Micropore Size on the Performance of Bifunctional Catalysts for n-Heptane Hydroisomerization[END_REF][START_REF] Van Der Wal | Control and Impact of Metal Loading Heterogeneities at the Nanoscale on the Performance of Pt/Zeolite Y Catalysts for Alkane Hydroconversion[END_REF][START_REF] Cheng | Impact of the Spatial Organization of Bifunctional Metal-Zeolite Catalysts on the Hydroisomerization of Light Alkanes[END_REF][START_REF] Mendes | Bifunctional Intimacy and its Interplay with Metal-Acid Balance in Shaped Hydroisomerization Catalysts[END_REF] . A complete procedure of the impregnation process, as well as thermal treatments applied on the final catalysts, may be found in previous work [START_REF] Brito | Hydroconversion of perhydrophenanthrene over bifunctional Pt/H-USY zeolite catalyst[END_REF] .

The Pt content of the final catalysts was determined using X-ray fluorescence. The Pt dispersion and size of Pt particles, considering a spherical shape were determined using hydrogen-oxygen titration. The Pt content was 0.65 wt.-%, and the Pt dispersion 45% leading to a concentration of accessible Pt atoms of ca. 9 μmol/g and the average Pt particle size 2.5 nm. The content of Brønsted acid sites assuming that the native USY zeolite was not affected by the shaping procedure [START_REF] Bi | Hydroisomerization of long chain n-paraffins:The role of the acidity of the zeolite[END_REF][START_REF] Pirngruber | Balance between (De)hydrogenation and Acid Sites:Comparison between Sulfide-Based and Pt-Based Bifunctional Hydrocracking Catalysts[END_REF] was ca. 2 μmol/g.

Catalytic experiments

Hydroconversion of octylcyclohexane was performed in a fixed-bed down flow reactor with internal diameter of 19 mm, at a total pressure of 6 MPa. Phenyloctane (C14H22, Alfa Aesar) was diluted into n-heptane (AnalaR Normapur) in a proportion of 5/95 wt.-%. The parent aromatic was used because of the difficulty of obtaining its corresponding naphthene commercially. It was hydrogenated in situ to octylcyclohexane (C14H28) by a hydrogenation catalyst, which was placed on top of the catalytic bed. A high molar ratio of hydrogen to total hydrocarbons (reactant + solvent) of 7 mol/mol was used to prevent coke formation, and guarantee the full conversion of phenyloctane to octylcyclohexane on the hydrogenation precatalyst. Two catalysts were, thus, loaded into the reactor in layers, viz., 2 g of Pt/Alumina precatalyst extrudates upstream of 2 g of extrudates of bifunctional Pt/USY zeolite catalyst. Both catalyst beds underwent in situ activation by reduction with hydrogen gas, as described in our previous work [START_REF] Brito | Hydroconversion of perhydrophenanthrene over bifunctional Pt/H-USY zeolite catalyst[END_REF] . The conversion was varied by changing the WHSV, expressed as mass flow of liquid divided by the mass of Pt/USY extrudates. The majority of the catalytic tests were carried out at 573 K. We note that the suitable temperature window for the experiments was constrained by experimental limitations (problems of operability at lower temperatures), thermodynamic limitations (full hydrogenation of aromatics) and also our ambition to keep the conditions close to our previous work on perhydrophenanthrene [START_REF] Brito | Hydroconversion of perhydrophenanthrene over bifunctional Pt/H-USY zeolite catalyst[END_REF] .

Finally, we comment on the choice of the solvent. Ideally, the solvent should be inert under the reaction conditions. That is why we opted for a relatively short n-paraffin, which does not readily, crack, i.e. n-heptane. However, as will be discussed later, we cannot exclude that some isomerization of n-heptane took place in parallel to the hydroconversion of octylcyclohexane, which led to some complications in the product distributions. Deactivation of the catalyst was not observed in the range of operating conditions tested. The absence of external diffusion limitations in the reactor had been verified by comparing results obtained at the same space velocity, but different flow rates. Strong activity differences to other catalysts (factor 0.5 in activity vs. zeolite Beta, factor 3 vs. silica-alumina [START_REF] Brito | Hydroisomerization and hydrocracking of naphthenes[END_REF] ) further confirmed that we were probing catalytic effects, with little or no impact of mass transfer towards the zeolite particles.

Analysis of reaction products

Liquid effluents were condensed and separated from the gaseous reaction products. The gas phase was analyzed online by GC. The liquid reaction products were withdrawn from the separator in regular intervals and analyzed by two-dimensional gas chromatography, with an apolar column (HP PONA) for the first dimension and a polar column (BPX50) for the second dimension. The gas chromatograph was 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 is available in our previous publication [START_REF] Brito | Hydroconversion of perhydrophenanthrene over bifunctional Pt/H-USY zeolite catalyst[END_REF] .

Both GC columns were operated using the same temperature program, starting from 313 K, with a holding time of 5 minutes, heating to 393 K at 1.5K/min, subsequently to 408 K at 0.75K/min, holding 10 min at this temperature; next to 433 K at 0.75K/min, holding 5 min at this temperature; and finally to 503K, at 5K/min, holding 5 min at the final temperature. 1µL of the reaction effluent was injected with a split ratio of 1:100. High-purity helium was used as carrier gas at a constant rate of 10 mL/min. By combining the gas and liquid phase analyses, mass balances between 95 and 97 % were achieved. For presenting the results, i.e. for calculating conversion and selectivities, material balances were expressed on a carbon mole basis (which is very close to a weight basis, but provides more insights). For expressing product distributions within a given family, however, it was more convenient to use molar ratios instead of moles of carbon. The error margin of the reported conversions is about +/-5%.

3 Results

Hydrogenation of phenyloctane to octylcyclohexane

The parent aromatic compound, phenyloctane, was hydrogenated in situ over the Pt/Al2O3 precatalyst. GC analysis confirmed that at a reaction temperature of 573 K its hydrogenation to naphthene was complete. Next to hydrogenation, the pre-catalyst performed some ring contraction and side chain elongation, i.e. it converted part of the octylcyclohexane to nonylcyclopentane. The chromatographic peaks of these two compounds strongly overlapped.

Therefore, the conversion of octylcyclohexane to nonylcyclopentane on the pre-catalyst could not be precisely evaluated, but was estimated to be less than 5%. This mixture constituted the reactant undergoing hydroisomerization and hydrocracking over the bifunctional Pt/USY zeolite catalyst mounted downstream in the reactor. For convenience, hereafter the reactant will be referred to as octylcyclohexane (OCC6), knowing there is some nonylcyclopentane present as well.

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

GCxGC-FID analysis of reaction products obtained over the Pt/USY catalyst is illustrated in Reaction products were lumped into different groups according to their carbon number and chemical structure (Figure 2). Isomers of octylcyclohexane (C14H28) were divided into substituted cyclohexanes and cyclopentanes, respectively. Among the C14H28 isomers, some molecules had a high number of branchings. For convenience, a tertiary carbon is considered to represent one branching, and a quaternary carbon atom two branchings. The most branched isomer shown in Figure 2 has 6 branchings.

Ring-opening products (C14H30), i.e., alkanes containing 14 carbon atoms, were detected only in small amounts and were mono or dimethyl-branched. The opening of a naphthenic cycle is known to be a difficult reaction 46 . Reaction products containing less than 14 carbon atoms were assigned as cracking products and divided into naphthenes, n-and iso-alkanes. Since the n-heptane solvent is much lighter than our reactant, we expect it to have a very low reactivity compared to octylcyclohexane. However, a comparative test with methylcyclohexane as solvent showed that some iso-heptane originated from isomerization of the solvent when n-heptane was used. Instead of trying to subtract the contribution of the solvent, which would have been an exceedingly difficult task, we decided to ignore iso-heptanes as reaction products. Hydrocracking of n-heptane to smaller alkanes did not happen to a significant extent, since it should produce large amount of propane and, as we will show later, only very little propane was detected among the products (and its amount did not depend on the solvent).

Hydroconversion of octylcyclohexane

Variation of the conversion of octylcyclohexane in a range from ca. 48% to 86% was obtained by changing the contact time at a reaction temperature of 573 K (Figure 3). The selectivity to isomerization, ring-opening and cracking is given in Figure 4. The curves suggest that isomerization reactions are primary, while cracking reactions are secondary, as expected in bifunctional catalysis [START_REF] Weitkamp | Catalytic Hydrocracking-Mechanisms and Versatility of the Process[END_REF][START_REF] Guisnet | Ideal" bifunctional catalysis over Pt-acid zeolites[END_REF] . The primary nature of the isomerization products is confirmed by low conversion data obtained with less active catalysts [START_REF] Brito | Hydroisomerization and hydrocracking of naphthenes[END_REF] . Selectivity to ringopening products accounted for less than 1% at all conversion degrees. Opening of a naphthene cycle is known to be a difficult reaction. side chains. The other isomers, which could be identified (I1, I3 and I5) were highly substituted and had only short (sometimes branched) alkyl side chains. I2 was the most abundant isomer, in line with the findings of ref. [START_REF] Souverijns | Mechanism of the paring reaction of naphtenes[END_REF] . Its concentration decreased with conversion, indicating that it was the primary isomerization product which was then probably converted to other isomers.

The unknown fraction accounted for 20 % of the distribution in average. In contrast to the results of Souverijns et al. [START_REF] Souverijns | Mechanism of the paring reaction of naphtenes[END_REF] , we did not identify any mono-substituted naphthenes with branched side chains. In that study, the degree of conversion of octylcyclohexane was kept limited to investigate the primary products. Here, at conversions of 48% and higher, the isomers The molar yield of cracked products, grouped according to carbon number, per 100 mol of cracked feed molecules is presented in Figure 6. Cracked products covered mainly a range of carbon numbers from 4 to 10, with smaller amounts of C3 and C11 and trace formation of C1, C2 and C12. The distributions showed a pronounced maximum at C7 compounds, notwithstanding the fact that the C7 formation was underestimated, since only cyclic molecules could be accounted for (iso-C7 alkanes were not counted since they might stem from the nheptane solvent). About equal molar amounts of C4, C5, C6, C8, C9 and C10 were formed by

I1 I2 I3 I4 I5 I6 I7 I8
hydrocracking at the four investigated conversion levels. Methane and ethane formation is ascribed to hydrogenolysis [START_REF] Haas | Ring Opening of Mono-and Bicyclic Naphthenes via Hydrogenolysis on Noble Metal Catalysts[END_REF][START_REF] Mcvicker | Selective Ring Opening of Naphthenic Molecules[END_REF] .

Figure 6. Moles of cracked products per 100 mol of cracked octylcyclohexane at different levels of octylcyclohexane conversion . The sum of molar yields of cracked products per 100 mol OCC6 cracked (Total Yc) is indicated.

Cracked products comprised naphthenes, isoalkanes and n-alkanes. Their distribution given in Figure 7 did not change much with conversion. In absence of ring opening, the cracked products are expected to contain an equimolar mixture of naphthenes and alkanes. In the distribution of Figure 7, naphtenes represent more than 50 mol-% of the cracked products. This is a result of the problem with the analysis of the C7 fraction, and the fact that C7 isoalkanes were not counted as reaction products because they could not be distinguished from the solvent and its branched impurities. The molar distribution of naphthene cracked products 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 formed in about equal molar amounts, followed by smaller amounts of C6 naphthenes. C11 and traces of C12 naphthenes (not represented) accounted altogether for less than 4% of this product fraction. C6 naphthenes (Figure 9A) were methylcyclopentane and cyclohexane. Methylcyclopentane was favored at all conversion levels over its 6-membered ring isomer. It reflects the thermodynamic equilibrium of these two isomers and the higher stability of methylcyclopentane at higher temperature [START_REF] Marcilly | Acido-basic catalysis[END_REF] . Among the C7 naphthenes (Figure 9B), the primary product was methylcyclohexane. The distribution then evolved towards the formation of dimethylcyclopentane. Ethylcyclopentane was a minority product in this fraction. This result differed from hydrocracking of perhydrophenanthrene 50 over the same catalyst, where in the C7 naphtene fraction the primary formation of the dibranched 5-membered naphthenic isomer was observed. This also confirms that the distribution of the naphthene cracking products was not an equilibrium distribution, but related to structure of the C14 isomer, which undergoes cracking. C8 naphthenes comprised mono-, di-and tribranched structures (Figure 10). The most abundant isomer was dimethylcyclohexane; its proportion increased slightly with octylcyclohexane conversion. Unknown structures constituted about 10% of the distribution. In the C10 naphthenes (Figure 12) the most abundant isomers were di-branched structures (diethyl, methyl-propyl substituted rings) and tribranched isomers (methylisopropylcyclohexane). 6-Ring structures dominated over 5-ring structures, like C10-2.

Unknown molecules represented about 10% of the distribution. The distribution of iso-and n-alkanes in the carbon number fractions of cracked products is presented in Figure 13. The most abundant alkanes were C4, C5 and C6 (the C7 alkanes could not be distinguished from the solvent). Alkanes heavier than 8 carbon atoms were not formed.

Isoalkanes were preferentially formed over linear isomers, they accounted for ca. 65 mol.% of the distribution. 4 Discussion

Rationalization of isomerization pathways

A large variety of isomers was formed through hydroconversion of octylcyclohexane over Pt/H-USY zeolite catalyst (Figure 5). This diversity was reached by skeletal branching reactions, ring contraction and expansion, and alkyl-shifts. The branchiness of a molecule can be determined by counting tertiary C-atoms as one branching, and quaternary C-atoms as two. In carbocation chemistry, rearrangements which change the degree of branching, as type B rearrangements, should have a higher activation energy than alkyl-shifts, which only modify the position or type of branching (type A rearrangements). Naphthenes are particular because ring contractions (from 6-ring to 5-ring) also fall into the class of type A rearrangements although they introduce an additional branching on the formed 5-ring. In single events kinetic models of smaller model molecules [START_REF] Martens | Single-Event Rate Parameters for the Hydrocracking of Cycloalkanes on Pt/US-Y Zeolites[END_REF][START_REF] Martens | A fundamental kinetic model for hydrocracking of C-8 to C-12 alkanes on Pt/US-Y zeolites[END_REF] the activation energy was estimated to obey the following order: alkyl shift on an aliphatic chain (exocyclic, type A) < alkyl shift on the ring (endocyclic, type A) << ring branching (type B) < chain branching (exocyclic, type B). Ring contractions/expansions can be considered as alkyl shifts on the ring.

According to this order, creation of branchings on the ring via ring contraction is faster than creation of branchings on the alkyl side chain. Branchings on the alkyl chain would not be generated directly, but originate from the transfer of alkyl groups from the ring to the chain [START_REF] Souverijns | Mechanism of the paring reaction of naphtenes[END_REF] .

Here it was observed that only few of the C14 isomers had branched alkyl-substituents. Having the knowledge from literature in mind, we will now discuss possible reaction pathways which could lead to the isomers observed in Figure 5.

As already observed by Souverijns et al. [START_REF] Souverijns | Mechanism of the paring reaction of naphtenes[END_REF] , methyl-heptylcyclohexane (I2) is formed early on through ring-contraction of the reactant to methyl-octylcyclopentane (type B isomerization), followed by cycle expansion to form the 6-membered dibranched naphthene through type A isomerization (Figure 14). The content of methyl-heptylcyclohexane within the isomer family decreased slightly with conversion, suggesting that it was a primary isomerization product, which was then further converted to other isomers or cracked products.

Figure 14. Suggested reaction pathway for isomerization of octylcyclohexane towards methyl-heptylcyclohexane (I2) and subsequently to ethyl-heptylcyclopentane (I8) over Pt/H-USY zeolite catalyst, in accordance with Souverijns et al. [START_REF] Souverijns | Mechanism of the paring reaction of naphtenes[END_REF] Via a sequence of ring contraction and ring expansion steps (Figure 15A), I2 can be transformed into the second most abundant isomer I4 (via an ethyl-hexylcyclohexane intermediate i-C14).

Since the degree of branching does not change going from I2 to I4, the ring contraction and expansion steps are type A and should, therefore, be rather rapid. The formation of the third most abundant isomer I6 (tetrabranched) requires two type B ring contractions in order to add 321 two additional branchings (Figure 15B), i.e. it is a more demanding pathway. 322 A Figure 15. A) Suggested reaction pathway for isomerization of octylcyclohexane to isomer I4 starting from methyl-heptylcyclohexane (I2). B) Suggested reaction pathway for isomerization of octylcyclohexane towards isomer I6 starting from structure i-C14.

In general, the easiness to form a given isomer should be associated to the number of slow reaction steps needed for its formation. This approach provides us with a guideline to interpret the distribution of isomers presented in Figure 5. The number of branchings on cycle and on alkyl chains, as well as the total number of type B ring-contraction required to produce a specific isomer are presented in Table 1 

According to Table 1, structures I2, I4 and I8 requiring only one type B isomerization are expected to be formed early in the reaction network. I2 and I4 were indeed the dominating isomers, but I8 was formed in smaller amount. I8 is formed by a type A ring contraction from I2 (Figure 14), the interconversion between the two molecules must be very easy. The low I8 yield is, therefore, tentatively attributed to a lower thermodynamic stability of this isomer.

Reaction pathways leading to structures I7, I1 and I6 involve one or two additional B type isomerization steps, enhancing in this way the number of ring substituents. I7 can be formed by introducing an additional methyl branching in I2, by repeating the sequence of steps that lead from octylcyclohexane to I2. We would expect the formation of I7 to be kinetically favored over I6, yet I6 was more abundant. This is probably related to the suitability of I7 for cracking via beta-scission, which is less the case for I6, as will be discussed in the next section. Isomers I3 and I5 involve more of such steps to generate branched alkyl groups on the ring. These highly branched compounds were the least abundant in the isomer fraction, which correlates well to the number of slow reactions steps involved in their formation.

Rationalization of hydrocracking pathways

Cracked products were formed in consecutive steps to isomerization and became predominant around 70% octylcyclohexane conversion (Figure 4). The molar yield of cracked products was close to 200 mol per 100 mol feed molecules cracked (Figure 6). These values correspond globally to cracking of one molecule into two other ones, as expected for a single cracking event. This contrasts with the hydrocracking of perhydrophenanthrene, a polycyclic naphthene with 14 C-atoms, where the analysis of the yield of cracked products revealed values below 200 mol per 100 mol cracked, indicating an important contribution of oligomerization-cracking mechanisms [START_REF] Brito | Hydroconversion of perhydrophenanthrene over bifunctional Pt/H-USY zeolite catalyst[END_REF] .

The molar yield of cracked products (Figure 6) shows a predominant cracking to C7, and since for reasons already explained C7 alkanes are not included, the dominance of this fraction is most probably even higher. Molar yields of fractions with 4 to 10 C-atoms are about equal. The C4 fraction does not contain naphthenes. C5 and C6 products were mainly iso-alkanes, while C8 to C10 products were mainly naphthenes. This suggests a cracking of a C14 isomer to a Cn alkane and a C14-n naphthene, n ranging in majority from 4 to 7. The absence of secondary cracking finds an explanation in this product distribution. C4 and C5 molecules do not undergo much hydrocracking, because no favorable beta-scission mechanisms are available. Beta-scission would involve primary alkylcarbenium ions. C6 and C7 alkanes are more sensitive to hydrocracking, but at least 8 C-atoms in an alkane are needed to enable hydrocracking via the fast beta-scission pathway converting a tertiary alkylcarbenium ion to a smaller alkylcarbenium ion and an olefin [START_REF] Weitkamp | Catalytic Hydrocracking-Mechanisms and Versatility of the Process[END_REF] .

Given the dominancy of primary cracking, the main pathway leads to the formation of C7

naphthenes and C7 alkanes. The distribution of C7 naphthenes depicted in Figure 9B indicated a primary formation of methylcyclohexane. We further suppose that the C7 alkane was an isoalkane, i.e. the sum of branchings in the cracking products was two. Since cracking reduces the degree of branching by one unit, the reactant isomer must have been tri-branched, i.e. I7. As shown in Figure 16, I7 can indeed readily crack into methyl-cyclohexane and methylhexane after shifting a methyl substituent from the ring to the chain. The readiness of long branched side-chains to crack may also explain why such long branched alkyl-substituents were not detected among the isomers. In earlier work on octylcyclohexane isomerization at lower conversion levels, such isomers had been observed. [START_REF] Souverijns | Mechanism of the paring reaction of naphtenes[END_REF] Figure 16. Suggested cracking pathway towards formation of methylcyclohexane and methylhexane from hydrocracking of I7 isomer.

The hydrocracking to C8 naphthenes and a C6 alkane can be analyzed in a same way. The dominant C6 isoalkane was 2-methylpentane, and the primary C8 naphthenes were dimethylcyclohexanes, methyl-ethylcyclopentanes and ethylcyclohexanes (Figure 10). Hence, the reactant isomer must have been at least tetra-or tri-branched. Among the tetrabranched isomers which were observed (I1 and I6), only I6 is suited for cracking into a C6 alkane. A possible reaction pathway is shown in Figure 17. It only requires an alkyl shift from the ring to the chain in order to allow a favorable beta scission. The methyl-ethylcyclopentane product can easily convert to dimethylcyclohexane (the major C8 naphthene) by type A ring expansion.

Also the tri-branched I7 isomer can crack to ethylcyclohexane and isohexane, after methyl shift to the long alkyl chain and type A ring-contraction/expansion in order to redistribute the length of the alkyl substituents (not shown).

Figure 17. Suggested cracking pathway towards formation of methyl-ethylcyclopentane and methylpentane from hydrocracking of I6 isomer.

The I6 isomer can crack to C8 + C6, but also C9 + C5. For this I6 has to undergo cycle expansion and an alkyl shift from ring to chain. The resulting intermediate can readily crack to di-branched C9 naphthenes (in line with Figure 11) and iso-pentane (Figure 18). Another possible pathway is cracking of C14H28 isomers into C10 naphthenes and C4 alkanes.

C10 compounds and comprised especially of diethylcyclohexane (C10-5, dibranched) and methyl-isopropylcyclohexane (C10-1, tribranched) (Figure 12). This implies that the parent isomers cracked to these C10 naphthenes contained at least four branchings. The I6 molecule can crack to di-branched C10 naphthenes, but compared to the schemes shown above, this pathway requires additional A ring-contraction and expansion reactions. I5-type structures can undergo hydrocracking to tri-branched products within the C10 naphthenes fraction after a small number of type A rearrangements, because an isobutyl group is already attached to the naphthenic cycle (Figure 19). Based on the general reaction scheme (Figure 20), an attempt can be made to rationalize the carbon number distribution of the cracked products (Figure 6). The peak for C7 compounds suggests that the cracking of the I7 intermediate is a very favorable reaction pathway, which successfully competes with further isomerization to more highly branched structures. It shows that long alkyl side chains are ready to crack once the minimum branching required to reach a favorable cracking configuration has been attained.

It is more difficult to explain why the other cracking products, i.e. C8, C9 and C10 naphthenes, are formed in almost equimolar amounts (Figure 6), although they may be formed from different isomers (I7, I6, I5), which do not have the same abundancy. A more detailed kinetic investigation would be required to answer that question.

Striking is that the carbon number distribution in the cracked products strongly deviates from the ones that were reported for the classical paring reaction, i.e. a peak for isobutane accompanied by a peak for the Cn-4 naphthene [START_REF] Egan | Selective Hydrocracking of C 9 -to C 12 -Alkylcyclohexanes on Acidic Catalysts. Evidence for the Paring Reaction[END_REF] . The reason for this discrepancy probably lies in the nature of the reactant. The previous studies were carried out with highly substituted cyclohexane rings with very short side chains. These reactants have to undergo isomerization steps in order to form at least an isobutyl side chain, which is the first one that allows favorable cracking. Cracking to isobutane is, therefore, observed as the major reaction pathway in the paring reaction. In the present case, we started from a long alkyl chain; after introducing the minimum number of required branchings on the naphthene ring by shifting some carbon atoms to newly generated side chains, what is remaining of the original alkyl chain is still quite long and susceptible to cracking. Starting from a C8 side chain, dealkylation of that chain leads to the formation of C7 alkanes, and depending of the number of such shifts of carbon atoms, to C6, C5 and C4. Expressed in a different way: long alkyl substituents on a naphthene ring can readily undergo cracking to long alkyl chains (and a pared naphthene), provided that three branchings are present in the molecule.
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Conclusions

Hydroisomerization of octylcyclohexane over the bifunctional Pt/USY catalyst results in a variety of isomerization products, presenting from 2 to 6 branchings. Cracked products appear as secondary products and become predominant at average conversion, while ring-opening products were hardly formed on the investigated zeolite catalyst.

Hydroconversion of octylcyclohexane over Pt/USY zeolite catalyst starts via the formation of di-branched products, i.e. mainly methyl-heptyl substituted cyclohexane. These di-branched naphthenes do not seem to crack, but they isomerize further to tri-branched isomers. Tribranched isomers have the possibility to crack favorably into a mono-branched C7 naphthene and a C7 iso-alkane. This is the dominant reaction pathway.

The cracking of the tri-branched isomer competes with its further isomerization to more highly branched isomers. The more highly branched isomers have shorter alkyl side chains and the remainder of the long chain cracks to C6, C5 or C4 (iso-)alkanes and the corresponding naphthene having methyl or ethyl substituents. Highly branched isomerization products with very short side chain cannot crack favorably and can, therefore, be considered as refractory isomers.

This mechanistic insight explains why the hydrocracking of this C14-naphthene with a long alkyl side chain (C8) leads to a peak at 7 C-atoms in the carbon number distribution of the cracking products and otherwise a fairly flat distribution ranging from 4 to 10 carbon atoms.

This differs from the typical bimodal distributions observed with smaller naphthenes, which react according to the paring reaction leading to isobutane as main alkane product. A typical cracked product distribution obtained by the paring reaction shows a maximum at C4 and another one at Cn-4. Our work shows that such bimodal product distribution will not be obtained in the cracking of naphthenes with long alkyl substituents, because they readily crack to longer alkyl chains according to the mechanism explained above. These insights provide a guide for interpreting the carbon number distributions obtained in the hydrocracking of heavy feeds, like VGO, where naphthenes with long alkyl substituents are frequently encountered.
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  are the result of many consecutive skeletal rearrangements. It is remarkable that the branching degree of the isomers can be very high. For instance, compound I3 has six tertiary C-atoms, accounting for six branchings. In the conversion of long alkanes, the skeletal isomerization leads to the introduction of three branching at the maximum, because at that stage the molecule becomes very sensitive to cracking.
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 18 Figure 18. Suggested cracking pathway towards formation of structure C9-3 and methylbutane from hydrocracking of I6 isomer.
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 1920 Figure 19. Suggested cracking pathway towards formation of structure C10-1 and isobutane from hydrocracking of I5 isomer.
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