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Nomenclature of the Catalysts

The designation of the catalyst composition wasagbvrelated to the dry mass, as
determined by thermogravimetric analysis (TGA)tHa catalyst designation the mass
fractions of the noble metals are given in weighird&ront of a slash as determined by
optical emission spectrometer with an inductivebyigled plasma (ICP-OES). They
were separated by comma and sorted by mass fraotaescending order.

After the slash, the catalyst support is identifiénl case of aluminum-containing
zeolites, also the charge-compensating cationsgaen in front of a hyphen that
separates the cation composition and the type aiteeAfter each cation, a subscript
indicates the mole fraction as determined by ICFSOEhe molar amount of protons is
calculated as the molar amount of aluminum minesstim of equivalents of all metal
cations. The symbols are separated by comma ariédsdwy mole fraction in
descending order.



1 Zusammenfassung

Polycyclische aromatische Kohlenwasserstoffe besitzn Dieselkraftstoff mehrere
unerwiinschte Eigenschaften, dies sind eine ger@egfanzahl, eine starke Neigung
zur RufBbildung, eine ungunstige KalteflieRfahigkend eine hohe spezifische
Kohlendioxidemission. Die EU hat den maximal erlambGehalt an polycyclischen
aromatischen Kohlenwasserstoffen im Dieselkraftstaf 8 Ma.-% reduziert. Deshalb
kénnen in einer Raffinerie Stoffstrome, die eineidn Anteil dieser Verbindungen
enthalten, nur in geringem Umfang dem Dieselkraftsbeigemischt werden. Zur

Umwandlung dieser Komponenten in Kohlenwasserstoiifebesseren Eigenschaften
scheint deren Hydrierung zu polycyclischen Naphgerfpolycyclische Kohlen-

wasserstoffe), gefolgt von einer selektiven Ringaffg ohne Verlust von Kohlen-
stoffatomen der attraktivste Weg zu sein.

Da die Ringoffnung mittels bifunktionellen Hydrockaens nur sehr langsam erfolgt,
wurden vor Kurzem Katalysatoren entwickelt, dieeeigeringe Konzentration an
sauren Zentren besitzen und mit Iridium oder Plagtaden sind (,high-performance
ring-opening catalysts“, HIPEROCs). An den Brgnsi&direzentren findet zunachst
eine Gerustisomerisierung des Naphthens statt, ngegen die Ring6ffnung
vermutlich durch Hydrogenolyse an den Edelmetaligium oder Platin erfolgt.
Trotz der herausragenden Rolle der metallkatalgsiedydrogenolyse an HIPEROCs
ist nur wenig Uber die Reaktionen von polycyclisthi¢aphthenen an nicht sauren
Edelmetallkatalysatoren bekannt.

In der vorliegenden Arbeit wurden zwei Themengebidiehandelt: Welche
Reaktionen und Reaktionspfade werden in der Umsgtzuon polycyclischen
Naphthenen an Edelmetallen, vor allem Iridium utati®, unter Wasserstoffeinfluss
katalysiert? Wie werden an HIPEROCs offenkettigkafse in hohen Ausbeuten
gebildet?

Um ausschlie3lich metallkatalysierte Reaktionenersuchen zu kdénnen, war es
notwendig, einen Katalysatortrager zu finden, dané katalytisch aktiven Brgnsted-
Saurezentren enthalt. Hierzu wurden verschiedenterMben mit Iridium oder Platin
beladen und in der katalytischen Umsetzung von t@®Ocunter Wasserstoff-
atmosphare untersucht. In dieser Testreaktion kobet den Tragermaterialien Silica
(amorphes Siliciumdioxid) und dem mesopordsen Nte[SI|SBA-15 keine
Beteiligung saurer Zentren beobachtet werden. DuFehIR-spektroskopische
Untersuchungen mit Pyridin als Sondenmolekil korgtbenfalls bestatigt werden,
dass auf Silica keine Brgnsted-Saurezentren evastiederen Starke ausreicht, um
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Pyridin zu protonieren. Folglich wurde Silica flleaExperimente zur Untersuchung
der reinen Metallkatalyse als Katalysatortragemsgrdet. Die Beladung mit 0,7 bis
2,7 Ma.-% des jeweiligen Edelmetalls erfolgte durdtarke elektrostatische
Adsorption (,strong electrostatic adsorption“, SEAgines entsprechenden
Metallkomplexkations. Auch [Si]SBA-15 wurde fur ein Reihe von
Vergleichsexperimenten als Tragermaterial eingésétie Ergebnisse waren denen
mit Silica sehr &hnlich.

Im Allgemeinen konnte eine Abnahme der katalytiscidtivitat der Edelmetalle in
der Reihe Ir > Rh > Pt > Pd beobachtet werden. Ralem weniger aktiven Metallen
hohere Reaktionstemperaturen notwendig waren, laapu einer verstarkten Bildung
von Aromaten durch Dehydrierung. Alle vier Metalkatalysierten als schnelle
Reaktion die cis/trans-Isomerisierung von Perhydtan und Decalin, anschlielRend
wurden die Mischungen der Stereoisomere durch @soiserisierung,
Hydrogenolyse und Dehydrierung zu verschiedenendlkten umgesetzt. Die
weiteren Einsatzkohlenwasserstoffe waren n-Decahyl&clohexan, Butylcyclo-
hexan und Methyldecalin.

Vor allem fiur Naphthene, die aus Sechsringen awafigiebind, war Iridium das am
besten geeignete Metall fir die rein hydrogenotyies Ring6ffnung. Bei der
Umsetzung von cis-Decalin an 2.73Ir/Silica wurde édieem Wasserstoffdruck von
8,0 MPa und einer Reaktionstemperatur von 310 & enaximale Ausbeute an
offenkettigen Decanen von 22 % erreicht. An Iriditand keine Geristisomerisierung
statt und es wurden bevorzugt unsubstituierte Ch€iihgen, d. h. primar-sekundare
und sekundar-sekundare Bindungen, gebrochen. Didgstef zu einem hohen
Verzweigungsgrad in den gebildeten offenkettigetkaAen mit gleicher Zahl an
Kohlenstoffatomen wie im Reaktanden. Bei der Umsgagzvon Decalin enthielten die
Crackprodukte sehr gro3e Anteile app Gnd G-Produkten, grol3e Anteile an-Gund
Cs-Produkten sowie sehr kleine Anteile ag Bis G-Produkten. Eine solche Form der
Verteilungskurve, auch als Hangematten-Kurve bémat; scheint typisch fir die
Umsetzung verschiedener bicyclischer Naphthene arht nsauren Iridium-
katalysatoren zu sein.

Aus der Abhangigkeit der Produktselektivitdten vomsatz bei der Umsetzung von
Decalin wurde die folgende Reaktionsfolge abgdlette auch fur die Simulation der
Crackproduktverteilung angenommen wurde: Durch KHgdnolyse einer C-C-
Bindung in Decalin entstehen die drei direkten Rifrqungsprodukte (,direct ring-
opening products®, direct ROPs) Butylcyclohexanvidthyl-2-propylcyclohexan und
1,2-Diethylcyclohexan. In einem weiteren Hydrogemsekchritt wird entweder eine
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C-C-Bindung in einer Alkylseitenkette gespaltenag@yclische Hydrogenolyse) unter
Bildung von Crackprodukten, oder es erfolgt Hydmaggse im Sechsring
(endocyclische Hydrogenolyse), wobei sieben Kamstihsisomere von Decan
gebildet werden koénnen (,direct open-chain decanealifect OCDs). Fiur die
Simulation wurde auferdem angenommen, dass aueh daléct OCDs durch
Hydrogenolyse in Crackprodukte umgesetzt werdene Bute Ubereinstimmung der
simulierten Ergebnisse mit den im Experiment edmadh konnte erreicht werden,
indem die plausible Annahme getroffen wurde, das$ridium unsubstituierte C-C-
Bindungen bevorzugt gespalten wurden.

Platin ist wesentlich weniger hydrogenolyseaktis dtidium. Dieser Trend ist
besonders ausgepragt, wenn die C-C-Bindungen Tm#lseSechsringes sind. Zur
Ring6ffnung von Funfringen, wie beispielweise inrtB@roindan, kann aber auch
Platin ein geeignetes Edelmetall sein. Eine Untdrsng der Reaktionspfade auf nicht
sauren Pt/Silica-Katalysatoren wurde durch die ksagrerungsaktivitat von Platin
stark beeintrachtigt. So wurden bei der Umsetzumg &is-Decalin an Pt/Silica bei
kleinen Umsétzen vor allem die Produkte Butylcyebodn und Spiro[4.5]decan
gebildet. Auch mit anderen Reaktanden, wie z.B.hyEyclohexan oder
Butylcyclohexan, fand bevorzugt eine Spaltung ddrsstuierten C-C-Bindungen in
Sechsringen statt, was zu einer bevorzugten BildwamgButylcyclohexan aus Decalin
fuhrte. Die hohe Selektivitdt der Spiroverbindungank durch eine rein
metallkatalysierte Isomerisierung tUber den ,bonfit'sMechanismus oder Uber eine
1,5-Dehydrocyclisierung von Butylcyclohexan erkirden. An 2.68Pt/Silica wurde
in der Umsetzung von cis-Decalin eine maximale Q&3beute von 2 % erreicht.

Es war nicht mdglich, eine Verteilung der Hydrog&@odukte zu simulieren, die der
im Experiment erhaltenen Zusammensetzung dieseatuRi® in der Umsetzung von
Decalin an Pt/Silica dhnelt. Jedoch konnte einddfnkg fur die Bildung der sehr
groRen Mengen an,@nd G und der groRen Mengen an @hd G durch Umsetzung
des wichtigsten Ringo6ffnungsprodukts Butylcyclohexan einem identischen
Katalysator gefunden werden: Die hohen Reaktionséeaturen, die zur Offnung
eines Ringes in Decalin notwendig sind, begunstajerexocyclische Hydrogenolyse
von Butylcyclohexan unter der Bildung von groRemigien an Methan und Propan.

Bei der Umsetzung an Pt/Silica war Spiro[4.5]decaaktiver als Decalin. Die
Hauptreaktion bei geringen Umséatzen war die Gesoisterisierung zu Decalin.
Vermutlich verlief diese tber den ,bond-shift‘-Meuatismus. Ahnliche Ausbeuten an
Ringoffnungsprodukten wurden bei der Umsetzung deidReaktanden bei
vergleichbaren Reaktionstemperaturen erhalten. désitk gezeigt werden, dass die
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wahrscheinlichste Ursache die Bildung einer ahelicMischung von Geristisomeren
ist, welche durch anschliel3ende Hydrogenolyse Ringigsprodukte bilden. Bei der
Umsetzung von Spiro[4.5]decan an Ir/Silica erfolgiee direkte Ring6ffnung: Nach
einer Offnung des Finfringes erfolgte die Offnungs dSechsringes in den
entsprechenden Ringo6ffnungsprodukten. Iridium dffsevorzugt die unsubstituierten
C-C-Bindungen, was auch mit anderen Reaktandenaobtdt wurde, und erhéalt die
Bindungen zwischen den quaternéren und den bendehla-Atomen.

Pd/Silica erwies sich in erster Linie als Dehydriegskatalysator und war beinahe
inaktiv in der Hydrogenolyse. Bei der Umsetzung vasis-Decalin an
Rhodiumkatalysatoren wurde ein Einfluss der MetatigelgroRe auf die
katalytischen Eigenschaften beobachtet. Kleine Rimopartikel mit einer
Metalldispersion von 0,57 katalysierten beinaheseahige3lich die Hydrogenolyse von
C-C-Bindungen, wohingegen auf gré3eren Metallpahikmit einer Dispersion von
0,17 auch Geristisomere von Decalin gebildet wurBé&odium war weniger aktiv als
Iridium. Es mussten ca. 50 °C hdhere Reaktionstemyieen angewandt werden, um
denselben Umsatz zu erreichen. Dies fuhrte zu raeher Hydrogenolyse und damit
zu einer starken Methanbildung.

Der Einfluss des Wasserstoffdrucks auf die Metélkse wurde in einem
Druckbereich von 1,0 bis 8,0 MPa untersucht. ABilica wurde cis-Decalin und an
Pt/Silica Perhydroindan umgesetzt. An Pt/Silicaggioler Umsatz mit steigendem
Wasserstoffdruck zurtick. Um hohe Ausbeuten an &feigen Nonanen zu erhalten,
waren jedoch Dricke von 4,0 und 8,0 MPa optimal. KAfSilica war die
Katalysatoraktivitat bei der Umsetzung von cis-Diecaei py, = 4,0 MPa maximal.
Die hochste Ausbeute an offenkettigen Decanen wiyedech beipy, = 8,0 MPa
erzielt. In beiden Kombinationen aus Reaktand unakak/sator begrenzte die
Dehydrierung zu Aromaten die Ring6ffnungsaktivi#@n Ir/Silica fuhrt scheinbar der
hohe Wasserstoffdruck vam, = 8,0 MPa zu einer langsameren Hydrogenolyse in de
Alkylseitenketten. Da gleichzeitig die Hydrogenayser endocyclischen C-C-
Bindungen scheinbar nicht beeinflusst wird, restiiteine hohe Ringdffnungsaktivitét.

Es wurden aul3erdem Kkatalytische Experimente mit ilZ&teArrangements

durchgefihrt, in denen zwei unterschiedliche Kaalgren raumlich voneinander
getrennt in den Reaktor eingebracht waren. Im erkegalysatorbett befand sich der
bifunktionelle Isomerisierungskatalysator Pd/Na,H+Yd im zweiten Bett Pt/Silica als
Hydrogenolysekatalysator. Die katalytischen Ergsdmimit den Reaktanden n-Decan
und Butylcyclohexan waren eine Mischung der Ergedmi die mit den einzelnen
Katalysatoren beobachtet wurden. Es konnte keireduRtverteilung beobachtet
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werden, die anzeigt, dass die an dem Zeolithkaettdyggyebildeten Decanisomere an
Pt/Silica anschlieRend durch Hydrogenolyse gespalterden. Dies zeigt, dass fir
solche Untersuchungen eine bessere Anpassung dalys&toraktivitaten notwendig

Ist.

HIPEROCSs sind zeolithische, mit Iridium oder Pldtigladene Katalysatoren, die eine
geringe Konzentration an Brgnsted-Saurezentren easén. Diese wurden in der
katalytischen Umsetzung von n-Decan, Butylcyclolmexad Spiro[4.5]decan getestet.
Es konnte gezeigt werden, dass die Spaltung von-Bm@ungen an diesen
Katalysatoren zum allergro3ten Teil durch Hydrodgs® am Edelmetall erfolgt.
Aulerdem wurden die Ergebnisse der Umsetzung vayl®alohexan an den nicht
sauren Katalysatoren mit denen an HIPEROCs vemgiiclies konnte die folgende
Reaktionsfolge abgeleitet werden: Durch bifunktiendatalyse wird zunachst der
Sechs- zu einem Flnfring isomerisiert. AnschlieRenfidlgt eine schnelle Offnung des
Funfrings durch Hydrogenolyse am Edelmetall. Aditimhaltigen HIPEROCs wird
der Sechsring auch direkt durch Hydrogenolyse gedffDa auch Platin selbst
iIsomerisierungsaktiv ist, konnte an Pt/Silica efitliche Reaktionsfolge beobachtet
werden, jedoch mit einer geringeren Isomerisierakggitat als an zeolithischen
Platinkatalysatoren.

An bifunktionellen Zeolithkatalysatoren mit Palladh als Edelmetall wurden in der
Umsetzung von Butylcyclohexan und Perhydroindan vatlem Gerist-
iIsomerisierungen katalysiert. Ringéffnungsprodukigden nur in geringen Mengen
und bei hohen Temperaturen gebildet. Die Ringoféhulurch Hydrogenolyse an
Palladium kann ausgeschlossen werden, da bei deetdong von Perhydroindan an
Pd/Silica nur sehr geringe Mengen an Ringo6ffnungpkten gebildet wurden. Dies
zeigt, dass eine langsame Ringoffnung auch mitiélenktionellen Hydrocrackens
durchp-Spaltung von Carbokationen moglich ist.

Spiro[4.5]decan ist eines der Hauptprodukte in densetzung von Decalin an
HIPEROCs bei geringen Umsatzen. In der vorliegendegbeit wurde dieses
Zwischenprodukt an HIPEROCs umgesetzt, und es wugdee &hnliche
Produktzusammensetzung wie bei der Umsetzung varalDeerhalten. Dies zeigt,
dass Spiro[4.5]decan hdchstwahrscheinlich ein wgelt Zwischenprodukt in der
Umsetzung von Decalin ist.



2 Summary

In this work, the following two topics were covergd What are the reactions and
reaction paths that are catalyzed by noble meatasnly iridium and platinum, in the
hydroconversion of bicyclic naphthenes and thegpeetive ring-opening products
when Brgnsted acid sites are absent? (ii) How ayle Yields of open-chain alkanes
formed on high-performance ring-opening catalystifEROCSs)?

For studies about pure metal catalysis it was redqupo identify a catalyst support that
does not contain catalytically active Brgnsted agitds. In a test reactioniz. the
hydroconversion of n-octane on iridium- and platmloaded materials, it turned out
that amorphous silica and the mesoporous silicaiffnation [Si]SBA-15 show no
contribution of catalysis on Brgnsted acid siteg.FH-IR spectroscopy with pyridine
as probe molecule it was also demonstrated thd&raosted acid sites of sufficient
strength for the protonation of pyridine are présen silica. Hence, for all
experiments about pure metal catalysis silica ve&sl@as catalyst support, loaded with
ca. 0.7 to 2.7 wt.-% of the respective noble metaktrgng electrostatic adsorption of
metal complex cations. Also [Si]SBA-15 was usedaslyst support for one series of
comparative experiments. The catalytic results veamalar to those obtained on the
silica-supported catalysts.

In general the catalytic activity of the noble niet@decreased in the order Ir > Rh > Pt
> Pd, resulting in an increasing tendency of debgenation to aromatics at the high
reaction temperatures that are required. All metaése active in the cis/trans-
iIsomerization of perhydroindan or decalin whichgeded the other reactiongz
hydrogenolysis, skeletal isomerization and dehyenagion. Other feed hydrocarbons
were n-decane, ethylcyclohexane, butylcyclohexakenaethyldecalin.

Iridium was the best noble metal for purely metatiatyzed ring opening, especially if
naphthenes were converted that consist of two &€ribered rings. For example, in
the hydroconversion of cis-decalin a maximal yiefdopen-chain decanes of 22 %
was obtained on 2.73lr/silica at a reaction tempeeaof 310 °C and a hydrogen
pressure of 8.0 MPa. Iridium was not active in stal isomerization and cleaved
preferentially unsubstituted C-C bondsge. primary-secondary and secondary-
secondary bonds. One result of this regioselegtivdas a high degree of branching in
the open-chain alkanes with the same number oboaalboms as the reactant that are
formed by cleaving one C-C bond in each naphthemg. In the group of
hydrocracked products mainly methane andp€ducts, smaller amounts of ethane
and G products and very small amounts gft€@ G, hydrocarbons were formed in the
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hydroconversion of decalin. Such a distributionnated as hammock-type curve,
seems to be typical also for the hydroconversiorotber bicyclic naphthenes like
perhydroindan and methyldecalin on non-acidic undicatalysts.

This type of distribution curve was simulated bywasing the following reaction
sequence that was also deduced from the dependd#npeoduct selectivities on
conversion: One ring in decalin is opened by hydrmdysis under the formation of
the three direct ring-opening products (direct ROBRgylcyclohexane, 1-methyl-2-
propylcyclohexane and 1,2-diethylcyclohexane. Sgbeetly, hydrogenolysis occurs
either in the alkyl side-chains of direct ROPs @adic hydrogenolysis), resulting in
the formation of hydrocracked products{Cor in the six-membered ring (endocyclic
hydrogenolysis) under the formation of seven ctuisbnal decane isomers (direct
open-chain decanes, direct OCDs). For the simulatias assumed that also direct
OCDs undergo complete hydrogenolysis under the doon of G- products. To
obtain a good agreement between the simulatedrenexperimentally obtained curve
it turned out that the catalytic property of iricitto cleave preferentially unsubstituted
C-C bonds is important.

Platinum was much less active in the hydrogenolgsis-C bonds, especially of those
that are part of a six-membered ring, in comparigoimidium. However, for the ring
opening of five-membered ring®,g. in perhydroindan, also platinum can be an
appropriate type of noble metal. An examinationreaction paths on non-acidic
Pt/silica catalysts was strongly hampered by asisrization activity. For example, in
the conversion of cis-decalin the main productdoat conversion were the ring-
opening product butylcyclohexane and the skeles@lmer spiro[4.5]decane. A
preference of platinum to cleave preferentially ghéstituted C-C bonds in six-
membered rings was observed with several reactamd can explain the
butylcyclohexane formation from decalin. The higtestivity of the spiro compound
can be rationalized by a purely metal-catalyzednixization via the bond-shift
mechanism or via 1,5-dehydrocyclization of butyloyexane. OCD formation was
negligible with a maximal yield of 2 % on 2.68Pits.

It was not possible to calculate a simulated distron curve of the hydrocracked
products for the hydroconversion of cis-decalinRirsilica that correlates well with
the one obtained in the catalytic experiment. Havewan explanation for the
formation of large amounts of,@nd G and high amounts of£and G was found by
comparative experiments with butylcyclohexane whishthe main ring-opening
product of the decalin conversion on this catalyse high reaction temperatures that
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are required to open the six-membered ring in dedalor exocyclic hydrogenolysis
in butylcyclohexane under the formation of mainlgthmne and propane.

Spiro[4.5]decane was more reactive on Pt/silicedmparison with decalin but at low
conversions mainly decalin was formed by skeletairierization, presumabiya the
bond-shift mechanism. Similar yields of ring-opaniproducts were obtained at
comparable reaction temperatures in the converdiagecalin and spiro[4.5]decane. It
was concluded that, with both reactants, at firsin@lar mixture of skeletal isomers is
generated which undergoes a consecutive hydrogasolynder the formation of
ROPs. On Ir/silica a direct ring-opening mechanmeourred: The first reaction is a
hydrogenolytic ring opening of the five-membereagrifollowed by hydrogenolysis
of the six-membered ring in the respective ringropg products. Iridium cleaves with
a strong preference the bisecondary C-C bonds anskcves the bonds between the
guaternary and the neighbored carbon atoms.

Palladium was mainly active in dehydrogenation aofdvery low activity in
hydrogenolysis. A particle size effect was obsemwath rhodium. On small rhodium
particles with a metal dispersion of 0.57 only logknolysis occurred in the
hydroconversion of decalin whereas on larger dadigvith a dispersion of 0.17 also
skeletal isomers were formed. Rhodium was lessadttian iridium,ca. 50 °C higher
reaction temperatures had to be applied to obtamlas conversions, resulting in
multiple hydrogenolysis under the formation of tefaly large amounts of methane.

The influence of hydrogen pressure on metal caglss studied in the range of
pH, = 1.0 to 8.0 MPa. In the reaction of perhydroindam Pt/silica the conversion
decreased monotonously with increasing hydrogesspre. For obtaining high yields
of open-chain nonanes, however, hydrogen pressofe4.0 and 8.0 MPa were
optimal. On Ir/silica in the conversion of cis-diecdhe catalyst activity was maximal
at py,=4.0 MPa but the highest yield of open-chain desawas reached at
Py, = 8.0 MPa. In both combinations of catalyst andctant, at low hydrogen
pressures up to 2.0 MPa dehydrogenation to arorhgticocarbons limited the ring-
opening performance. On lIr/silica it seemed thathighest pressure pf;, = 8.0 MPa
led to a reduced extent of hydrogenolysis in atityhins whereas the hydrogenolysis
of endocyclic C-C bonds seemed to be not affegesllting in a good ring-opening
performance.

Catalytic experiments with a two-bed arrangememdeomprised of a bifunctional
iIsomerization catalyst Pd/Na,H-Y in the first beddaPt/silica as hydrogenolysis
catalyst in the second bed were conducted. In tlkEoconversion of n-decane and
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butylcyclohexane an intermediate catalytic behagampared to the experiments with
the single catalysts was observed. The expectegdolysis of skeletal isomers on
platinum, which were formed on the zeolite catalyghs not observed. Hence, for
such studies a better adjustment of the catalystitaes is required.

High-performance ring-opening catalysts (HIPEROGs® zeolitic, iridium- or
platinum-containing catalysts with a small concatidn of Brgnsted acid sites. They
were tested in the hydroconversion of n-decane,yldydlohexane and
spiro[4.5]decane. By a detailed examination of pheduct distribution it turned out
that on these zeolitic iridium- or platinum-coniam catalysts with a small
concentration of Brgnsted acid sites C-C bond @gawvoccurs virtually only on the
noble metalvia hydrogenolysis. By comparing the results of butglochexane
conversion on the non-acidic catalysts with thoeeHDPEROCSs evidence for the
following reaction sequence on HIPEROCs was obthiNea bifunctional catalysis
the six-membered ring is isomerized into a five-rherad ring. Subsequently, a fast
opening of the five-membered ring occurs by hydnaigsis on the noble metal. On
iridium-containing HIPEROCs the six-membered rirgy in addition also opened
directly by hydrogenolysis. On Pt/silica a simila@action sequence was observed
since skeletal isomerization occurs also on platiray metal catalysis. However, on
this non-acidic support the isomerization activgynuch lower compared to catalysts
that contain Brgnsted acid sites.

Bifunctional zeolite catalysts with palladium asbteo metal component were mainly
iIsomerization active in the hydroconversion of bepglohexane and perhydroindan.
Small amounts of ring-opening products were forrnadthese catalysts at relatively
high reaction temperatures. This demonstratesrih@topening is, to a small extent,
also possible by bifunctional hydrocrackinga B-scission of carbocations. Ring
opening by hydrogenolysis can be ruled out sincetha hydroconversion of
perhydroindan on Pd/silica almost no ring openioguored.

Spiro[4.5]decane is an important product in the rbgdnversion of decalin on
HIPEROCs at low conversions. Therefore, spiro[4bfthe was also converted on
these catalysts and a similar product mixture wasaioed as in the decalin
conversion. This indicates that spiro[4.5]decanaillccoindeed be an important
intermediate on these catalysts.
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An increasing production rate of liquid fuels framconventional resources of fossil
fuel, e.g. from oil sands or extra-heavy crude olils, is expador the next decades [1].
Due to the lowny /nc ratio of the contained compounds an increasedidraof
polycyclic aromatics is found in different refinesyreams. In diesel fuel, polycyclic
aromatics have several undesired properties. Thesdow cetane numbers, high
propensity for soot formation, unfavorable coldwlgroperties and a high specific
carbon dioxide emission. This led the EU legiskativ reduce the maximum allowed
content of polycyclic aromatics to 8 wt.-% [2] aaden a further reduction is under
discussion. It seems, the most attractive routeterupgrading of refinery streams
which contain such compounds is their hydrogenatioomolycyclic naphthenes, which
Is a state-of-the-art technology, and further tkeiective ring opening under retention
of the number of carbon atoms [3].

For a long time the hydrogenolysis of carbon-carbonds in hydrocarbons was an
undesired side reaction in the hydroconversionefihery streams. In hydrocrackers
the cleavage of C-C bonds is realized by bifunaidrydrocrackinginter alia, since
this type of reaction does not require very higmgeratures and only very small
amounts of the low-value products methane and ethaas formed. However, for the
ring opening of naphthenes typical bifunctional abais turned out to be
inappropriate. The reason is an unfavorable orlonalrlap in the cyclic carbocation,
resulting in a slows-scission of such C-C bonds which are part of ahtiemic ring

3].

If the ring is opened on a noble metal by hydrodgsi®e and not by bifunctional
catalysisvia carbocations, the limitation that was mentionedvabdoes not apply.
However, hydrogenated polycyclic aromaticse. polycyclic naphthenes, are
composed mainly of six-membered rings. For the opeof those by hydrogenolysis
relatively high reaction temperatures are requirgkdereas the five-membered ones
are readily opened by hydrogenolysis on noble mdilé iridium or platinum [4].
Hence, an isomerization function is required fa¥ transformation of six-membered
rings into five-membered rings. Recently it was destrated with decalin as model
hydrocarbon that the combination of a mild isomaran function and a noble metal
that is active in hydrogenolysis on the same catatan result in high-performance
ring-opening catalysts (HIPEROCS) [5].

Due to the supposed important role of hydrogenslysithe ring opening reaction a
better knowledge of purely metal-catalyzed reastioh naphthenes on non-acidic
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noble metal catalysts is required. A literaturedgtuevealed that very little is known
about the hydrogenolytic mechanisms and producttriligions in the

hydroconversion of polycyclic naphthenes. Most Esichbout hydrogenolysis deal
with monocyclic naphthenes with no more than egfdrbon atoms. However, for an
understanding of the hydrogenolytic reaction pathsydrocarbons in the boiling
point range of diesel fuel, naphthenes with attlaase carbon atoms have to be used.

In this work mainly naphthenic hydrocarbons with tapeleven carbon atoms were
studied in the hydroconversion on non-acidic sufgebrnoble metal catalysts.
Moreover, a very important question to be answeasedoes the ring opening on
HIPEROCs occur on the noble metal by hydrogenolysis by bifunctional
hydrocracking? Hence, also HIPEROCs were testedhe hydroconversion of
important intermediate products that are obsermethe ring opening of decalinjz
n-decane, butylcyclohexane and spiro[4.5]decanes@studies allowed an insight in
the reaction networks on such catalysts.
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4 Literature Review

4.1 Preparation of Noble-Metal-Containing Catalysts

4.1.1  Monofunctional Metal Catalysts

In order to prepare a well-dispersed metal phasatayst support with a high specific
surface area is required. Moreover, for studiesuiapare metal catalysis it is essential
to prepare catalysts which contain no catalyticattjive Brgnsted acid sites. Hence,
aluminum-containing zeolites are inappropriatetfos purpose due to the formation
of Brgnsted acid sites during reduction of the eeabktal-loaded zeolite with
hydrogen (see Egs. (4.2) and (4.3), page 14).

Widely used non-zeolitic support materials are ith@ganic oxidesy-alumina and
amorphous silica which are utilized for the catalytydroconversion of hydrocarbons
after loading with noble metals. For the presemdgta chlorine-free type gfalumina
has to be chosen, whereas in the refinery prodesatalytic reforming;y-alumina is
typically made acidic by incorporation of chlorifs. Also metal-loaded titania and
carbon black are frequently used as catalysts. Mekyeon titania so-called strong
metal-support interactions can alter the catalgtizperties of the metal strongly [7],
e.g. titania can migrate onto the metal clusters awoglktatalytically active sites. On
carbon black the surface chemistry is rather compled depends strongly on the
preparation methods and pretreatment conditions [8]

Commercially available amorphous silica is a highlyrous material with specific
surface areas of up to 38G-m’ [9]. Other modifications of highly porous silicon
dioxide are ordered mesoporous materials like S5 [10] or [SIIMCM-41 [11]
with specific surface areas around 1000gnh

Besides the incorporation of a metal during thettssis of the support, several
methods for the loading of a support material vdatimetal component are known.
Most convenient is the impregnation with a solutioh a metal salt. There are
principally two different types of impregnation [12During capillary or incipient
wetness impregnation the dry support is contactéld tvat volume of a solution of a
metal salt that equals the volume of the porewiénsupport. Afterwards the material
looks dry. A high pressure that can build up ingltke pore space when the solution is
adsorbed can result in a destruction of the porstesy. Diffusional or wet
impregnation is conducted, for example, when théahsalt is of low solubility. In
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this method, the support, in which the pores dledfiwith the solvent, usually water,
Is contacted with a solution of a metal salt. Obegiy, the latter method requires more
time depending on the diffusion properties. Aftayinly of the loaded catalyst
precursors, they are usually oxidized with air piio the reduction with hydrogen.
However, disadvantages of impregnation can beherdw metal dispersion [13].

For reaching high metal dispersions, ion exchanigje nvetal salts on materials which
possess surface charges is the preferred methath. f8aterials can be natural ion
exchangers like aluminum-containing zeolites (setiBn 4.1.2). Alternatively,
surface charges can be generated by acid-baséreauatith the hydroxyl groups on
amphoteric oxides [12]. In the following the lateethod is described which is often
referred to as strong electrostatic adsorption (SEA

When a material is covered with water, that pH ga#tt which most of the surface

hydroxyl groups are uncharged is defined as pdizeoo charge (PZC). In Figure 4.1

the protonation and deprotonation of surface hygrgroups at pH < PZC and pH >

PZC, respectively, is illustrated. A positive sedacharge leads to a favored
adsorption of an anionic metal complex like [Ri€land a negative charge favors the
adsorption of a cationic metal complex like [Pt@)AF".

pH < PZC —OH,"  Favored adsorption of  [PtClg]*
fo

pH = PZC —OH
B

pH > PZC —O Favored adsorption of  [Pt(NH3),]?*

Figure 4.1: Strong electrostatic adsorption of iplah complexes on hydroxyl
groups in dependence on the pH and point of zeaogeh(PZC). After
Ref. [14].

In several publications [13-15] it was demonstraiieat the SEA of complexes like
[PA(NHy)4]Cl, or [Pt(NH)4Cl, on amorphous silica and mesoporous [Si]SBA-15
results in the formation of highly dispersed madatticles. At first, the material is
suspended in water, and the addition of an ammothiydgnoxide solution until pH:

10 deprotonates most of the surface silanol grodps,to a PZG 4. When the pH of
the suspension remains constant, an aqueous sobftid’t(NH)4]Cl, is added. Due
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to a strong Coulomb interaction, the complex islvaglsorbed on the deprotonated
silanol groups and remains adsorbed even afteatfdn and washing with water.
Moreover, with [Pt(NH)4CIl, on amorphous silica it was demonstrated that an
oxidative treatment of the dried catalyst precuoi00 to 150 °C prior to reduction
is crucial for a good dispersion value of 1.00 [18t these temperatures platinum
remains in an oxidation state of +2, while highridation temperatures generaté*Pt
species which are believed to be responsible afdlmation of larger metal particles
after reduction.

4.1.2  Bifunctional Zeolite Catalysts

There are essentially two possibilities for the pamation of bifunctional zeolitic
catalysts, i.e. catalysts that contain a noble metal and Brgnsed sites as
catalytically active components [16]. One methothesloading of a metal on a zeolite
that contains Brgnsted acid sites already. The ocwsimon method for the generation
of Brgnsted acid sites in a zeolite is the ion exge with an ammonium salt and
subsequent calcination. At temperatures of 300Q0 °€ all ammonium ions are
decomposed into ammonia and protons in the zeatée Eq. (4.1). Zis the
negatively charged zeolite framework in the vigirof framework aluminum atoms.

NH; + Na'Z" O [l - NH,Z" O 8°0fF - H*Z™ + NH, (4.1)
The second method is the formation of Brgnsted sites during the reduction of a

zeolite that was ion-exchanged with a metal compégion and calcined:

[PA(NH,),]* + 2Na'Z” O - [Pd(NH,) 1> (27), OIS P (2),  (4.2)

P& (Z7), Ot - PP (H"),(Z), (4.3)

Also a sequential ion exchange with ammonium anthhe®mplex ions followed by
one calcination step and one reduction step altbeegormation of bifunctional zeolite
catalysts.
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4.2 Catalytic Reactions of Saturated Hydrocarbons in tle Presence of
Hydrogen

4.2.1 Reactions on Monofunctional Noble Metal Catalysts

As introduced in Section 4.1.1, monofunctional eolyletal catalysts possess a metal
function only. Most important is the absence of rixted acid sites, otherwise an
examination of metal-catalyzed reaction mechanisiisnot possible due to
simultaneously occurring bifunctional reaction meamlsms, see Section 4.2.2. In
hydrocarbon chemistry, the knowledge about catalgsi metal clusters is much less
developed than the relatively well-understood cealion chemistry on catalysts with
Brgnsted acid sites [17].

A simplified reaction network of the most importaetactions that can occur in the
hydroconversion of n-hexane on noble metal catligsshown in Figure 4.2 [18]. In
the following Sections these different types of ahentalyzed reactions will be
described.

+H2 'H2
-

)“{“g ol
l LA
\W

Figure 4.2: Simplified reaction network of the pbts reactions of n-hexane on
noble metal catalysts.s€ hydrocarbons with five or less carbon atoms.
From Ref. [18].

Cs-

4.2.1.1 Dehydrocyclization and Dehydrogenation

When a hydrocarbon undergoes dehydrocyclizatiarycéic structure or substructure
of the carbon chain is formed under co-productioh hydrogen. Generally,
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dehydrocyclization and dehydrogenation of a hyddoga are endothermic reactions
[19] and, consequently, their formation is factlte by high temperatures. In the
dehydrocyclization of hydrocarbons, olefinic stwes are thought to be
intermediates. As shown in Figure 4.2, the formmatad methylcyclopentane from
n-hexanee.g., is possibly preceded by an intermediate formatibf-hexene [18].

Both, dehydrocyclization and aromatization occuram important refinery process,
I.e., catalytic reforming. Due to Le Chatelier's prplei the process is conducted at
relatively low hydrogen pressures of 0.3 to 3.5 Ni®a20]. Since platinum is the best
metal for these types of reactions, a platinumaaoig catalyst supported on
chlorinated alumina is typically used for this pzes [6].

Despite the extensive research in this field, #gection path for the formation of an
aromatic molecule like benzene from n-hexane orawdic platinum catalysts is still
not sufficiently understood. As shown in Figure ,di2ermediates in the benzene
formation could be mono- and diolefins [18]. Othmuthors assume that at first
cyclohexane is formed by dehydrocyclization, folemv by dehydrogenation to
benzene [21]. Cyclohexane, in turn, can be formexnfhexane by direct 1,6-
dehydrocyclization and also by 1,5-dehydrocycl@matto methylcyclopentane and
subsequent isomerization to cyclohexane [22]. Déipgnon the reactant and reaction
conditions, the relative contributions of the diffiet reaction paths can vary. When the
extent of aromatization is lowered by applying adimgen pressure of at least
0.5 MPa, also direct 1,6-dehydrocyclization of mape, mainly to 1,2-dimethyl-
cyclohexane can occur [23].

4.2.1.2 Skeletal Isomerization of Hydrocarbons

For the metal-catalyzed skeletal isomerization leh@es two mechanisms are well-
established: (i) the bond-shift mechanisia cyclopropanoid species [24, 25] and (i)
the cyclic mechanismia substituted cyclopentanes [22, 26].
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Figure 4.3. Skeletal isomerization of 2-methylbtaﬁﬁal3c according to the bond-
shift mechanisnvia cyclopropanoid species. After Ref. [27, 28].

In the hydroconversion of 2-methylbutané32- on a Pt-alumina catalyst hints for
the bond-shift mechanism were found [27]. Most ljké proceedsvia adsorbed
cyclopropanoid species as shown in in Figure 4i8ckvare re-opened at a C-C bond
in the three-membered ring other than the new onmadd. An alternative description
of the bond-shift mechanism proceefis metallacyclobutane species [22] (see Figure
4.4). There, the cleavage of a metal-carbon andamoa-carbon bond in the
metallacyclobutane substructure leads to a methkeog@ complex with a-adsorbed
allylic species. A rotation of ther-adsorbed allylic intermediate, followed by
reformation of a metallacyclobutane species andsemient desorption under
hydrogenation of the metal-carbon bonds furnishesethylbutane-3°C as skeletal

isomer.
<l>/ T \M/Q
- JY "2H )v

Figure 4.4: Skeletal isomerization of 2-methylbet@>C via the bond-shift
mechanism and metallacyclobutane species. From Z&f.

In the cyclic mechanism [26, 29] the first stejai$,5-dehydrocyclization of the alkane
to substituted cyclopentanes. Subsequently, the-rfiembered ring is opened at a
position other than the new one formed, furnishengkeletal isomer of the original

alkane.
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Figure 4.5: Isomerization of n-octawea the cyclic mechanism on 2.0Pt/alumina.
After Ref. [23].

For example, in the hydroconversion of n-octane arOPt/alumina [23],
propylcyclopentane and 1-ethyl-2-methylcyclopentaeze the major £naphthenes
formed, see Figure 4.5. All open-chain octanes thatbe formed by the cleavage of
C-C bonds in the five-membered rings occurred {Sgare 4.5). An increase of the
hydrogen pressure from 0.5 to 2.0 MPa leads tovaréal formation of skeletal
iIsomers that can be formed by the bond-shift meashamnly (2-methylheptane and
3-methylheptane). Although 1,6-dehydrocyclizatianginly to 1,2-dimethylcyclo-
hexane occurred, the products indicative of a gpgning of the six-membered ring
were absent. This finding can easily be explaingdhe slow ring opening of six-
membered rings on platinum (see Section 4.2.1.4).tHe isomerization of
2-methylpentane on Rtalumina, it was found that a low metal disperdigads to a
higher contribution of the cyclic mechanism wheraas high metal dispersion the
bond-shift mechanism is favored [29].

4.2.1.3 Hydrogenolysis of Alkanes

From the product distribution of alkane hydroges@yon noble metals different
mechanisms have been suggested. On platinum datétgscleavage of C-C bonds in
an o,pB-position related to a tertiary carbon atom is fado[22]. To account for this
catalytic behavior, the Anderson-Avery mechanisn®],[3shown in Figure 4.6
exemplarily for 2-methylpentane, was proposediiiss reaction step is the adsorption
of the hydrocarbon on two metal atoms under foromatif a 1,1,3-triadsorbed species.
Subsequently, in this species the C-C bond betw@eland G is cleaved and a
n-adsorbed olefinic species and a carbyne specedoamed. Hydrogenation and
desorption of the hydrocarbons results in the fdiloneof two hydrocarbons.
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Figure 4.6: Hydrogenolysis of 2-methylpentane adicwy to the Anderson-Avery
mechanism. After Ref. [22].

On iridium, hydrogenolysis of alkanes occurs mainggween primary-secondary and
secondary-secondary C-C bonds. Gault [22] intesptbis regioselectivity with a
mechanism involving a 1,2-dicarbene species, sger&i4.7. A cleavage of the C-C
bond between both adsorbed carbon atoms yieldsgdanwy/ne species which form two
alkanes after hydrogenation and desorption.

Ry R, Ry R2 R—
R/\/R2 —>+§|T — = || + || —>+§;2 +
1 - 2 -
M M M M Ro—

Figure 4.7. Hydrogenolysis of an alkanga a 1,2-dicarbene species.;, RR:
hydrogen or hydrocarbon substituents. After Re?].[2

A quantitative distribution of the hydrocracked guots obtained in the

hydroconversion of n-heptane on unsupported meitillysts is presented in Figure
4.8. Two types of curve shapes can be found: (i) gaHadium and rhodium

hydrogenolysis occurs with a high regioselectivatly the primary-secondary C-C
bonds, generating mainly methane andh@rocarbons. (ii) On iridium, platinum and
ruthenium cleavage of C-C bonds occurs with a raglgeal probability for all bonds,

as indicated by the almost horizontal curve shijmevever, as the metal particle size
can have a strong influence on the reaction meshemithese results with very big
metal particles can only be compared to a limitgter® with results obtained on
supported metal catalysts with a high metal dispers
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Figure 4.8: Distribution of the hydrocracked progucin the catalytic
hydroconversion of n-heptane on unsupported metdicpes. Data from
Ref. [31].

On hydrogenolysis catalysts like 0.3P&lumina, the hydrogen pressure at which a
maximal hydrogenolysis reaction rate of n-alkaseshiserved depends strongly on the
chain length of the hydrocarbon. An increase of ¢hain length from ethane to
propane to n-butane shifts the maximal rate todndpydrogen pressures frara. 0.02

to ca. 0.05 toca. 0.1 MPa [32] as shown in Figure 4.9. Garin andilGR7] found a
negative reaction order with respect to hydrogethehydrogenolysis of n- and iso-
pentane on Pt/alumina at hydrogen pressures ym.te 0.16 MPa. A decreasing
conversion with increasing hydrogen pressure frolt0 2.0 MPa was observed in
the hydroconversion of n-octane on 2.0Pt/alumir8.[Zhese results suggest that the
maximum of the reaction rate with n-octane as wsgdctcould be located at
P, < 2.0 MPa. However, the higher number of carbon atoxm-octane allows more
different types of reactione.g. dehydrocyclization and aromatization, to occur
simultaneously. Since the selectivity or yield ofdiogenolysis products at the
different pressures were not given, the influenéghe hydrogen pressure on the
hydrogenolysis cannot be estimated. No reports aeailable concerning the
hydrogenolysis of hydrocarbons with more than eightbon atoms at varying
hydrogen pressures on non-acidic noble metal dtaly



-21 -

7
2

Q

\\
7 S L R R
Wi, » V)
77 TN
2\ A

o
Y AA\ye
/2NN
Y AR SR
Y/ AR
S Y
G T
/A
e
AN et

Figure 4.9: Influence of the partial pressures bé trespective alkane and of
hydrogen on the reaction rates in the hydrogemnslgsi(a) ethane, (b)
propane and (c) n-butane on 0.3Rtlumina. After Ref. [32].

4.2.1.4 Hydrogenolysis of Naphthenes

In today’s literature the nomenclature proposedViayre et al. [33] concerning the
various hydrogenolysis mechanisms for the hydrodemation of naphthenes is
mostly adopted. There are three basic mechanismmétal-catalyzed ring opening
which have been discussed in detail by Gault [22]the so-called non-selective
mechanism, the likelihood of all endocyclic carlmarbon bonds for cleavage is
considered to be equal. By contrast, the saliegiufe of the selective mechanism is
that bonds between two secondary carbon atomsrakerp exclusively. Finally, the
partially selective mechanism envisages a ruptéirendocyclic carbon-carbon bonds
substituted by at least one methyl group.
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Figure 4.10: Selective hydrogenolysis of methylopeintane on iridium or platinum
of low dispersiorvia the dicarbene mechanism. After Ref. [22].

When converting methylcyclopentane on non-aciditalgats with iridium, nickel,
rhodium or ruthenium as metal, the ring is openeth va high selectivity at
bisecondary positions [4]. The high regioselecyivir the cleavage of bisecondary C-
C bonds is explained by the intermediate formatibdicarbenes. As shown in Figure
4.10 for methylcyclopentane as reactant, the memdlycts are 2-methylpentane and
3-methylpentane. Also platinum of low dispersiotatges a selective ring opening of
methylcyclopentane [33].

In contrast, when platinum is highly dispersed,om-selective ring opening occurs

[33]. Intermediates in the non-selective or mudtplmechanism are probably

unsaturated species that ameadsorbed on the metal. In the conversion of
methylcyclopentane, dehydrogenation can occur gryeendocyclic C-C bond (see

Figure 4.11). For the ring opening of such an duswrolefin to the corresponding

open-chain alkane no generally accepted mecharsjz is available in the present

literature.
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Figure 4.11: Non-selective hydrogenolysis of methiglopentane on highly dispersed
platinumvia the multiplet mechanism. After Ref. [22].

At increased reaction temperatures, Mairal. [33] found a relatively high selectivity
of n-hexane in the hydroconversion of methylcycldpee on non-acidic
10Pth-alumina with a low metal dispersion. The authoxpla@ned this specific
behavior with the occurrence of a third mechanisialled partially selective
mechanism. Ring openinga the partially selective mechanism occurs most giobpb
via metallacyclobutane intermediates, as shown inrEigul2 for the ring opening of
methylcyclopentane. Accordingly, this intermediaie re-opened to a species
containing a carbenoid andmaadsorbed olefinic entity, and further to a diatéfi
intermediate that forms n-hexane after hydrogenadind desorption.

“H, [ “|A/| |\M/| M

Figure 4.12: Partially selective hydrogenolysisnoéthylcyclopentane on iridium or
low dispersed platinumia metallacyclobutane. After Ref. [22].

On non-acidic rhodium catalysts at high metal disjpas [34-36] or high reaction
temperatures [37] also n-hexane was detected asopening product in the
hydroconversion of methylcyclopentane. Hence, urtdese conditions also the non-
selective or partially selective mechanism can rdoute on rhodium.

Five-membered rings are easy to open on non-acidide metal catalysts without
forming hydrocarbons with a smaller number of carladoms. Also six-membered
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rings can be opened on this type of catalyst bwetoyields and high amounts of by-
products were observed. The faster cleavage of lioi@ls that are part of a five-
membered ring is usually interpreted in terms bfgher ring strain in five-membered
compared to six-membered rings [4, 38] In seveudllipations it was demonstrated
that iridium is the most active and selective mévalthe ring opening of naphthenes
on non-acidic supports [4, 39].

In the hydroconversion of methylcyclohexane (segufé 4.13) on non-acidic noble
metal catalysts, three products of a direct ringnopg can be obtained. In Table 4.1
the product distributions on iridium-, nickel-, f@alium- or platinum-containing
catalysts are shown [4]. There, the experimentsililte are opposed to the product
distributions that are expected theoretically byplgpg the three different
hydrogenolysis mechanisms for the ring opening aghthenes. On platinum neither
one mechanism nor a linear combination of the thmesehanisms can explain the
product distribution with a preference for the gitbsed bond a and the bisecondary
bond b without cleaving bond c. Both, the iridiundahe nickel catalyst open the ring
essentially according to the selective mechanismlewln ruthenium several
mechanisms occur simultaneously.

a: n-Heptane
a +H,
b M] b: 2-Methylhexane
c c¢: 3-Methylhexane

Figure 4.13: Methylcyclohexane and products of @bgenolytic ring opening.
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Table 4.1:  Ring-opening products in the hydrogesislpf methylcyclohexane [4].

Distribution of ring-opening products in the expeents

Catalyst a: n-Heptane b: 2-Methylhexane c: 3-Métbyane
0.6Pt/silica 65 35 traces
15Nify-alumina 4 48 48
0.9Ir-alumina 5 37 58
1.5Ru/silica 13 38 49
Mechanism Theoretical product distribution
Non-selective 33 33 33
Selective 0 50 50
Partially selective 100 0 0

Publications about the ring opening of multi-rirgphthenes on monofunctional metal
catalysts are scarce. McVicket al. [4] tested three bicyclic naphthenes in the
hydroconversion on a 0.9fralumina catalyst, see Table 4.2. In bicyclo[3.Gcfdne,
the ring opening of both five-membered rings torephain alkanes was relatively
fast. When a bicyclic naphthene composed of a inegnbered and a six-membered
ring, i.e. perhydroindan (or bicyclo[4.3.0]nonane), was coted higher reaction
temperatures were applied but a lower conversios rgached. Moreover, the five-
membered ring was opened relatively fast but ordges of open-chain alkanes were
detected, indicating that the six-membered ringlwaly be opened. In decalin which
is composed of two six-membered rings the converaias very low, the endocyclic
hydrogenolysis of one naphthenic ring was very skowl open-chain alkanes were
found only in traces at the reaction conditionsegiv
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Table 4.2:  Hydrogenolysis of bicyclic naphthenedirk-alumina [4].

Yield / %
Temperature Conversion  One-ring Open-chain
Reactant /°C | % naphthenes alkanes
Bicyclo[3.3.0]octane
225 81 60 21
Perhydroindan
Oi> 275 68 56 traces
Decalin

OO 275 4 4 traces

In another work [40] indan was converted on 1.09608Pt/ceria at a total pressure of
4.0 MPa. Prior to endocyclic C-C bond cleavage detep hydrogenation to
perhydroindan occurred. In spite of the high irdicontent only mono-alkylated
cyclohexanes like propylcyclohexane were formedr@ag dialkylated cyclohexanes
were absent in the product mixture. No interpretatof this regioselectivity that
cannot be explained by the selective ring-openieghanism on iridium was given by
the authors. A maximal yield of ring-opening protfuof 47 % was reported at
T, = 325 °C which included, however, significant amisunf cracking products of
n-tetradecane since a mixture of indan and n-tet@oke was used as feed.

For iridium catalysts it is also characteristic tth@ith an increasing number of
substituents and when converting a six-memberegadsof a five-membered ring,
higher reaction temperatures have to be appliedeMer, at least two ring-opening
mechanisms occur simultaneously [4, 41-43].dDal. [43] explained the variance of
the different modes of ring opening by comparingirtfactivation energies. Since a
reaction uses the path of minimal activation enetigg should be the selective
mechanism. However, in the case that this low-gngygth is blocked, another
mechanism with higher activation energy is followe@. the partially selective
mechanisnvia a metallacyclobutane intermediate.

Exemplarily, the distribution of the ring-openingpducts obtained on 0.9kfalumina

in the hydroconversion of 1,2,4-trimethylcyclohe&as shown in Figure 4.14 [4]. Due
to the limited separation of the products in thpil@y gas chromatograph, it was not
possible to differentiate between the formation 205- and 3,5-dimethylheptane.
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Surprisingly, no selective hydrogenolysis of theeiondary bond e occurred as
expected by the selective mechanism. Moreoverjwioesecondary-tertiary bonds ¢
and d are not cleaved, whereas a cleavage of theséaondary-tertiary bonds b or f
occurred. Even a cleavage of the highly substituttiary-tertiary bond a was
observed. Two reasons could account for this retgesivity: (i) A preference for
cleaving bonds that can be adsorbed easily dudetica reasons, since several
diastereomers of 1,2,4-trimethylcyclohexane aresiptes Such an influence of the
stereochemical configuration on the reactivity waand with the cis- and trans-
isomers of 1,2- and 1,3-dimethylcyclohexane on acidic iridium catalysts [43]. (ii)
The formation of a metallacyclopentane intermedeateld explain the cleavage of the
highly substituted bond a. Such an intermediate aggsimed to be responsible for the
cleavage of the quaternary-quaternary C-C bond,2i33B-tetramethylbutane under
the formation of iso-butane on a ruthenium catdi4i.

Distribution of ring-
opening products / %

Selective

Observed )
mechanism

19 0

A . ’

37 100

Figure 4.14: Endocyclic  hydrogenolysis of 1,2 4nthylcyclohexane on
0.9Ir-alumina. After Ref. [4].

With an increasing length of the alkyl side-chama naphthene, the selectivity of
products that are formed by exocyclic hydrogenslyscreases [4]. For example, in
the hydroconversion of methylcyclohexane compared butylcyclohexane on
0.9Iry-alumina atT, = 275 °C the selectivity of ring-opening produdteps from 87
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to 35 % while the selectivity of products with lesarbon atoms than the reactant
increases.

Only one study about the influence of the hydrogesssure on the ring opening of
cyclic hydrocarbons with a ring size larger thanrfmembered rings on non-acidic
metal catalysts was found. There, cyclohexane anethyltyclohexane are
hydroconverted on 0.54alumina atpy, = 0.1 to 1.7 MPa [45]. In the cyclohexane
hydroconversion at, = 280 °C and conversions below 10 % a maximal o&the n-
hexane formation is observedm} = 0.3 MPa for catalysts with metal dispersions of
0.30 and 0.46. In the methylcyclohexane convereii®.54Irf-alumina with a metal
dispersion of 0.30 the rate of ring opening to heptisomers is not influenced by the
hydrogen pressure. However, the rate of demetlylate. of cyclohexane formation,
decreases strongly with increasing hydrogen presgbn a similar catalyst with an
iridium dispersion of 0.58 both reaction rates dase with increasing hydrogen
pressure.

One approach to reach higher selectivities of opgning products in the
hydroconversion of naphthenes with a six-membeirgglis the combination of (i) an
Isomerization catalyst for the ring contraction ftee-membered rings and (ii) a
hydrogenolysis catalyst for the hydrogenolytic ringening. More details will be
given in Section 4.2.3.

As conclusion, studies that examine purely mettdlgaed hydrogenolytic ring-
opening mechanisms of bicyclic naphthenes are ngckAlso the influence of the
hydrogen pressure on the hydrogenolysis of sudattaets is unknown.

4.2.2 Reactions on Bifunctional Catalysts

On bifunctional catalysts the two following catatyfunctions co-exist: (i) A noble
metal as dehydrogenation/hydrogenation componenttife formation of olefinic

intermediates and the hydrogenation of unsaturpteducts, and (ii) Brgnsted acid
sites for the formation of carbocations by prot@mraof olefinic intermediates [46].

4.2.2.1 Skeletal Isomerization of Hydrocarbons

Skeletal isomerizations of hydrocarbons can bestfled into two types. In skeletal
isomerizations of type A, the number of branchimgsiains constant, just their
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position changes. In the catalytic cycle, the mogiortant steps are intramolecular
alkyl and hydride shifts in the corresponding carbm ions [46].

An increase or decrease of the number of branctongsrs in skeletal isomerizations
of type B. In Figure 4.15 the catalytic cycle foch an isomerization of an n-alkane to
a mono-branched iso-alkane is depicted. As widetgpted, in the first step the noble
metal catalyzes the dehydrogenation of the n-alkenan n-alkene, followed by
protonation on the Brgnsted acid site of the zeolBubsequently, the resulting
secondary n-alkyl carbenium ion undergoes a regemment via protonated
cyclopropane (PCP) intermediates [47]. In a bimal@cstep, the formed tertiary iso-
alkyl carbenium ion undergoes an intermolecularigdtransfer with a new n-alkane
molecule. This results in the formation of a momarched iso-alkane and a secondary
n-alkyl carbenium ion, which closes the catalyticle.

Rearrangement of carbenium ion via
protonated cyclopropane (PCP) intermediates

n-Alkane /\

M] +H, Tl_ H, @ Secondary n-alkyl o Tertiary iso-alkyl
+H carbenium ion Z0 carbenium ion

n-Alkene

Intermolecular
hydride transfer

iso-Alkane n-Alkane

Figure 4.15: Skeletal type B isomerization of naai&s on bifunctional catalystsa
PCP intermediates. Z®: Anionic framework oxygen of the zeolite.
Adapted from Ref. [46, 48].

Also naphthenic rings can be transferred into skklsomers. For example, in the
hydroconversion of methylcyclohexane on the bifioral 1.0Pt/H-Y zeolite at a total
pressure of 2.0 MPa and = 240 to 280 °C all four possible skeletal isomeith a
five-membered ring were formed [49]. These wereyletitlopentane by an
isomerization of type A and 1,1-, trans-1,2- ang- @nd trans-1,3-dimethylcyclo-
pentane by a type B isomerization.
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Figure 4.16: Type A rearrangements of the tertiangl secondary carbenium ions
derived from decalin. From Ref. [52].

When a bicyclic naphthene like decalin is hydro@ted on a bifunctional catalyst,
skeletal isomerization occurs and a complex mixairgkeletal isomers is formed [50,
51]. Recently, Rabét al. [52] detected spiro[4.5]decane as one of the nejetetal
iIsomers that were formed on 0.85IrdlsgHo 06 N&g 0sX and 1.0Pt/LasgHo 06 Nay orX
catalysts at low decalin conversions. A rationalaswgiven by applying the
carbocation chemistry that is known from alkanesnt¢¢, the fast type A
rearrangement can start from the three possiblleeoarm ions that are depicted in
Figure 4.16. Since tertiary carbenium ions are gdlyemore stable than secondary
ones, the route starting from the tertiary carbenion that forms spiro[4.5]decane
after a 1,2-alkyl shift is more likely.

4.2.2.2 Hydrocracking of Alkanes

On a bifunctional hydrocracking catalyst, the ckeger of a C-C bond bf§-scission is
often preceded by skeletal isomerization of théeaium ion, see Section 4.2.2.1. In
Figure 4.17 a catalytic cycle for the ideal bifuaoal hydrocracking of n-hexane into
propane is shown exemplarily [46].
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Figure 4.17: Catalytic cycle for the ideal bifurctal hydrocracking of n-hexane into
propane. After Ref. [46].

The first steps are similar to those describedterbifunctional isomerization of type
B, see Figure 4.15. In addition, now an intramol@cinydride shift in the tertiary
carbenium ion generates a precursor for fhecission, resulting in propene and
propyl-(2) cation. On the noble metal, the olefiproduct is hydrogenated to propane.
Via an intermolecular hydride transfer with n-hexathe, carbenium ion forms a new
secondary hexyl cation and propane.

With an increasing degree of branching in an abajdenium ion the rate @kscission
increases due to an increasing stability in théeseprimary < secondary < tertiary
carbenium ion. In Figure 4.18 the different typeslessted together with the number of
carbon atoms in the carbenium ion that are required for eage tgfp-scission [53].
When a tertiary carbenium ion undergogscission to form a smaller tertiary
carbenium ion and an olefin, this typeAscission is very fast due to the high stability
of tertiary alkylcarbenium ions.
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Figure 4.18: Classification of-scissions of alkylcarbenium ionsc: number of
carbon atoms in the carbenium ion that can unddrgaespective type
of B-scission. After Ref. [53].

The influence of the hydrogen pressure on the tloaireersion of n-decane was
studied on a bifunctional Pt/Ca-Y zeolite [54] imange of p, = 0.3 to 9.7 MPa. A
maximal conversion was measured at a hydrogen ymeessf ca. 1.5 MPa. At a
pressure of 2.0 MPa the selectivity of hydrocrackedducts was maximal and a
further increased pressure led to a higher selgctv isomerization products.

Also when a noble metal as dehydrogenation/hydraig@m component is absent,
cracking of hydrocarbons can occur on the Brgnai®d sites. This mechanism of
hydrocracking is known as catalytic cracking andh agenerate saturated and
unsaturated products simultaneously [46]. Moreoglmavage of C-C bonds can also
occur by thermal cracking and hydrocracking withawatalyst [55]. This mechanism
requires high temperatures above 500 °C, procesmigadicals and forms large
amounts of methane and other light alkanes.

4.2.2.3 Hydrocracking of Naphthenes

The features of hydrocracking of alkanes can béiexppargely to the hydrocracking
of naphthenes. However, especially for the ringnapeg of naphthenes to alkanes with
the same number of carbon atoms there is a limraiihis is the strongly hinderé¢d
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scission of endocyclic C-C bonds in a cycloalkyearium ion [3]. An explanation
that is now widely accepted was given by Brouwet Bimgeveen [56]: In contrast to
an aliphatic carbenium ion, the rotation around thbond is not possible in a
cycloalkylcarbenium ion. However, for a fgsscission a coplanar orientation of the
vacant p-orbital in the carbenium ion and flibond to be broken is required. The
inability of cycloalkylcarbenium ions to allow th@gientation can explain the hindered
ring opening of naphthenes.

B-scission
Type A
‘J M-CPn + 2-M-Pr
+ H2

-SCISSIon
Type A
of / )\ M-CPn + 2-M-Pr
+ H2

® B-scission
Type A
A —> M-CPn + 2-M-Pr

Figure 4.19: The three possibleoCcycloalkylcarbenium ions that can undergo
exocyclic type A B-scission. M-CPn: methylcyclopentane, 2-M-Pr:
2-methylpropane (iso-butane). From Ref. [3].

A consequence of this limitation is the selectiwenfation of methylcyclopentane and
iso-butane in the bifunctional hydrocracking of,@aphthenes. This reaction was
observed at first by Chevron researchers [57, 38 named it paring reaction. In this
reaction, a series of type A and B isomerizati@suits in the formation of one out of
the three precursors that allow an exocyghscission of type A, see Figure 4.19.
After B-scission, followed by deprotonation and hydrogematthe only products are

methylcyclopentane and iso-butane.

In the ring opening of multi-ring aromatics, napnbaromatics and multi-ring
naphthenes most researchers used typical bifuratteatalysts with a relatively high
concentration and/or strength of Brgnsted acids §66, 59, 60]. Due to the usage of
this type of catalyst but probably also due tolduk of sophisticated product analysis,
reports about the formation of open-chain alkangs the same carbon number as the
feed hydrocarbon are scarce [61, 62]. Until regerdahly one publication reported
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guantitatively on their formation [63] with a maxamyield of open-chain decanes of
4 % in the hydroconversion of decalin on a 1.5I5@t/H-Y zeolite catalyst at a total
pressure of 5.0 MPa.

In a study about the hydroconversion of tetralinpdrysical mixtures and two-bed
arrangements of a non-acidic platinum catalyst anchonofunctional acidic H-Y
zeolite, platinum was active only in the hydrogeratof aromatics, according to the
authors [59]. In another work [64] the proximity tble metal and acid sites was varied
in order to study its influence on the ring openaigdetralin. A maximal distance was
realized by separating the 1.0P&lumina catalyst in the first catalyst bed frone th
H-USY zeolite in the second catalyst bed with quavbol. A higher proximity was
reached by physically mixing both catalysts (pé&etisize of 0.25 to 0.42 mm). A
minimal average distance of the noble metal andBttemsted acid sites was obtained
by impregnation of H-USY with a platinum salt. Withcreasing proximity of the
platinum and acid sites the yields of skeletal ismmof decalin and ring-opening
products increased. Hence, a bifunctional mecharisah requires a small distance
between the metal and acid sites is beneficiabbdaining high yields of ring-opening
products compared to a separation of both typescbve sites. However, only one
naphthenic ring was opened and no formation of @pein decanes was observed.

One single publication is available about the iafloe of hydrogen pressure on the
ring opening of decalin on a bifunctional catalyg]. In a batch reactor on 1.0Ir/H-
[Al]Beta in the range opy, = 2.0 to 6.0 MPa longer reaction times had to hstieg to
obtain the same decalin conversion at higher pressivloreover, at higher hydrogen
pressures the selectivity of ROPs increased maoongly with the conversion and
reached higher final values at higher hydrogen suees. Atpy,=6.0 MPa also
slightly lower selectivities of hydrocracked protkievith less than ten carbon atoms
were obtained than in experiments at lower valuegp) Hence, the hydrogen
pressure has a negative influence on the decativersion but a positive influence on
the selectivity of ring-opening products on thigtgalar catalyst. Since a detailed
product distribution was not shown, it is uncleanydrocracking occurred mainly by
hydrogenolysis on iridium ona bifunctional hydrocracking.
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Figure 4.20: Distribution of the hydrocracked produ on catalysts
0.85|r/La)_30,H0.06,N30_04'X and 1.0PUL§130,H0.06,N80.04'X in the
hydroconversion of decalin. From Ref. [52].

In recent publications [52, 66] about the hydroamsion of decalin on bifunctional
0.85Ir/La& 30,Ho.06N&y 04X, 1.0Pt/La 30,Ho.06N&.0sX and 5.0Rh/HgqNay o1-[Al]Beta
catalysts it was reported on the formation of opkai decanes with maximal yields
of 12 to 14 %. The authors emphasized that thelsevare not the result of improved
catalysts or reaction conditions but rather a tesubn enhanced product analysis. In
the group of hydrocracked products with less them darbon atoms iso-butane and
methylcyclopentane were the major products. Thisaistrong indication for the
bifunctional properties of all three catalysts. Therresponding carbon number
distribution curve of the hydrocracked products wasoted as “M-shaped” due to the
maxima at G and G (see Figure 4.20).

4.2.3 Ring Opening of Naphthenesvia Skeletal Isomerization and
Subsequent Hydrogenolysis

One strategy for the hydrodecyclization of naphésewith six-membered rings is the
combination of a bifunctional isomerization catalgad a hydrogenolysis catalyst. In
such a configuration, the bifunctional catalystn®oizes the six-membered ring,
which is relatively difficult to open by hydrogensis (see Section 4.2.1.4), into a
five-membered ring. Subsequently, the hydrogencdjlif active noble metal,

preferentially iridium, is expected to open theefimembered ring relatively fast. With
0.9Pt/H-USY and 2.0lyfalumina as isomerization and hydrogenolysis cataly
respectively, higher yields of skeletal isomers ang-opening products compared to
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the experiments with the single catalysts were inbth in the ring opening of
methylcyclohexane [4]. There was no noticeable ghaof the product composition
observed when both catalysts were physically mizad when 0.9Pt/H-USY was
staged upstream of the hydrogenolysis catalyst.

Also Santikunaporet al. [49] studied the hydroconversion of methylcyclotes with
1.0Pt/H-Y as isomerization catalyst and 1.0Ir/sil&s hydrogenolysis catalyst. They
measured &a. 15 % higher conversions at the same reaction teafpes when both
catalysts were physically mixed instead of beingkpd in two separate catalyst beds.
In the physical mixture, the yields of ring-openipigpducts but also of hydrocracked
products with less than seven carbon atoms wereehig/hile smaller amounts of
skeletal isomers were formed. By analyzing the itbetadistribution of the ring-
opening products the authors concluded that in th®-bed arrangement
methylcyclohexane is isomerized to a large extemd isubstituted cyclopentanes,
which can be opened by hydrogenolysis on iridiumyviast. By contrast, in the
physical mixture of both catalysts a larger fractmf unreacted methylcyclohexane
comes into contact with the iridium catalyst. Dwoethe relatively slow endocyclic
hydrogenolysis of six-membered rings, in the twd-B@rangement the extent of
methane abstraction from methylcyclohexane is ss®d. Also the hydrogenolysis of
alkanes leads to a higher amount of hydrocrackedyamts with less than seven carbon
atoms. By applying a 20 °C higher reaction tempeeatn the first catalyst bed
(1.0Pt/H-Y) than in the second bed (1.0Ir/silida@ extent of multiple hydrogenolysis
on iridium was lowered and higher yields of ringeampg products were obtained.

McVicker et al. [4] studied also the ring opening of butylcycloheg.Inter alia, they
tested a bifunctional 0.91r/H-USY catalyst, on whithe acidic and hydrogenolytic
functions were combined. The ring-opening yield wasver compared to the
hydroconversion on a physical mixture of 0.9Pt/HYU&nd 2.0lrf-alumina,
according to the authors due to a lower metal dsspe when iridium is supported on
H-USY. A similar product distribution was obtained the hydroconversion of
pentylcyclopentane on 2.0frAlumina  and in the hydroconversion of
butylcyclohexane on 0.91r/H-USY or a mixture of Bt8H-USY and 2.0ly-alumina.
The product composition, moreover, differed strgrighm that of the hydrogenolysis
of butylcyclohexane on 2.0f/alumina. It was concluded that, in the hydrocosier
of butylcyclohexane, the main skeletal isomer taformed and further opened by
hydrogenolysis on iridium is probably pentylcyclopene. A similar reaction path was
also described by Santikunapoeh al. [59] in the hydroconversion of decalin on
1.0Pt/H-Y: They found 1-methylbicyclo[4.3.0]nonaras skeletal isomer at low
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conversion and increasing amounts of the ring-ogemroduct butylcyclohexane at
higher conversions.

Recently, a new class of iridium- or platinum-conitag catalysts for the selective
hydrodecyclization of bicyclic naphthenes was idtrced, so-called “high-
performance ring-opening catalysts” (HIPEROCs)dB]. These Na-Y zeolites with a
metal content o€a. 3 wt.-% contain a small concentration of relatywvelak Brgnsted
acid sites which are generated during reductiorthef noble metal only. In the
hydroconversion of decalin gf;, = 5.2 MPa maximal yields of open-chain decanes of
31 and 41 % were obtained on 2.9IrNgHo 1Y and 3.0Pt/NgssHo17Y,
respectively [5]. They catalyze the skeletal isamsionvia bifunctional catalysis, but
a bifunctional hydrocracking pathway that wouldulesn the paring reaction (see
Section 4.2.2.3) is inhibited by the mild acidioperties of these catalysts. Moreover,
the catalytic results strongly suggest that thg-opening reaction to ring-opening
products and open-chain decanes proceeds mairttydrpgenolysis of endocyclic C-
C bonds in decalin and, presumably more importantty skeletal isomers. Again,
spiro[4.5]decane was identified as skeletal isoafedecalin with high selectivities at
low conversions.

In the same study [5] also the strength of the Bieuh acid sites was varied by
incorporating different alkali cations instead afdaim. On the three most weakly
acidic iridium-containing catalysts with "KRb" or C<$ as alkali cations the ring-

opening products were composed mainly of butyldyei@ane, 1-methyl-2-

propylcyclohexan and 1,2-diethylcyclohexane. Tkisistrong indication for a direct
ring-opening mechanism by hydrogenolysis on thdenotetal.
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Figure 4.21: Distribution of the hydrocracked prou on iridium-containing Y
zeolites with different charge-compensating cationa the
hydroconversion of decalin. From Ref. [5].

Moreover, it turned out that plotting the carbonmmer distribution of the
hydrocracked products is a valuable tool for un@@ding the underlying
hydrocracking mechanisms. Except for the Li-contegrand, hence, the most strongly
acidic catalyst all other iridium catalysts showad near-symmetrical so-called
“hammock-shaped” curve, see Figure 4.21. Its chearnatics are large amounts of
methane and £products, smaller amounts of ethane agg@ducts and very small
amounts of products with three to seven carbon stddnich a curve seems to be
indicative for a hydrocracking mechanism that isndwted by hydrogenolysis on
iridium. As a consequence of an increased streafjthe Brgnsted acid sites on the
iridium catalyst with Li as cation, higher amounts of, @nd G products were
observed due to the paring reaction.

In the same study [5] similar catalysts loaded walétinum instead of iridium were
tested. A mainly metal-catalyzed mechanism on mlati catalysts results in a
distribution of the hydrocracked products with muetethane and relatively low
amounts of G C;, C4, G, C; and G hydrocarbons. £and G products are almost
absent. With an increasing strength of Brgnsted sites, the amounts of,@nd G
products increase due to the paring reaction.

As conclusion, a detailed evaluation of the hydmojgtic pathways in the
hydroconversion of decalin is required. Also thechamistic origin of the distribution
curves of the hydrocracked products on weakly ar-acdic metal catalysts is not
sufficiently understood. Another important questisst Does the cleavage of
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endocyclic C-C bonds on HIPEROCs occur by hydrobeiwon the noble metal or
by bifunctional hydrocracking on the Brgnsted agitds?
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5 Experimental Section

All chemicals that were used in this work are sumnea in Table 5.1. No further

purification was applied.

Table 5.1: Chemicals used in this work.

Chemical

Producer, Purity / Composition

Aerosil 380
y-Aluminum oxide

Ammonia, aqueous solution
Black Pearls 2000
Butylcyclohexane
Chromosorb

cis-Decalin
n-Decane
Ethylcyclohexane
Helium 4.6
Hydrochloric acid
Hydrogen 5.0
Methyldecalin

Mixture of argon 5.0 / hydrogen 5.0
Nitrogen 5.0

n-Nonane

n-Octane

Pentaamminechloroiridium(lll) chloride

Pentaamminechlororhodium(lll) chloride
Perhydroindan

Pyridine

Evonik Degussa GmbH, silica,
>99.8 wt.-%
Alfa Aesar, activated, neutral,
99.9 wt.-%
unknown, 30 wt.-%NH
Cabot, carbon black
Alfa Aesar, 99.30 wt.-%
Merck, particle size 0.25-0.60 mm,
P/AW
Merck, 98.39 wt.-%
Sigma Aldrich, 99.70 wt.-%
Aldrich, 99.55 wt.-%
Westfalen AG, 99.996 vol.-%
unknown, 37 wt.-%
Westfalen AG, 99.999 vol.-%
Wako Chemicals, mixture of isomers
(see Section 5.5.1.8), 99.30 wt.-%
Westfalen A@) vol.-% Argon,
10 vol.-% hydrogen, purity each
99.999 vol.-%
Westfalen AG, 99.999 vol.-%
Merck, > 99 wt.-%
Fluka, 99.32 wt.-%
Aldrich, B4 wt.-% Ir
and Colonial Metals, 49.86 wt.-% Ir
Alfa Aesar34.5 wt.-% Rh
kindly provided by Eni S.p.A.,
96.70 wt.-%
Aldrich,> 99 wt.-%
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Table 5.1 (continued).

Rhodium(lll) chloride hydrate Alfa Aesarr,

99.99 wt.-% Rh on metals basis
Sodium nitrate Merck, > 99 wt.-%
Spiro[4.5]decane se ma GmbH, 98.17 wt.-%
Tetraamminepalladium(ll) chloride ChemPur, 40.62%tPd
Tetraammineplatinum(ll) chloride hydrate ChemP&.63 wt.-% Pt
Tetraethyl orthosilicate Acros Organies98 %
Titania Degussa P 25
Triblock copolymer Aldrich, EQPO,,EO,,

typically M = 5800 g- mot
n-Undecane EGA-Chemie, 99 wt.-%
Zeolite Na-Y Strem Chemicals, lot No. 148 960

Spiro[4.5]decane was purchased along with'lits**C and'*C DEPT NMR spectra
which proved the identity of the compound.

5.1 Preparation of the Catalysts

The preparation of some catalysts was conducte®ipl-Chem. Yvonne Kramer,
Julia Kreis, Dipl.-Chem. Melanie Mechler, Dipl.-Ghe Nelli Pfaff and Dipl.-Chem.
Simon Schulze.

5.1.1  Preparation of [Si]SBA-15

The synthesis of the mesoporous catalyst suppe}$B8-15 is analogous to the
method in Ref. [68]. 12 g triblock copolymer werssblved in a solution of 58.8 g
hydrochloric acid in 184 g demineralized water.ekfthe addition of 26.4 g tetraethyl
orthosilicate the mixture was stirred for 10 mimr@m temperature and 24 h at 40 °C.
Afterwards, crystallization was carried out at 2@ for 24 h in a polypropylene
bottle. The white solid was filtered, washed witlir® of demineralized water and
dried in an air oven at 80 °C for 24 h. To remokie template the material was
calcined in a muffle oven. Under a nitrogen flow4d dni-h' the material was first
heated from room temperature to 540 °C with a hgatte of 2 K- mifl. After 10 h at
540 °C the gas flow was slowly changed to air wite same flow rate, and the
temperature was held for 10 h.
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5.1.2 lon Exchange with Ammonium lons

To ensure that all exchangeable cations in zedigeY are sodium cations the

following procedure was applied: Per 1 g of dryleedNa-Y the material was stirred

two times for 4 h at 80 °C in 40 ¢érof a 1 mol-dnt aqueous solution of NaNQOAfter

4 h each time the zeolite was filtered and washild demineralized water until no

nitrate ions could be detected in the filtrate hyiteate test strip anymore and dried for
at least 12 h at 80 °C in an air oven.

To form a partially exchanged zeolite Na,N¥, the first modification step consisted
in an ion exchange of Na-Y with ammonium nitratemaqueous suspension. Zeolite
Na-Y was suspended in 8.3 g of a 0.17 moldmueous solution of NMIO; per
gram of dry catalyst and stirred for 4 h at 80 T@e resulting zeolite was filtered,
washed with demineralized water and dried for H2 BO °C in an air oven. A zeolite
Nag.es(NH4)0.31-Y with an ammonium exchange degree of 31 % waaiodd.

5.1.3 Incorporation of the Noble Metals

5.1.3.1 lon Exchange

Palladium was introduced into zeolite Na(NH4)o31-Y by ion exchange with
[PA(NHy)4Cl,. A dry mass of 3.71g of this zeolite was suspdnde 60 g

demineralized water. An aqueous solution of 61.5ofig[Pd(NH;),]CIl, in 50 ¢

demineralized water was slowly added by means arfoaping funnel within 20 min
under stirring. After stirring at 80 °C for 24 hethresulting solid was filtered off,
washed with 200 cfrdemineralized water and dried at 80 °C for 12 &rirair oven.

5.1.3.2 Strong Electrostatic Adsorption

All noble-metal-containing catalysts that were @meul by strong electrostatic
adsorption (SEA) [13, 14] of the respective metalt ®n silica (Aerosil 380) or
[SI]SBA-15 are listed in Table 5.2.
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Table 5.2:  Catalysts that were prepared by strolegtrestatic adsorption and
masses of catalyst support and metal salt.

CataWSt msupport / g Mmetal salt/ mg
0.73Ir/[Si]SBA-15 8 160
0.77Ir/silica 8 206
1.02Ir/silica 8 203
2.59Ir/silica 4 300
2.73Ir/silica 8 600
0.60Pd/silica 8 112
0.92Pt/[Si]SBA-15 8 152
0.91Pt/silica 8 137
0.93Pt/silica 8 145
2.68Pt/silica 4 215
2.69Pt/silica 8 432
0.96Rh/silica 8 231

The general procedure was as follows: A dry masslioh or [Si][SBA-15 (syppori SE€
Table 5.2) was suspended in 10 to 13 g of demiaedhlwater per gram of dry
catalyst support. This suspension was vigorousiyestfor 2 h, and during that time
the pH was adjusted to 10 by dropwise addition of molar aqueous ammonia
solution. Subsequently, a solution of the respectioble metal saltnf,eta sax S€E
Table 5.2) in 20 to 40 chof demineralized water was added dropwise undgoiog
stirring. The metal complexes were [Ir(RECI|Cl,, [PA(NH)4]Cl5, [Pt(NHs)4Cl» and
[Rh(NH,)sCI]|Cl,. After stirring for another 18 h the solid wagdiled off, washed with
demineralized water and dried at 80 °C.

5.1.3.3 Impregnation

Three different catalyst supportsiz. y-alumina, carbon black and titania, were
impregnated with [Ir(NH)sCI]Cl, or [Pt(NH)4]Cl, to form the respective six catalysts
shown in Table 5.3. Due to the low solubility ofr(NHs)sCI|Cl,, wetness
impregnation was used to load iridium onto the lgata. For this purpose, a solution
of 20.0 mg of [I(NH)sCI]Cl, in ca. 3.5 cm of demineralized water was added
dropwise per gram of catalyst support. Platinum imér®ducedvia incipient wetness
impregnation. For this purpose, a solution of 8@ of [Pt(NH;)4Cl, in 1.9 cni of
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demineralized water was added dropwise per gracataflyst support. All six catalyst
precursors were dried by rotary evaporation undeuum afl = 40 °C and thereafter

in an air oven at 80 °C for 24 h.

Table 5.3:  Catalysts that were prepared by impriegma

0.93Irk-alumina 0.81P#falumina
0.91Ir/carbon black 0.91Pt/carbon black
1.05Ir/titania 1.06Pt/titania
1.03Rh/silica

Catalyst 1.03Rh/silica was prepared by wetnesseagrmation of RhGlon silica A
solution of 228 mg RhGlin 80 cni of demineralized water was impregnated on silica
with a dry mass of 8.0 g. Drying was carried ouairotary evaporator under vacuum
atT =70 °C and subsequently in an air oven at 80 °C 2.

5.1.4  Calcination of Catalyst Precursors

After ion exchange, the palladium-containing zeolt was calcined in air to obtain a
good metal dispersion. It was heated from room tatpre to 300 °C with a heating
rate of 0.5 K-miftand held at the end temperature for 3 h in an oveler a synthetic
air flow rate of 58 crimin™. At lower oxidation temperatures Pdons would migrate
into supercages where they form larger metal dlsstfter reduction with hydrogen
[69]. When oxidation temperatures are sufficierttlgh, i.e. 300 °C and above, the
Pd* ions are situated in the sodalite cages whereftiray highly dispersed palladium
particles during reduction.

In order to investigate the influence of the metatticle size, the precursor of catalyst
1.03Rh/silica was calcined after impregnation adicwy to Ref. [70] under harsh
conditions to obtain a low-dispersed metal phasdci@ation was conducted in an
oven under a synthetic air flow rate of 13%mi. After heating from room
temperature to 450 °C with a heating rate of 7 K“mthis temperature was held for
1 h. Subsequently, it was heated to 700 °C witkatihg rate of 4 K-mihand held at
this temperature for 1 h.
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5.1.5 Forming of the Catalyst Powder

The catalyst powders were pressed without a biatdd27 MPa for 15 min, and the
tablets thereby formed were crushed. The sizeibmaaf 0.20 mm <d.; < 0.32 mm
was used for the catalytic experiments.

5.1.6 Oxidative Treatment

All metal-containing catalyst precursors that wieigded by SEA (see Section 5.1.3.2)
were calcined in a synthetic air stream with a wodtric flow rate of
V... =200 cmi- min* at atmospheric pressure in the catalytic flow-tgpparatus that
was used for the subsequent catalytic experim@akeination was conducted for 3 h
after heating td = 150 °C with a heating rate of 1 K-rfirOxidation aff > 150 °C is
expected to result in a reduced metal dispersiomleanonstrated with silica and
[Si]SBA-15 loadedvia SEA with [Pt(NH;)4Cl, due to the oxidation of Ptto more
mobile Pt* species [13].

Both y-alumina-supported catalyst precursors were calcateatmospheric pressure
with air [71]. Oxidation was conducted in the cytial flow-type apparatus that was
used for the subsequent hydroconversion of n-oatatreV,, = 50 cni-min™ for 4 h
after heating taT = 400 °C with a heating rate of 1 K-iinThe same experimental
conditions were applied for the titania-supportedtatysts [72] but the final
temperature of = 400 °C was held for 3 h.

517 Reduction of the Noble Metals

To obtain catalyst 0.52Pd/jlg,Ho 31-Y, the ammonium-exchanged, palladium-loaded
and calcined zeolite Y precursor was reduced iow 6f hydrogen with a volumetric
flow rate of VH2 = 100 cni-min® at atmospheric pressure in the catalytic flow-type
apparatus that was used for the subsequent hydrexsson of n-octane. Reduction
was conducted for 2 h after heatinglte 350 °C with a heating rate of 5 K- riin

All silica- and [Si][SBA-15-supported catalysts weezluced in a flow of hydrogen
with a volumetric flow rate 01\/,42 = 200 cmi-min* at atmospheric pressure in the
catalytic flow-type apparatus that was used forghbsequent catalytic experiments.
Reduction was conducted for 120 min after heatin@ £ 400 °C with a heating rate
of 5K-miri*. As exceptions, and only prior to the hydroconimrsof n-octane,
catalysts 0.77Ir/silica and 0.93Pt/silica were athafT = 250 °C.
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On the y-alumina-supported catalysts the noble metals wesduced with
V,, =50cni-min® for 1h after heating tof = 400 °C with a heating rate of
2 K-mir*. Reduction of the noble metals on the titania-sufgn catalysts was
conducted Witth2 = 50 cmi-min* for 2 h after heating t@ = 400 °C with a heating
rate of 5 K-miff. A stepwise reduction [73] WitN}Hz = 20 et min™ was applied for
the noble metals supported on carbon black. Afeatihng from room temperature to
150 °C with a heating rate of 3 K-rilin this temperature was held for 1 h.
Subsequently, it was heated to 400 °C with a hgatte of 4 K- mift and held at this
temperature for 1 h.

Table 5.4:  Catalysts that have been provided bgretand hydrocarbons these have
been tested with.

Catalyst Provided by Studied in the
Hydroconversion of

2.9Ir/N& oo, Ho 10Y Dr. n-Decane, butylcyclohexane
Sandra Rabl

1.1Pd/N@.93Ho o7 Y Dipl.-Chem. n-Decane, butylcyclohexane
Dominic Santi

3.0Pt/N@ ggHo 1Y Dr. n-Decane, butylcyclohexane
Sandra Rabl

1.0Pd/N@7oHosg[Al]Beta-14.0 Dipl.-Chem.  Perhydroindan
Dominic Santi

3.3Ir/Hy 56 Cs 4 [Al]Beta-14.0  Dipl.-Chem.  Spiro[4.5]decane
Dominic Santi

1.0Pd/N@.93Ho o7 Y Dipl.-Chem. Spiro[4.5]decane
Dominic Santi

3.3Pt/N@ g5Ho 15Y Dipl.-Chem. Spiro[4.5]decane
Tobias Holl

For the hydroconversion of n-decane, butylcyclohexa perhydroindan and
spiro[4.5]decane also catalysts were used that begr provided by others, see Table
5.4. The catalysts for the hydroconversion of namec¢ butylcyclohexane and
perhydroindan were reduced as described for theasidatalysts de supra). The
reduction of the three catalysts, that were pravidg others and were tested in the
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hydroconversion of spiro[4.5]decane, was condustetlarly, but with a heating rate
of 2 K-miri* as done by others prior to the hydroconversiogisstiecalin [74].

5.2 Characterization of the Starting Materials and Catdysts

5.2.1 X-Ray Diffraction

Powder X-ray diffractometry (XRD) was applied toriye that zeolite Y and
[SI]SBA-15 were phase-pure and had retained thaictre after each synthesis and
modification step. A Bruker D8 Advance diffractometwith Cuko radiation

(2 =0.154 nm) was used. An excitation voltage otk85and a current intensity of
40 mA were applied. Diffractograms of zeolite Y wewllected betweerf2/alues of

3 and 50° with a step width of 0.02° and a stegtohl.5 s. The mesoporous material
[SI]SBA-15 was characterized betweeth\&alues of 0.5 and 10° with a step width of
0.01° and a step time of 5s. Some of these expetsnwere conducted by Dipl.-
Chem. Simon Schulze.

5.2.2 Chemical and Thermogravimetric Analysis

To analyze the chemical composition of the catgdystursors and catalysts, a Varian
optical emission spectrometer Vista-MPX CCD with iaductively coupled plasma
(ICP-OES) was used. Silicon, aluminum, sodium,iumng, palladium, platinum and
rhodium were determined by ICP-OES. For that pugpcs 100 mg of the sample
were dissolved in 3 chof diluted hydrofluoric acid (10 wt.-% HF in doybtlistilled
water) and 6 crhof nitrohydrochloric acid. This mixture was fillegh to 250 criwith
doubly distilled water and was then analyzed. Ttewmheine the content of iridium,
palladium, platinum and rhodium, the samples ofddalyst precursor were analyzed
after the loading with the metal salts and drying88 °C prior to the oxidative
treatment, calcination and/or reduction becauser dftese thermal treatments some
samples cannot be dissolved completely with theqatare described above. ICP-OES
analyses were conducted by Heike Fingerle and-Q@ipém. Charalambos Freed.

The metal content of all samples is defined asntass of the metal per dry mass of
the catalyst. By storing the catalyst in a desmcaver a saturated aqueous solution of
calcium nitrate for at least 24 h, a constant watertent was obtained. Subsequently,
in a Setaram Thermogravimetric Analyzer (TGA) Set${-16/18, the precise water
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content of the catalysts was determined by hedhiagsample in a nitrogen flow from
room temperature to 600 °C with a heating rate ®K2miri*. TGA analyses were
conducted by Barbara Gehring, Dipl.-Chem. Ines Keg Dr. Frank Salzbauer.

5.2.3  Scanning Electron Microscopy

With a scanning electron microscope (SEM) Cam Siathe morphology and the
size of the crystals was determined. The samples w@ated with an ultrathin coating
of gold by a sputter coating equipment K550 of Egatit An excitation voltage of
5 kV was used to achieve a high resolution. SEMgesawere prepared by Dipl.-
Chem. Ines Kley.

5.2.4  FT-Infrared Spectroscopy

Fourier transform infrared (FT-IR) spectroscopicasi@ements with pyridine as probe
molecule were applied to determine the acidic priigeof silica and one noble-metal-
loaded silica sample. A spectrometer Vector 22 fiBruker with a high-vacuum
sample cell was used. Prior to the measuremengs,séimples were ground in a
vibration mill to fine powders and pressed intoyw#rin, rectangular self-supporting
wafers with edge lengths of 10 mm asad 20 mm. The wafers were placed in a metal
IR cell with Cak windows, a vacuum system and a separated ovesaAiples were
treated in an air flow of 200 chmin™® while heating toT = 150 °C with a heating rate
of 1 K-min® and holding the temperature for 3 h. Subsequemtiguction was
performed in a flow of 100 ctrmin* of hydrogen with a heating rate of 2 K- finp

to 500 °C and holding for 2 h in the oven. Aftee ttleduction, the sample cell and the
oven were evacuated for 4 h at 100 °C with a vacwin2.0-1C° Pa. After that,
pyridine vapor was introduced into the cell for.1Tie physically adsorbed pyridine
was removed by evacuating for 1 h at 200 °C. Subes#ty, the wafer was placed into
the measurement cell, and a spectrum was recod8a «C. FT-IR analyses were
conducted by Dipl.-Chem. Dominic Santi.

5.2.5 Nitrogen Physisorption and Hydrogen Chemisorption

Nitrogen physisorption was conducted in a Quantamler Autosorb-1-C instrument to
measure the porous properties of the catalyst stgppthe sample was evacuated for
16 h at 350 °C prior to the,Nphysisorption experiment at liquid-nitrogen tengiare.
For the calculation of the specific surface afgar according to Brunauer, Emmett
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and Teller (BET) [75], values of 0 p/po < 0.3 were chosen to obtain a linear BET
plot and a positive C-value.

Hydrogen chemisorption was conducted in the sarsgument by static volumetry.
An adsorption stoichiometry afy / Nhopie metar= 1 Was assumed. After the reduction
treatment with the same temperature program as ins#éte reactor of the catalytic
flow-type apparatus, two isotherms were measurdd=a40 °C. Adsorption isotherms
were recorded in a pressure range of 11 to 107f&P#e noble-metal-containing
catalysts, except for 0.60Pd/silica. To excludeftivenation of a-hydride phase on
palladium, adsorption isotherms for this palladigcatalyst were measured at lower
pressures in the range of 0.3 to 2.7 kPa [76]. filseisotherm is considered to be a
combination of physi- and chemisorption, and theosd isotherm, measured after
evacuating the sample, is interpreted as physisormnly. The difference of these
two isotherms, originating from irreversibly androsigly adsorbed hydrogen, is
applied for calculating the noble metal dispersion.

Nitrogen physisorption and hydrogen chemisorptioarevin part conducted by
Matthias Scheibe.

5.3 Procedures of the Catalytic Experiments

Some of the catalytic experiments were conducte®ipy.-Chem. Yvonne Kramer,
Julia Kreis, Dipl.-Chem. Melanie Mechler, Dipl.-Ghe Nelli Pfaff and Dipl.-Chem.
Simon Schulze.

5.3.1  Hydroconversion of n-Octane as Test Reaction

In order to study pure metal catalysis it is egaémd find a catalyst support which
does not possess catalytically active Brgnsted sites. Hence, with five different
materials,viz. silica, [Si]SBA-15,y-alumina, carbon black and titania, loaded with
iridium or platinum, the hydroconversion of n-oatawas performed as catalytic test
reaction. In addition, the zeolitic catalyst 0.52¥%a&) ¢o,Ho 31-Y was tested as typical
bifunctional reference catalyst.
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5.3.1.1 Experimental Set-Up of the Flow Apparatus

A catalytic flow-type apparatus was used for thelrbgonversion of n-octane at
atmospheric pressure. The experimental set-up wasas to that used for the
catalytic experiments at higher hydrogen pressussch is depicted in Figure 5.1.
The main components were (i) a saturator made a$sglthat was filled with
Chromosorb, (ii) a fixed-bed reactor made of quaytass and (iii) a six-port gas
sampling valve that allowed the analysis of the dpot mixture in a gas
chromatograph equipped with a capillary column andlame-ionization detector
(FID) (see Section 5.4.1).

The saturator was heated by a water jacket that seasiected to a thermostat.
Chromosorb was impregnated with liquid n-octane denerate the desired

n-octane/hydrogen gaseous mixture. All parts doweast the saturator were held at
T =130 °C to avoid condensation of the reactant pradlucts. The build-up of the

reactor was similar to that used for the high-presexperiments (see Figure 5.2) but
all parts were made of quartz glass, except foséaing which was made of plastic.

5.3.1.2 Conditions in the Catalytic Experiments

In all experiments the feed hydrocarbon was n-ac{@arity 99.32 wt.-%; impurities:
Cg naphthenes 0.34 wt.-%; 3-methylheptane 0.12 wtndeptane 0.04 wt.-%; other
hydrocarbons 0.18 wt.-%). The mass of dry cataless always 0.5 g, and reactions
were conducted at temperatures between 212 anfiCi28n n-octane partial pressure
of 3 kPa was established by setting a saturatopeesiure of 33 to 34 °C. The
modified residence timen., - 12, amounted to 110 to 135 g- h-Motorresponding
to LHSV values of 0.2 and 1.2'h

532 Isomerization of n-Nonane and n-Undecane

n-Nonane was isomerized on the bifunctional catdlys2Pd/NgeoHo3r-Y with a dry
mass of 0.37 g. These experiments were done ateampressure in the flow-type
apparatus described in Section 5.3.1.1. For methlation, the catalyst was heated in
a hydrogen flow of 100 ctrmin™® from room temperature to 350 °C with a rate of
5 K-min’, the temperature was held for 2 h. For the cataggperiment, the reactor
temperature, the total gas flow rate, the n-nonaartial pressure and the hydrogen
partial pressure were 325 °C, 70%min’, 2.9 kPa and 98.4 kPa, respectively (the
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saturator temperature amounted to 54 °C). The igaat®n product was collected in
a cooling trap at -10 °C.

n-Undecane was isomerized on the same catalyst wdwlgical conditions. To obtain
an n-undecane partial pressure of 2.9 kPa theasatuwemperature was increased to
98 °C.
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5.3.3  Hydroconversion of n-Decane, Ethylcyclohexane, Bulgyclo-
hexane, Perhydroindan, cis-Decalin, Spiro[4.5]dec&nand Methyl-
decalin

5.3.3.1 Experimental Set-Up of the High-Pressure Flow-Type

Apparatuses
\
Nitrogen 4

p=5.0 MPa

Hydrogen
p=1.0t0 8.0 MPa

Saturator

vV, NV, GC carrier
Vv, NV, A A gas (H,)
Hydrogen P 78\ Capillary
p=0.5MPa Three-way EZ v, v GC
yalve Off-gas
Synthetic air A
p=0.5MPa Reactor X
Nitrogen
p=0.5MPa
Cooling trap

Figure 5.1: Scheme of the high-pressure flow-typpasatus used for the catalytic
hydroconversion of n-decane, ethylcyclohexane, lbytjohexane,
perhydroindan, cis-decalin and methyldecalin (Fowf indicator; GC:
gas chromatograph; NV: needle valve; PI: pressudeator).

The catalytic hydroconversion of n-decane, ethytdyexane, butylcyclohexane,
perhydroindan, cis-decalin and methyldecalin waopeed in a high-pressure flow-
type apparatus which is shown in Figure 5.1 schiealbt The main components
were a saturator for the generation of a hydrogeaingtarbon mixture, a fixed-bed
reactor and a gas sampling valve for the injectiddna product sample into the
capillary gas chromatograph. The saturator andghetor were heated electrically and
kept at a constant temperature by temperature alters. To avoid condensation of
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hydrocarbons, all pipes and valves downstreamaheator were heated electrically at
ca. 180 °C,i.e. V; to Vi, NV4, NVs, the 4-port-2-position valve and the 6-port-2-
position valve.

Hydrogen with a maximal pressure of 8.0 MPa wasrdkom a pressurized cylinder,
equipped with a pressure regulatdra valves \b and \4, the hydrogen flow could be
routed to the saturator. In the saturator, a fi-beChromosorb was impregnated with
the liquid hydrocarbon that was used in the respeatatalytic experiment. In the
fixed-bed, a thermocouple was mounted axially tcasnee the temperature in the
saturator. The hydrogen flowing through the saturavas loaded with the
hydrocarbon vapor. More details about the funclibnaf this type of saturator can be
found in Ref. [77]. The hydrocarbon-loaded hydrogenld be routed eitheta Vg to
NV, where it was expanded to atmospheric pressuteaugh \4 to the reactor. After
the reactor the product mixture flowed througf ¥ NVs where it was expanded. In
the 4-port-2-position valve either the stream caudirectly from the saturator or the
product stream coming from the reactor was routedhe 6-port-2-position gas
sampling valve for GC analysis (see Section 5.4.1).

«—— Thermocouple

Reactor casing —————p

Catalyst bed

Pre-heating zone ———— 3¢ g
: Metal frit

A

Inner reactor pipe

Y

Reactor entrance —»

Swagelok fitting
. _—>
for unmounting -

<€— Reactor exit

Figure 5.2: Schematic drawing of the fixed-bed teac

A schematic drawing of the fixed-bed reactor isvehan Figure 5.2. It was made from
stainless steel and fittings purchased from Swagelbowing a maximal temperature
of 500 °C and a maximal pressure of up to 10 M. fEed gas entered the reactor in
the lower part and was preheated to the reactimpéeature while flowing upwards.
At the top, the reactant flow was routed downwattd®ugh the catalyst bed. By
routing the exit gas from this gas sampling valweatcooling trap at -10 °C, liquid
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product samples were collected. These samples wsed for qualitative product
identification, while all quantitative evaluation®re based on analyses of the gaseous
samples which were injected into the GC by actgatime 6-port-2-position gas
sampling valve.

For oxidative treatment of the catalyst or reductd the noble metal on the catalyst,
also synthetic air or hydrogen of lower pressungdactte routed directly to the reactor.
With valves \4 or V, and the three-way valve the gas was selectedrenfiaw rate
was set with NY or NV,. Nitrogen was routed through;\or Vs for flushing the
apparatus prior to experiments with hydrogen.

The catalytic apparatus was used for the followdngooses:

0] Oxidative treatment of the catalyst precurs®ection 5.1.6): Valves ¥V, Vi
open; \{ and \4 closed; three-way valve open between syntheticaaul
reactor; flow rate was set with NWhile NVs was fully open.

(i)  Reduction of the noble metal on the cataly&t¢tion 5.1.7): Valves ¥V, Vg
open; \4 closed; three-way valve open between hydrogenreactor; flow rate
was set with NY while NVs was fully open.

(iii)  Adjustment of the saturator temperature foe tdesiredny, / Nhydrocarbon Fatio:
Valves V,, Vg and 4 open; , and \4 closed; flow rate was set with NV

(iv)  Hydroconversion of gaseous hydrogen/hydrocarbaxtures in the fixed-bed
reactor: Valves ¥, Vg, Vg and Vg open; V4, V7 and 4 closed; flow rate was
set with N\&.

5.3.3.2 Conditions in the Catalytic Experiments with n-Decae

In the catalytic experiments with n-decane (pui®§.70 wt.-%; impurities: other

hydrocarbons 0.30 wt.-%) as feed hydrocarbon, thé bolume of catalyst was

0.4 cn? corresponding to a dry mass of 0.17 to 0.20 g. fEaetion temperature was
varied between 230 and 430 °C. The total pressase5/0 MPa throughout, while the
n-decane partial pressure at the reactor entraree 1% kPa corresponding to a
saturator temperature of 110 °C. RHISV of 0.4 h' was applied. Two samples of the
products were analyzed with the capillary gas clatograph at each reaction
temperature. The first sample was injected aftemiébtime-on-stream and another
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after 175 min time-on-stream. Usually, the inteigratresults of the second analysis
were used for the evaluation of the catalytic expents.

In order to study the hydrogenolysis of branchedade isomers, a two-bed

arrangement of an isomerization catalyst in th& iatalyst bed and a hydrogenolysis
catalyst in the second bed was applied. The twalysit were separated by quartz
glass wool and sea sand. The volumetric ratio eflthlk volumes was 1:1, and the
LHSV of 0.4 K was calculated for the combined bulk volume.

5.3.3.3 Conditions in the Catalytic Experiments with Ethylcyclohexane

In the experiments with ethylcyclohexane (purity .3 wt.-%; impurities:
cyclohexane 0.11 wt.-%; methylcyclohexane 0.19 %t.different G- and G-
hydrocarbons 0.15 wt.-%) as feed hydrocarbon, thé bolume of catalyst was
0.4 cn? corresponding to a dry mass of 0.17 g. The remdéoperature was varied
between 270 and 410 °C. The total pressure wasMB& throughout, while the
ethylcyclohexane partial pressure at the reactrarce was 18 kPa corresponding to
a saturator temperature of 86 °C. SV of 0.4 ' was applied. Two samples of the
products were analyzed with the capillary gas clatograph at each reaction
temperature. The first sample was injected aftem#btime-on-stream and another
after 155 min time-on-stream. Usually, the inteigratresults of the second analysis
were used for the evaluation of the catalytic expents.

5.3.3.4 Conditions in the Catalytic Experiments with Butylcyclohexane

In the catalytic experiments with butylcyclohexaipeirity 99.30 wt.-%; impurities:
tert-butylcyclohexane 0.18 wt.-%, 1-methyl-2-prapydlohexane 0.15 wt.-%, other
hydrocarbons, mainly {g 0.37 wt.-%) as feed hydrocarbon, the bulk volunie o
catalyst was 0.4 cincorresponding to a dry mass of 0.17 to 0.21 g. fgsetion
temperature was varied between 230 and 410 °C.t0la pressure was 5.0 MPa
throughout, while the butylcyclohexane partial gige at the reactor entrance was
16 kPa corresponding to a saturator temperaturEl3°C. AnLHSV of 0.4 ' was
applied. Two samples of the products were analygeth the capillary gas
chromatograph at each reaction temperature. Tis¢ $mmple was injected after
45 min time-on-stream and another after 205 mineton-stream. Usually, the
integration results of the second analysis werel @igethe evaluation of the catalytic
experiments.
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Also the hydrogenolysis of skeletal isomers of lytglohexane was studied. A two-
bed arrangement of an isomerization catalyst in fingt catalyst bed and a
hydrogenolysis catalyst in the second bed was egplihe two catalysts were
separated by quartz glass wool and sea sand. Thmewic ratio of the bulk volumes
was 1:1, and theHSV of 0.4 1i' was calculated for the combined bulk volume.

5.3.3.5 Conditions in the Catalytic Experiments with Perhydoindan

In the experiments with perhydroindan (purity 96Wt0-%; cis-isomer 67.40 wt.-%;
trans-isomer 29.30 wt.-%; impuritiesy, and G hydrocarbons 0.70 wt.-%;,g£and
C11 hydrocarbons 2.60 wt.-%) as feed hydrocarbon bl volume of catalyst was
0.4 cn? corresponding to a dry mass of 0.17 g. ExceptHferexperiments at different
hydrogen pressures (see Section 9.8.1), the to&sspre was 5.2 MPa, while the
perhydroindan partial pressure at the reactor eogravas 18 kPa corresponding to a
saturator temperature of 116 °C. In these expeiisndre reaction temperature was
varied between 210 and 430 °C. AHSV of 0.4 to 0.5 i was applied. Two samples
of the products were analyzed with the capillarg garomatograph at each reaction
temperature. The first sample was injected aftem#btime-on-stream and another
after 205 min time-on-stream. Usually, the inteigratresults of the second analysis
were used for the evaluation of the catalytic expents.

In addition, with catalyst 2.69Pt/silica experimerat different hydrogen pressures
were conducted. In order to identify the influerafethe hydrogen partial pressure

only, all other experimental parameters were kepistant. Therefore, the partial

pressure of perhydroindan and thelSV were kept constant at 20 kPa and 0%4 h

respectively. The mass of dry catalyst was alwag3d § and the mass flow rate of

perhydroindan was adjusted to 0.1391-According to the Poynting correction [78],

an increase of the total pressure in a system leads increased partial pressure of a
liquid phase at a given temperature. To realize oast@ant partial pressure of

perhydroindan at varying hydrogen pressure, therg@r temperature had to be

increased with decreasing hydrogen pressure inrdhge of 115 to 120 °C. The

reaction temperature was varied between 290 and@l@and the total pressure was
varied between 1.0 and 8.0 MPa.

5.3.3.6 Conditions in the Catalytic Experiments with cis-Dealin

In the experiments with cis-decalin (purity 98.30-%; impurities: trans-decalin
1.14 wt.-%; skeletal isomers of decalin and hydroecas with more than ten carbon
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atoms 0.47 wt.-%) as feed hydrocarbon, the bulluwel of catalyst was 0.4 ém
corresponding to a dry mass of 0.17 g. Except far éxperiments at different
hydrogen pressures (see Section 9.8.2), the to#abpre was 5.2 MPa throughout. In
these experiments the reaction temperature wasdvagtween 290 and 410 °C while
the cis-decalin partial pressure at the reactoraane was 16 kPa corresponding to a
saturator temperature of 136 °C. RHSV of 0.4 h' was applied. Two samples of the
products were analyzed with the capillary gas clatograph at each reaction
temperature. The first sample was injected aftem#btime-on-stream and another
after 205 min time-on-stream. Usually, the inteigratresults of the second analysis
were used for the evaluation of the catalytic expents. In separate time-on-stream
experiments with catalysts 2.73Ir/silica and 2.68Rta the first sample was injected
after 4 h time-on-stream and the last one aftev@dn.

In addition, with catalyst 2.73Ir/silica experimenat different hydrogen pressures
were conducted. In order to identify the influerafethe hydrogen partial pressure
only, all other experimental parameters were kapistant. Therefore, the partial

pressure of cis-decalin and thédSV were kept constant at 18 kPa and 0'4 h

respectively. The mass of dry catalyst was always @ and the mass flow rate of cis-
decalin was adjusted to 0.140 §: s described for perhydroindan in Section 5.3.3.5
also the partial pressure of cis-decalin vapors aviquid phase depends on the total
pressure [78]. To realize a constant partial preseticis-decalin at varying hydrogen

pressure, the saturator temperature had to beaswtdewith decreasing hydrogen
pressure in the range of 133 to 140 °C. The read¢gmperature was varied between
200 and 350 °C, and the total pressure was vaatgden 1.0 and 8.0 MPa.

5.3.3.7 Conditions in the Catalytic Experiments with Spiro[4.5]decane

In the experiments with spiro[4.5]decane (purity .198wt.-%; impurities:
spiro[4.5]decan-6-on 1.13 wt.-%, 1-cyclohexylcy@abne 0.27 wt.-%, toluene
0.23 wt.-%, Go naphthenes 0.20 wt.-%) as feed hydrocarbon, thke Wmiume of
catalyst was 0.4 cincorresponding to a dry mass of 0.16 to 0.18 g. figsetion
temperature was varied between 200 and 360 °C.t0la pressure was 5.0 MPa
throughout, while the spiro[4.5]decane partial pugs at the reactor entrance was
16 kPa corresponding to a saturator temperatur2df°C. AnLHSV of 0.4 K" was
applied. One product sample was analyzed with #mllary gas chromatograph at
each reaction temperature after at least 45 mire-omstream and used for the
evaluation of the catalytic experiments.
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5.3.3.8 Conditions in the Catalytic Experiments with Methyldecalin

In the catalytic experiments with methyldecalin rifpu 99.30 wt.-%; impurities:
mainly G- and Gi-hydrocarbons 0.70 wt.-%) as feed hydrocarbon btk volume

of catalyst was 0.4 cincorresponding to a dry mass of 0.17 g. The reactio
temperature was varied between 270 and 410 °C.t0la pressure was 5.2 MPa
throughout, while the methyldecalin partial pressairthe reactor entrance was 16 kPa
corresponding to a saturator temperature of 148AfCLHSV of 0.4 K" was applied.
Two samples of the products were analyzed withctyallary gas chromatograph at
each reaction temperature. The first sample wasteg after 45 min time-on-stream
and another after 275 min time-on-stream. Usudlg integration results of the
second analysis were used for the evaluation ofateytic experiments. More details
concerning the different isomers of methyldecahnthe feed hydrocarbon will be
given in Section 5.5.1.8.

54 Product Analysis by Capillary Gas Chromatography

5.4.1 On-line Gas Chromatography

The entire quantitative evaluation of the catalgiperiments was based on the on-
line GC analyses of the full product samples thatemnjectedvia a gas sampling
valve. The products obtained in the n-octane hywimeersion were analyzed in a
Hewlett-Packard 5890 Series Il instrument equippegd an HP/Agilent Chemstation.
Details of the analytical conditions are shown able 5.5.
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Table 5.5:  Conditions in the capillary gas chrorgeaph used for the analysis of
products obtained in the hydroconversion of n-ogtan

Column SGE BP1-PONA

Stationary phase Dimethyl polysiloxane
Length 50 m

Internal diameter 0.15 mm

Film thickness 0.5 um

Temperature program 5 min at 35 °C; heating wikh tin™ to 70 °C
Carrier gas Hydrogen

Pressure at column entrance 200 kPa

Flow through column 0.56 chmin™

Injection via gas sampling loop

Volume of sampling loop 250 mim

Split ratio 26:1

Injector temperature 180 °C

Detector Flame ionization detector (FID)
Temperature 400 °C

V,, to FID 47 cnd-min*

V,, to FID 350 cri}- min*

The products obtained in the hydroconversion ofeoathe, ethylcyclohexane,
butylcyclohexane, perhydroindan, cis-decalin (excedpr the time-on-stream
experiments) and methyldecalin were analyzed in eavlett-Packard HP 6890N
instrument equipped with an Agilent Chemstationtaie of the analytical conditions
are shown in Table 5.6.
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Table 5.6:  Conditions in the capillary gas chrorgeaph used for the analysis of
products obtained in the hydroconversion of n-decathylcyclohexane,
butylcyclohexane, perhydroindan, cis-decalin (exdep the time-on-
stream experiments) and methyldecalin.

Column Petrocol DH 150
Stationary phase Dimethyl polysiloxane
Length 150 m

Internal diameter 0.25 mm

Film thickness 1.0 um

Carrier gas Hydrogen

Pressure at column entrance 193 kPa

Flow through column 1.5 ctrmin*

Injection via gas sampling loop
Volume of sampling loop 250 mim

Split ratio 5:1

Injector temperature 250 °C

Detector Flame ionization detector (FID)
Temperature 250 °C

V,, to FID 40 cm'-min*

V,, to FID 450 crfi- min*

In the hydroconversion of perhydroindan and cisatiecatpy, = 1.0 and 2.0 MPa a

split ratio of 40 : 1 was set.

In Table 5.7 the different temperature programslsted that were applied for the

different feed hydrocarbons.
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Table 5.7: Temperature programs of the capillarg ghromatograph that were
applied for the different feed hydrocarbons.

Feed Hydrocarbon Temperature Program

n-Decane 10 min at 35 °C; heating with 1 K-Thin
100 °C; heating with 0.5 K- minto 125 °C

Ethylcyclohexane 10 min at 35 °C; heating with triq™* to
100 °C; heating with 0.5 K- minto 115 °C

Perhydroindan, butylcyclohexane,10 min at 35 °C; heating with 1 K- niirio
cis-decalin, spiro[4.5]decane 100 °C; heating with 0.5 K- miinto 140 °C;
holding for 1 min

Methyldecalin 10 min at 35 °C; heating with 1- K- thio
100 °C; heating with 0.5 K- minto 140 °C;
holding for 15 min; heating with 1 K- min
to 200 °C

The products obtained in the time-on-stream exgamtswith cis-decalin and in the
hydroconversion of spiro[4.5]decane were analyzedn Agilent 7890A instrument
equipped with an Agilent Chemstation. In this G@ntical analytical conditions as
shown in Table 5.6 were applied, except for theflgas rates in the FID which were
V,, = 40 cni-min* andV,, = 450 cnt- min™.

5.4.2 Off-line Gas Chromatography / Mass Spectrometry

The integral liquid product samples collected i tbooling trap were used for
gualitative peak assignmenta ancillary off-ine GC/MS analyses. A second gas
chromatograph (Agilent 6890N) which was also egegpwith a Supelco Petrocol DH
150 capillary column and coupled to a mass spedt@mAgilent 5876B inert XL
MSD) was used for this purpose. Details of the @il conditions are shown in
Table 5.8.
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Table 5.8:  Conditions in the ancillary capillarysgahromatograph coupled with
mass spectrometry.
Column Petrocol DH 150
Stationary phase Dimethyl polysiloxane
Length 150 m
Internal diameter 0.25 mm
Film thickness 1.0 um

Temperature program

Carrier gas

Pressure at column entrance
Flow through column
Injection

Injected volume

Split ratio

Injector temperature
Detector

Temperature

V,, to FID

V,, to FID

Mass spectrometer
Acceleration voltage
Temperature of ion source
Temperature of quadrupole
analyzer

10 min at 35 °C; heating wikh thin™ to
100 °C; heating with 0.5 K- miinto 180 °C;
holding for 100 min
Helium

177 kPa
1.5 ctrmin™
liquid samplevia syringe
0.1 mi
5:1

250 °C

Flame ionization detector (FID)
250 °C

35 cnt-min*

450 crt mint

Electron ionization

70 eV

230 °C
150 °C

5.5 Evaluation of the Catalytic Experiments

5.5.1  Terminology of the Reactions and Products

With an increasing number of carbon atoms and ringa feed hydrocarbon the

reaction network of its hydroconversion can beconoee and more complex. Hence,
the reactions and products obtained with diffefeat hydrocarbons were classified as
described in the following subsections. In some eeixpents, especially at high

reaction temperatures, small amounts of unsatugateducts were formed which are



-63 -

not described by the product groups &omatics, E-Bz, B-Bz or DHPsi(e infra).
They were treated like the corresponding saturdigdrocarbons. Benzene or
Pentylbenzene, for example, were treated as cyxdolee or pentylcyclopentane,
respectively.

5.5.1.1 Hydroconversion of n-Octane

In the n-octane hydroconversion at the given reaatonditions four different kinds of
reactions can occur. These are listed in Tablet&g@ther with the products and
designations of the product groups.

Table 5.9: Reactions and products occurring in ¢atalytic hydroconversion of
n-octane (n-Oc).

Reaction Products Formula Short
Designation

Isomerization Skeletal isomers ghs sk-Isos

Dehydrocyclization  One-ring naphthenes with CgH14 RCPs

8 carbon atoms
(ring closure products)

Aromatization Aromatic hydrocarbons withCgH1q Cg aromatics
8 carbon atoms
Hydrocracking Hydrocarbons with less than Cr-

8 carbon atoms

5.5.1.2 Hydroconversion of n-Decane

Three different kinds of reactions can occur in thdecane hydroconversion at the
given reaction conditions. No aromatic hydrocarbwese detected due to the high
hydrogen pressure of 5.0 MPa. In Table 5.10 thetim#s are listed together with the
products and designations of the product groups.
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Table 5.10: Reactions and products occurring in daglytic hydroconversion of
n-decane (n-De).

Reaction Products Formula Short
Designation

Isomerization Skeletal isomers 1825 sk-Isos

Dehydrocyclization  One-ring naphthenes with C;gHo RCPs

10 carbon atoms
(ring closure products)

Hydrocracking Hydrocarbons with less than Co-
10 carbon atoms

5.5.1.3 Hydroconversion of Ethylcyclohexane

In the hydroconversion of ethylcyclohexane foufetént kinds of reactions can occur
at the given reaction conditions. These are listedable 5.11 together with the
products and designations of the product groups.

Table 5.11: Reactions and products occurring in daglytic hydroconversion of
ethylcyclohexane (E-CHXx).

Reaction Products Formula Short
Designation
Isomerization Skeletal isomers g6 sk-Isos
Ring opening Open-chain octanes gHG OCOs
Dehydrogenation Ethylbenzene sHGo E-Bz
Hydrocracking Hydrocarbons with less than C-

8 carbon atoms

5.5.1.4 Hydroconversion of Butylcyclohexane

Also in the hydroconversion of butylcyclohexanerfdifferent kinds of reactions can
occur. They are listed in Table 5.12 together i products and designations of the
product groups.
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Table 5.12: Reactions and products occurring in daglytic hydroconversion of
butylcyclohexane (B-CHXx).

Reaction Products Formula Short
Designation
Isomerization Skeletal isomers 18oc sk-Isos
Ring opening Open-chain decanes 10HG OCDs
Dehydrogenation Butylbenzene 1814 B-Bz
Hydrocracking Hydrocarbons with less than Co-

10 carbon atoms

5.5.1.5 Hydroconversion of Perhydroindan

The feed hydrocarbon perhydroindan (bicyclo[4.30fne) was a mixture of cis-
(c-PHI) and trans-perhydroindan (tr-PHI) which wdumped to a single pseudo-
reactant perhydroindan (PHI). In its hydroconverdiwe different kinds of reactions
can occur at the given reaction conditions. Theylisted in Table 5.13 together with
the products and designations of the product groups

Table 5.13: Reactions and products occurring in daglytic hydroconversion of
perhydroindan (PHI).

Reaction Products Formula Short
Designation
Isomerization Skeletal isomers o6 sk-Isos
Ring opening Ring-opening products oHGs ROPs
(i) alkylcyclohexanes CHx-ROPs
(i) alkylcyclopentanes CPn-ROPs
Double ring opening Open-chain nonanes o8 OCNs
Dehydrogenation Dehydrogenated products DHPs
(i) indan CoHio
(i) indene CoHs
Hydrocracking Hydrocarbons with less than Cs-

9 carbon atoms
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Hydrocarbons with more than nine carbon atomsrapairities in the reactant and not
formed by catalytic conversion. Hence, selectigitiand yields of products are
calculated without incorporating these hydrocarbons

5.5.1.6 Hydroconversion of cis-Decalin

Five different kinds of reactions can occur in thyelroconversion of cis-decalin (cis-
bicyclo[4.4.0]decane). In Table 5.14 the reactitingt occur at the given reaction
conditions are listed, together with the productd designations of product groups.
The isomerization to trans-decalin was very fasinde, this stereoisomer of the
reactant was classified as unconverted decalirthigrwork, a mixture of cis- and
trans-decalin is always lumped as decalin (Dec).

Table 5.14: Reactions and products occurring irctitalytic hydroconversion of cis-
decalin (c-Dec).

Reaction Products Formula Short
Designation
Isomerization Isomers 1eH 16
(i) trans-decalin tr-Dec
(i) skeletal isomers sk-Isos
Ring opening Ring-opening products 10B82¢ ROPs

(i) alkylcyclohexanes
(i) alkylcyclopentanes

Double ring opening Open-chain decanes 1dEl5; OCDs
Dehydrogenation Dehydrogenated products DHPs
() tetralin CioH12
(i) naphthalene CicHs
Hydrocracking Hydrocarbons with less than Co-

10 carbon atoms

5.5.1.7 Hydroconversion of Spiro[4.5]decane

Four different kinds of reactions can occur in liyeroconversion of spiro[4.5]decane
at the given reaction conditions. These are listedable 5.15 together with the
products and designations of the product groups.
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Table 5.15: Reactions and products occurring in daglytic hydroconversion of
spiro[4.5]decane (spiro).

Reaction Products Formula Short

Designation
Isomerization Skeletal isomers 181e sk-Isos
Ring opening Ring-opening products 10B82¢ ROPs

(i) alkylcyclohexanes
(i) alkylcyclopentanes
Double ring opening Open-chain decanes 1dEl5; OCDs
Hydrocracking Hydrocarbons with less than Co-
10 carbon atoms

5.5.1.8 Hydroconversion of Methyldecalin

Besides 0.70 wt.-% impurities (see Section 5.3,3.8)e feed hydrocarbon
methyldecalin was a mixture of ten different diastésomeric and constitutional
isomers. By GC/MS the signals of these compoundsdawot be assigned to specific
isomers. Theoretically, three different positiorighee methyl group are possibkaz
1-methyldecalin, 2-methyldecalin and 4a-methyld@calWhen considering all
possible diastereoisomers, as shown in FiguretérBdifferent isomers result which
could be separable by gas chromatography.

By GC/MS, in addition, two other compounds of theduct mixture that were not

contained in the feed hydrocarbon have been asbignmethyldecalin. Hence, all 12

signals that were assigned to 1-, 2- and 4a-metbglth and its diastereomers were
lumped as methyldecalin (M-Dec). The five differeeactions and products that occur
in the hydroconversion of methyldecalin at the giveaction conditions are listed in
Table 5.16 together with the designation of prodpotps.
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Figure 5.3: All ten possible diastereomers of lhyletecalin, 2-methyldecalin and
4a-methyldecalin.

Table 5.16: Reactions and products occurring in daglytic hydroconversion of
methyldecalin (M-Dec).

Reaction Products Formula Short

Designation
Isomerization Skeletal isomers 118¢ sk-Isos
Ring opening Ring-opening products 11822 ROPs

(i) alkylcyclohexanes
(i) alkylcyclopentanes

Double ring opening Open-chain undecanes 11824 OCUs
Dehydrogenation Dehydrogenated products DHPs
() methyltetralin Ci1H1s
(i) methylnaphthalene CiiHqc
Hydrocracking Hydrocarbons with less than Cio

11 carbon atoms
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5.5.2  Assignment of the GC Signals

The main method for peak assignment in chromatognaas the GC/MS analysis of
the liquid products of the catalytic experimentdlezied in the cooling trap. Some
product signals could not be assigned to a speuyfirocarbon but it was possible to
identify the molar mass. This molar mass allowe@ssignment of the products to the
different product groups that are given in Sectdn1.

Moreover, when a hydrocarbon was commercially awd, it was co-injected with
the liquid product of the cooling trap. Iso-alkand#sat were obtained in the
hydroconversion of the respective n-alkanes wese ab-injected with the liquid
product mixture of the catalytic experiments. Té@merization of n-octane, n-nonane,
n-decane and n-undecane is described in Sectioh, 558ction 5.3.2, Ref. [74] and
Section 5.3.2, respectively.

The peak assignments for the products obtainebarekperiments with the different
feed hydrocarbons are tabulated in the Appendik.12.

55.3 Conversions, Yields and Selectivities

The general equations for the calculation of theveesion of a feed hydrocarb®f.eq
yields of products; and selectivities of produc&in a continuously operated fix-bed
reactor are shown in Egs. (5.1) to (5.3):

Xfeed - (nfeed)in B (hfeed)out

(), e

(5.2)

Y (nl )out B (nJ )in ﬂvfeed|
i

e (nfeed)in v

(nj )out B (ni )in ﬂvfeed|

S =
oot (nfeed)in - (nfeed)out Vi

(5.3)

The molar fluxes(r'lfeed)Out and (r’lj)out can be calculated directly from the areas of the
respective signals in the gas chromatogram undmrporation of the compound-
specific FID correction factorsof the respective feed hydrocarbon or products (se
Appendix 12.2.2.2). More details on the calculatdXes Y; and§ are given in the
Appendix 12.1. Finally, in Egs. (5.4) to (5.6) tlesulting equations are presented.
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Z|ered| d‘flfeed F DA\

X feed — = (5 4)

feed |}\‘eed + Z| feed| d\@ Df mﬂ

Y = fj m‘l &ered| dvl feed
J [ ﬂ
ffeed mfeed + Z|Vlf/eed| |\/f|eed ij m‘t Vj M ! (55)
J j j

f mi ﬁvf99d| d\/lfeed
z |ered| df!feed F. % l/j Mj (56)

Although hydrocracked productise. hydrocarbons with a smaller number of carbon
atoms than the reactant, are undesired in the opening of naphthenes, their
composition can furnish valuable mechanistic infation. Of particular interest were
the quantitative carbon-number distribution ana alee detailed composition of these
products. For this purpose, the modified hydrodragkselectivity is defined as the
molar amount of hydrocarbons with j carbon atomsned divided by the molar
amount of reactant converted into hydrocracked yetsd In Eqg. (5.7) the final
equation fors* is given while a detailed calculation is describadthe Appendix
12.2.5.

S* (nJ )out f DA? d\/lfeed
: (nfeed)convertedntohydrocracledproducts Z|ered| df!feed F m Mj (57)

5.5.4  Liquid Hourly Space Velocity

The liquid hourly space velocityt HSV, see Eq. (5.8)) is defined as the volumetric
hourly flow rate of the liquid reactant at room f@mature and 0.10 MPa divided by
the bulk volume of the cataly8ta; pui

LHS/ — vfeed,liquid, RT (58)

cat,bulk
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In all catalytic experiments with n-decane, ethglohexane, butylcyclohexane,
perhydroindan, cis-decalin, spiro[4.5]decane andhgidecalin a constantHSV of

ca. 0.4 ' was set. The bulk volume of the catalyst was asvayt cm. For the
determination of the volumetric flow rate of theefehydrocarbon, the mass of the
hydrocarbon collected in the cooling trap duringe drour was measured, while the
hydrogen flow-rate, the hydrogen pressure anddh@ator temperature were constant
(see Section 5.3.3.1). With the density of the bydrbon,\ifeed,iquidm was calculated
and assumed values @f. 0.16 cni-H™.
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6 Characterization of the Catalyst Precursors and Calysts

6.1 Zeolite Y

Powder X-ray diffractograms of zeolite Na-Y (notosim) prior to the ion exchange
with NH4sNO; were in agreement with simulated spectra [79]eAthe ion exchange
with NH,NO; and [Pd(NH)4CI,, followed by calcination, the same reflexes were
again observed and no additional ones were fourdce] the zeolite hat retained its
structure.

6.2 Silica

In Figure 6.1 the SEM images of silica are depiclidtere, agglomerates of diameters
up toca. 20 um are visible. They seem to be comprised aifllsmparticles that cannot
be resolved with the available equipment. Accordimghe manufacturer the average
primary particle size assumes a value of 7 nm.

Figure 6.1: SEM images of silica.

Due to the high dispersion of silica, the matehatl to be pelletized (see Section
5.1.5) prior to nitrogen physisorption. A high sibec surface area of
Ager = 391 nf-g* and a pore volume of 1.07 &mg* were obtained for this amorphous
material.

An adsorption of pyridine on a Brgnsted acid sisuits in a characteristic ring
vibration mode which corresponds to an adsorptian1545 cnt. By FT-IR
measurements with pyridine as probe molecule norptien band at 1545 cfinwas
detected, neither on the silica support withoutl@ebetal, nor on 2.68Pt/silica. Hence,
no Brgnsted acid sites of sufficient strength Far protonation of pyridine exist on this
catalyst as consequently on all other silica-sujgoocatalysts.
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6.3  [Si]SBA-15

The powder X-ray diffractograms of [Si]SBA-15 (a@fbre and (b) after removal of
the template are shown in Figure 6.2. They corredpo the diffractograms from
literature [10] with a shift of the reflexes to higy 2 values after the calcination. This
shift indicates a reduction of the cell paramesesording to Bragg's law.

(100) |

)

8
LX,L (b)
)
S

Intensity / a.u.

=)

Q

= (a)
I
2

Angle 26/ °

Figure 6.2: X-ray diffractograms of [Si|]SBA-15 (@s synthesized and (b) after
removal of the template by calcination togetherwite assignment of

reflexes according to Ref. [10].

Figure 6.3: SEM images of [Si]SBA-15 after calcioat

In Figure 6.3 the SEM images of [Si]SBA-15 aftedcoaation show stick-shaped
crystallites with a length afa. 90 um and a diameter cd. 10 um. There is no further
solid phase observable, proving phase purity of shenple. The morphology is
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roughly the same as reported in Ref. [10]. Nitroglgsisorption experiments proved

that a highly porous material was obtained whgat = 740 ni-g* and a pore volume
of 0.96 cm- g™.

6.4 Metal Dispersions of the Catalysts

In Table 6.1 the dispersions of the noble metats @article size of the metal clusters
on all silica- and [Si]SBA-15-supported catalysts ksted as determined by hydrogen
chemisorption. A general trend of an increase gpelision in the order Pd < Rh < Pt <
Ir can be observed, in qualitative accordance Vitghhature data [80-82]. The values
for the iridium dispersion above unity could haveit origin in a real adsorption
stoichiometry higher than the anticipated oneng.n, > 1 [80].

Table 6.1: Metal dispersion and metal particle siz¢he silica- and [Si][SBA-15-
supported catalysts as determined by hydrogen cogption.

Catalyst Metal Metal Particle
Dispersion Size / nm
0.73Ir/[Si]SBA-15 1.41 0.70
0.77Ir/silica 1.52 0.65
1.02Ir/silica 1.09 0.91
2.59Ir/silica 1.02 0.97
2.73lIr/silica 1.18 0.84
0.92Pt/[SI]SBA-15 0.84 1.34
0.91Pt/silica 0.76 1.50
0.93Pt/silica 0.99 1.14
2.68Pt/silica 0.64 1.77
2.69Pt/silica 0.68 1.68
0.60Pd/silica 0.15 7.66
0.96Rh/silica 0.57 1.93
1.03Rh/silica 0.17 6.38

Differences in the noble metal dispersions on the thodium catalysts of similar
metal content stem from differing preparation metorhe 0.96Rh/silica catalyst was
prepared by SEA and a mild oxidative treatmenfTat 150 °C, to obtain a high
dispersion as recommended for Pt/silica [13]. Inntast, to form catalyst
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1.03Rh/silica with a low metal dispersion, rhodiwas loadedia impregnation, and
calcination was done at= 700 °C.
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7 Preliminary Experiments

7.1 Co-Injection of n-Alkane Isomers

In the catalytic conversion of hydrocarbons withdiogen, the product mixture
becomes more and more complex with increasing nunolbecarbon atoms and
naphthenic rings in the feed hydrocarbon. From @gplieative point of view, open-
chain alkanes with the same number of carbon at@snthe reactant are the most
desirable products in the hydroconversion of nagidls due to their high cetane
numbers. One method for the peak assignment oé thpsen-chain alkanes in the gas
chromatogram is the co-injection of a liquid mixduof iso-alkanes with the liquid
product mixture obtained in the hydroconversioma olaphthene. Such mixtures of iso-
alkanes were generated in the test reaction wihtane on the bifunctional reference
catalyst 0.52Pd/NasHo31-Y (see Section 8.1) and by isomerization of n-menand
n-undecane on the same catalyst (see Section 5K@eover, also iso-decanes
generated by others [74] were co-injected. The es@ation products were analyzed
by GC/MS and, in addition, the peak assignment ingsoved by the knowledge
obtained in prior work of the group [47, 83]. Belothe results obtained with iso-
nonanes and iso-undecanes are shown.

In Figure 7.1, exemplarily the results of the cation of the liquid products gained
by isomerization of n-nonane and by the hydrocasieer of perhydroindan on
0.93Pt/silica afl, = 430 °C are depicted in the relevant range @mntain times. In the
pertinent literature, the GC analysis of the prasluis often unsatisfactory. For
example, in the work of McVickest al. [71] the authors reported that they were not
able to resolve 2,5- and 3,5-dimethylheptane om tBeDB-1 capillary column with a
length of 30 m. By contrast and as seen in Figufle ising the capillary column
Petrocol DH 150 with a length of 150 m does allbe $eparation of these two nonane
iIsomers, even the two diastereomers of 3,5-dimkeépthne are separated.
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Figure 7.1: Gas chromatograms of the liquid prodizhed by the hydroconversion
of perhydroindan on 0.93Pt/silicaBt= 430 °C (solid line) and the same
product co-injected with the product of the n-namasomerization on

0.52Pd/NagsHo 3 Y (dotted line).

In the range of retention times betwdgp= 72 and 83 min many signals are identical
and their areas increase upon co-injection. Inreshtthe areas of peaks between
tet= 83 and 88 min, where no nonane isomers elutg, ndit increase upon co-

injection. Hence, open-chain nonanes were formedm frperhydroindan on

0.93Pt/silica.
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Figure 7.2. Gas chromatograms of the liquid prodyzzhed by the hydroconversion
of methyldecalin on 0.77Ir/silica & = 370 °C (solid line) and the same
product co-injected with the product of the n-uratex isomerization on

0.52Pd/NggaHo 1Y (dotted line).
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In Figure 7.2, the results of the co-injection dfetliquid products gained by
iIsomerization of n-undecane and by the hydrocomwmerof methyldecalin on
0.77Ir/silica atT, = 370 °C are depicted in the relevant range oéntgin times.
Betweent,; = 105 and 128 min many signals are identical dair tareas increase
upon co-injection. Some signals could not be assigo a specific undecane isomer
but due to their molecular ion signal afz = 156 in the mass spectrogram an
assignment to the group of open-chain undecanessO&ds possible. Other signals
that increase upon co-injection were assignedtergiroduct groups like & due to
the absence of the molecular ion signainé = 156. In contrast, the areas of peaks
betweert, = 128 and 134 min where no undecane isomers éidteot increase upon
co-injection. Hence, OCUs were formed from methg&dm on 0.77Ir/silica.

It can be concluded that the co-injection of iskaaks is a valuable method of peak
assignment. Especially for complex mixtures of logérbons with up to eleven
carbon atoms GC/MS analyses are insufficient agdire an additional method of
peak assignmengg. co-injection of iso-alkanes. However, limitatiooisthis method
are (i) not every possible isomer is formed in &urmtional isomerization of an
n-alkane and (i) peak overlaps with signals okotbroducts can occur.

7.2 Blank Tests

In order to exclude a catalytic activity of the exmental set-up or of the catalyst
support silica or the occurrence of thermal hydaoking, blank tests with cis-decalin

as feed hydrocarbon were conducted. In one expatithe reactor was empty and in

the second one the reactor was filled with silidae same experimental conditions as
in the catalytic experiments with cis-decalin an@tahcontaining catalysts were

applied (see Section 5.3.3.6)

Table 7.1:  Conversion of decalin and selectivitéslifferent groups of products at
different reaction temperatures in the blank tests.

Reactor Tr ><Dec Ssk-lsos SROPs SOCDs SCg- SDHPs
filling /°C | % | % | % | % | % | %
Empty 390 9.7 12 45 0.8 0.5 83
Empty 430 15 10 2.7 0.4 1.8 85
Silica 390 8.4 17 3.7 0.4 0.6 78

Silica 430 28 27 1.2 0.1 0.5 72
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In Table 7.1 the results of the blank tests shat &tT, = 390 °C conversions of about
9 % are obtained in the empty reactor and witltais catalyst. When applying the
definition of conversion (see Section 5.5.3) toample of the liquid reactant, a
seeming conversion of 0.5 % would have been indic&tom impurities in the feed
hydrocarbon. Small amounts of ROPs ang, @nd negligible amounts of OCDs
indicate that a small extent of hydrocracking ocedy since these products were
absent in the liquid feed hydrocarbon (see Sedi8rB.6). Also the yields of sk-lIsos
around 1.3 % were slightly higher compared to tlssrfraction of these impurities in
the reactant. As expected by thermodynamic calongai{84], the main reaction was
the dehydrogenation to DHPs which were comprisehignaf tetralin. AtT, = 430 °C
the conversion increased more strongly on silich ligher amounts of sk-Isos were
formed. Perhaps, at this very high reaction tentpezavery weak Brgnsted acid sites
on silica become catalytically active.

Hence, at temperatures up to 390 °C the contributiothermal cracking or catalysis
on silica is negligible. Higher temperatures mighing about a very weak catalytic
activity of Brgnsted acid sites on silica or thekimgdrocracking. The main reactions
at high temperatures were always the dehydrogenatiotetralin and naphthalene
according to the thermodynamic equilibrium.
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8 Hydroconversion of n-Octane as Test Reaction

For studying catalysis on a dispersed and supportdde metal it is essential to
identify a catalyst support that does not contebat catalysis. Of utmost importance
is the absence of bifunctional catalygia carbocations which are usually generated on
Brgnsted acid sites. At least eight carbon atorasequired in a hydrocarbon to allow
the fastest type d¥-scission in a corresponding carbocation, as shawigure 4.18,
page 32. Hence, the hydroconversion of n-octane et@sen as test reaction to
identify a catalyst support which does not show aatbution of bifunctional
catalysis. After loading with iridium or platinurthe following support materials were
examined: amorphous silica, mesoporous [Si]SBA-titania, y-alumina, carbon
black.

In the hydroconversion of n-octanepat = 0.1 MPa all catalysts deactivated as proved
by a control experiment at the end of a seriesatdlgsis experiments at a temperature
that was used earlier with the same catalyst. Naxtdeation of the silica-supported
catalysts was observed in the conversion of n-deedpy, = 5.0 MPa (see Section
9.1). Hence, the low hydrogen pressure leads to kb#d-up of coke and,
consequently, to deactivation. This sometimes letdkinks in the conversion
patterns. As a general tendency, the iridium-coimgi catalysts showed higher
conversions than the platinum-containing ones, dué to the occurrence of
deactivation, a detailed discussion of relativalyat activities is omitted.

8.1 Palladium-Containing Y Zeolite as Bifunctional Refeence
Catalyst

As a reference catalyst for bifunctional cataly®iS2Pd/NggsHosr-Y was tested. In
Figure 8.1 the results of the temperature behawfothe n-octane conversion and
selectivities at atmospheric pressure are showfowin-octane conversions up de.

20 %, skeletal isomers are the dominating prodwdts a selectivity of 90 % or more.
Increasing the reaction temperature and converBrorgs about a decrease of the
selectivity for skeletal isomers and an increasehef selectivity for hydrocracked
products. The selectivities for RCPs angla@matics are small (sum <8 %) in the
entire range of temperatures applied.
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Figure 8.1: Conversion of n-octane and selectwité different groups of products
at different temperatures on the bifunctional refee catalyst.
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Figure 8.2: Modified hydrocracking selectiviti§% on the bifunctional reference
catalyst 0.52Pd/NgsHo 31-Y in the hydroconversion of n-octane:
Ty =321 °CXn.0c = 15 %;Yc, = 1 %;£5* = 197 %.
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The distribution of the hydrocracked products (B&pire 8.2) shows a volcano shape
with a strong maximum at,Cmuch less €and G and negligible amounts of,CC,,

Cs and G. The molar distribution curve is symmetrical ardud, which indicates a
pure primary hydrocracking selectivity [83]. Thisurp primary hydrocracking
selectivity is also reflected ByS* =~ 200 %. The occurrence of very small amounts of
C, and G is probably due to some hydrogenolysis on palladsuperimposed to the
main bifunctional hydrocracking.

8.2 Iridium- or Platinum-Containing Catalysts Supported on Silica or
[Si]SBA-15
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Figure 8.3: Conversion of n-octane and selectwité different groups of products
at different temperatures on two silica-supportgidiysts.

Compared to the bifunctional palladium-containingtatyst completely different
product selectivities are obtained with the sistgported catalysts 0.77Ir/silica and
0.93Pt/silica, see Figure 8.3. The decrease of ersion betweerM, = 352 °C and
363 °C on Pt/silica is due to catalyst deactivafade supra). On both catalysts, the
extent of isomerization remains beld®y_sos = 12 % in contrast to the abundant
isomerization found on 0.52Pd/Na,Ho3r-Y (see Figure 8.1) at moderate conversions.
In Figure 8.3a the selectivity pattern of the migi-containing catalyst shov&,. >
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93 % at all temperatures, accompanied by small aitsoaf skeletal isomers with, .
1sos between 3 and 5 %. As shown in Figure 8.3b, onplaéinum-containing one
dehydrocyclization to RCPs and hydrocracking are thain reactions with an
increasing trend of aromatization with increasieignperature.

A very similar catalytic behavior was found for ttveo corresponding [Si]SBA-15-
supported catalysts (not shown). In Figure 8.4 thstribution curves of the
hydrocracked products for the four silica- and $8BA-15-supported catalysts are
shown. On both iridium catalysts the curves tenchémotonously increase frony, @

C,. Compared to the almost horizontal curve shap@rmupported iridium particles
[31] (see Figure 4.8, page 20) this is a very simiésult. On the supported catalysts it
is superimposed by multiple hydrogenolysis as iatdid by>S* > 200 % resulting in
the increasing modified selectivities with decragsaumber of carbon atoms.

—e— 0.77Ir/silica

80 -0 0.93Ptsilica 1
—v— 0.73Ir/[Si]SBA-15

—2a— 0.92PY/[Si]SBA-15

Number of C-atoms

Figure 8.4: Modified hydrocracking selectiviti§ on the silica- and [Si]SBA-15-
supported catalysts in the hydroconversion of et
0.77Ir/silica: T, =280 °C;Xnh0c=9 %; Yc,. =8 %; X§* =263 %.
0.93Pt/silica: T, = 332°C; Xnoc = 14 %; Y, = 4 %; X§* =224 %.
0.73Ir/[Si]SBA-15: T, = 280 °C;Xn.0c = 12 %; Yc, = 11 %;2§* = 243 %.
0.92P/[Si]SBA-15: T, = 320 °C;Xn.0c = 10 %; Yc, = 3 %; X§* = 203 %.

Beside small deviations in the relative amountsmgithane formed, both platinum
catalysts show a very similar almost horizontalveurAlso on unsupported platinum
particles [31] (see Figure 4.8, page 20) a rougjoiyzontal curve was obtained in the
hydroconversion of n-heptane. There, the mole ifvacof C, was relatively high.

Presumably, multiple hydrogenolysis of n-heptaneuo®d on the unsupported
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platinum particles as indicated by the lower vahteG compared to € As a
conclusion, both modifications of silicon dioxidead to a very similar catalytic
behavior of the respective deposited noble metal.

Due to the above-mentioned similar influence ofhbstpports on catalysis, the
following detailed discussion of the product distition is conducted exemplarily only
for one type of catalystiz. the [Si]SBA-15-supported ones. For a comparisothe
mechanisms occurring on the bifunctional cataly$2Pd/NgeqHo3rY and on the
[SI]SBA-15-supported catalysts the distributiongloé skeletal isomers in the product
mixture are listed in Table 8.1.

Table 8.1: Composition of the skeletal isomers ioleth from n-octane on the
[SI]SBA-15-supported catalysts and on the bifunciazeolite catalyst.

Catalyst 0.73Ir/[Si]SBA-15 0.92Pt/[Si]SBA-15 0.52Pd/Ngse,Ho 31-Y
T, /°C 241 321 299 361 283 342
Xn-oc! % 5 31 3 34 5 30
Ssiisos | Y0 6 2 12 34 90 84
Skeletal

isomer S/ Sgisos | Y0

2-M-Hp 21.4 25.3 20.6 13.2 29.3 28.7
3-M-Hp 6.8 8.9 22.1 8.2 42.4 34.8
4-M-Hp 21.6 31.6 32.7 41.8 17.5 13.6
3-E-Hx 16.0 16.8 16.0 18.9 6.4 4.9
3-E-2-M-Pn 10.6 5.4 3.2 6.7 0.1 0.4
2,2-DM-Hx 0 0 0 0 0.9 2.5
2,3-DM-Hx 3.2 2.3 2.1 1.0 0.9 3.6
2,4-DM-Hx 13.6 3.5 3.4 1.8 1.2 4.8
2,5-DM-Hx 0 0 0 0 0.6 3.1
3,3-DM-Hx 0 0 0 0 0.6 2.0
3,4-DM-Hx 6.9 6.4 0 8.4 0.2 1.7

It can be seen that on the bifunctional catalystciminigher amounts of 3-
methylheptane (3-M-Hp) are generated, and isonm@yizdo the dibranched octane
isomers 2,2-, 2,5- and 3,3-dimethylhexane (2,25;,23,3-DM-Hx) occurs. These
dibranched isomers are not formed on the [Si|]SBAsdpported catalysts. Another
characteristic difference is shown by the low fiaats of the isomers 4-methylheptane
(4-M-Hp), 3-ethylhexane (3-E-Hx), 3,4-dimethylhera(8,4-DM-Hx) and 3-ethyl-2-
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methylpentane (3-E-2-M-Pn) occurring on the bifumzal catalyst. The relatively
high amounts of 4-methylheptane, 3-ethylhexane,d8pkthylnexane and 3-ethyl-2-
methylpentane on the [Si][SBA-15-supported catalgsiis be explained by a cyclic
Isomerization mechaniswia substituted cyclopentanes [22, 23] occurring sotei
the metal sites (see Section 4.2.1.2).

More information is obtained from the hydrocrackedducts with five carbon atoms.
In Figure 8.6¢ the distribution of the pentane isgsnn-pentane and 2-methylbutane
that were formed on the bifunctional zeolite catalg depicted. On this catalyst, at
low conversions mainly 2-methylbutane is formedhvan increasing selectivity of n-
pentane with increasing temperature. Comparingwitils the selectivity pattern of the
pentane isomers on 0.73Ir/[Si]SBA-15 (see FiguGaBand 0.92Pt/[Si]SBA-15 (see
Figure 8.6b) the difference is obvious. These monciional catalysts produce mainly
n-pentane with only low amounts of 2-methylbutane.

The formation of 2-methylbutane on the bifunctionatalyst can be rationalized by
applying the relatively fagb-scissions of type B B, and C (see Figure 4.18) to all
carbocations of the octane isomers that are tadmhlatTable 8.1. Exactly two of these
reactions can result in the formation of 2-methtdine,viz. the B-scission of type B
or B, in carbenium ions of 2,4-dimethylhexane or 3,3-atimylnexane, respectively
(see Figure 8.5). The fastgsscission of type A in a Lrarbocation can only result in
the formation of two iso-butane molecules [48].dad, also iso-butane is formed in
large amounts on 0.52Pd/\Ng Ho3rY (not shown).

. Type B, -H Proe_ane
@ ® +2H, 2-Methylbutane
ot Propane
Type By H
N—> —_—— + /\ _ +
@ @®
/><\/ )\/ Z +2H, 2-Methylbutane

Figure 8.5: B-Scission of cations of 2,4-dimethylhexane anddBethylhexane.
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Figure 8.6: Relative selectivities of the pentasemers 2-methylbutane and n-
pentane in the hydroconversion of n-octane on H&HSBA-15-
supported catalysts and on the bifunctional zeohtalyst.
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8.3 Iridium- or Platinum-Containing Catalysts Supported on
v-Alumina, Titania or Carbon Black

On both titania-supported catalysts, the produstribution is very similar to the
silica- and [Si]SBA-15-supported ones with the sarmble metal. Aca. 10 % higher
selectivity of sk-Isos and ea. 10 % lower selectivity of g£aromatics is obtained on
1.06Pt/titania compared to the silicon-dioxide-suped iridium catalysts (see Figure
8.3b). As depicted in Figure 8.7, the-(roducts on 1.05Ir/titania show a similar
carbon number distribution as the respective silidmxide-supported platinum
catalysts (see Figure 8.4) with a smaller amoumhethane. Also on 1.06Pt/titania the
distribution resembles that obtained on the silidmxide-supported platinum
catalysts. However, the slightly increasing valdesn C, and G towards G as
observed on 0.52Pd/Blg,Hos:-Y could point to a contribution of bifunctional
catalysis on 1.06Pt/titania.

—e— 1.05Ir/titania
g0 | -0 1.08Pt/titania 1

S* 1%

1 2 3 4 5 6 7
Number of C-atoms

Figure 8.7: Modified hydrocracking selectiviti§% on the titania-supported
catalysts in the hydroconversion of n-octane:
1.05Irftitania: T, = 279 °C;Xq.0c = 14 %; Y, = 14 %;2§* = 227 %.
1.06Pt/titania: T, = 389 °C;Xq.0c= 15 %; Y, =5 %; £§* = 201 %.

On 0.93Irf-alumina slightly higher selectivities of sk-lsoedaRCPs were formed
compared to the iridium-containing catalysts thratsupported on silica and [Si]SBA-
15. A totally different product mixture was formed 0.91Ir/carbon black with high
selectivities of sk-Isos between 24 and 48 % and3g. values of maximal 33 %.
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On they-alumina- and carbon-black-supported platinum gatalthe selectivities of
sk-lsos and & products are higher an&kcps are lower in comparison with the
platinum-containing silicon-dioxide-supported cgss$. This could point to a
contribution of Brgnsted acid sites which faciktaskeletal isomerization and
hydrocracking while the contribution of metal-cgimdd reactions like
dehydrocyclization is reduced.

—o— (.93Ir/y-alumina
80 ~-0-- 0.81Pt/y-alumina
—v— 0.91lIr/carbon black
—4a— 0.91Pt/carbon black

S* 1%

1 2 3 4 5 6 7
Number of C-atoms

Figure 8.8: Modified hydrocracking selectiviti& on the y-alumina- and carbon
black-supported catalysts in the hydroconversion-ottane:
0.93Irk-alumina: T, = 256 °C;Xn.0c = 16 %; Yc,. = 13 %;X2§* = 180 %.
0.81Ptf-alumina: T, =311 °C;Xq.0c= 14 %; Yc,. = 6 %; X§* =207 %.
0.91Ir/carbon blackT, = 342 °C;Xq.0c = 21 %; Yc, = 10 %;2§* = 204 %.
0.91Pt/carbon blacK; = 372 °C;Xn.0c = 20 %; Yc, = 6 %; X§* = 200 %.

In Figure 8.8 the modified hydrocracking selecigstof they-alumina- and carbon-
black-supported catalysts are shown. They deviaten fthose described for the
corresponding silica- and [Si]SBA-15-supported on@s the iridium-containing
catalysts the values at, @nd G are lower compared to the silicon dioxide-suppbrte
ones. Since at these reaction temperatures metlbane only be formed by
hydrogenolysis on the metal, an interpretation hat ton 0.93Iy-alumina and
0.91lIr/carbon black hydrogenolysis on the metakuperimposed by bifunctional
hydrocracking on Brgnsted acid sites. Also on theesponding platinum-containing
catalysts Brgnsted acid sites seem to be activeuggested by the relatively high
amounts of g C, and G as found on the bifunctional reference catalysival (see
Figure 8.2).
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8.4 Conclusions

Several indications were obtained which demonstfzé silica and [Si]SBA-15 are
the most appropriate support materials for studyhe metal function alone with a
minimal contribution of Brgnsted acid sites: (i) eTtdistribution curves of the
hydrocracked products resemble those of the unstggpanetals [31]. (i) Much

smaller selectivities of skeletal isomers are fatnempared to the bifunctional
zeolite catalyst and also their composition is eteéht. (iii) Especially at low

conversions, the formation of 2-methylbutane isligdge while on the bifunctional

reference catalyst 60 % of the ffaction is composed of 2-methylbutane. (iv) By-FT
IR spectroscopy with pyridine as probe moleculeBngnsted acid sites of sufficient
strength were detected on silica (see Section 6.2).

On the other support materials titaniaalumina and carbon black essentially two
catalytic properties demonstrated a possible dmution of Brgnsted acid sites: (i)
Higher selectivities of sk-lIsos compared to siliaad [Si]SBA-15-supported catalysts
and (ii) distribution curves of the hydrocrackeaducts that can be interpreted by a
superimposition of a volcano shape as typical fungtional hydrocracking with the
distribution curve known from unsupported metabhogadts [31].
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9 Hydrogenolysis on Monofunctional Noble Metal Catalgts

For all experiments about the hydrogenolysis ofrbgdrbons the noble metal was
supported on silica due to the absence of pyriddsorption (see Section 6.2) and due
to its non-acidic character in the test reactionhwn-octane (see Section 8). In
addition, for the hydroconversion of cis-decalirsaaltwo [Si]SBA-15-supported
catalysts were tested. In a control experiment hed &nd of each series of
measurements with a specific catalyst and reactantatalyst deactivation has been
observed afteca. 40 h of time-on-stream. Mild deactivation was eved in specific
time-on-stream experiments with cis-decalin asteedat high reaction temperatures
afterca. 70 h (see Sections 9.5.2 and 9.5.3).

9.1 n-Decane

In Sections 9.3, 9.5 and 9.6 the hydrogenolysimoho- and bicyclic naphthenes with
ten carbon atoms on Ir/silica and Pt/silica willdd@mined. There, open-chain decanes
(OCDs) are the most important group of productsceomng the improvement of
diesel fuel by ring opening of naphthenes. Withsétheeactants it is often unclear to
what extent hydrogenolysis of OCDs leads to a digian of the number of carbon
atoms, i.e. the formation of hydrocracked products. In orderl¢arn about the
precursors of & products in the conversion of these naphthenssdims worthwhile

to study the hydroconversion of a decane isomereurglmilar experimental
conditions. Since n-decane is the only commercelgilable decane isomer it is used
as a representative OCD in the hydroconversion. 68liZsilica and 2.69Pt/silica.

The iridium catalyst is much more active than thetipum catalyst (see Figure 9.1).
With the latter,ca. 80 °C higher temperatures have to be applied taimksimilar
conversions. On both catalysts hydrogenolysis 4o pfoducts is the main reaction.
Skeletal isomers are formed on 2.73lr/silica ari®Rt/silica withS;.s0s< 3 and 5 %,
respectively. On both catalysts and all temperatateleast 86 % of all sk-Isos are
mono-branched (methylnonanes and ethyloctanes)yddetyclization occurs to a
negligible extent, most likely due to the high hygen pressure of 5.0 MPa in contrast
to high selectivities of RCPs and; @romatics in the n-octane conversionpgf =
0.1 MPa on 0.93Pt/silica (see Figure 8.3b, page 83)
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Figure 9.1: Conversion of n-decane and selectsitiedifferent groups of products
at different temperatures on two silica-supportgidiysts.

In the distribution curves of the hydrocracked praid (see Figures 9.2 and 9.3) also
the fractions of n-alkanes (primary hydrogenolysisducts) are given as black bars at
carbon numbers at which this discrimination is pgmes No bars are shown for the
coproducts methane, ethane and propane. Sinces inattiesponding carbon number
fractions these are the only products, no diffeagion between products which can
stem from a direct hydrogenolysis of n-decane awdyrcts which are formed in the
course of other reaction paths would be possibla. the iridium catalyst the
hydrocracked products are comprised only of n-akafsee Figure 9.2). Hence,
neither n-decane nor the-(roducts undergo isomerization on this catalysgether
with £S* = 200 % this is a strong indication that in evergatane molecule that is
converted into & products one single C-C bond is cleaved. Moreotlez curve
shape demonstrates that the cleavage of intermalsbio the alkane chain is preferred
whereas hydrogenolysis between &d G or G, and G in the decane molecule is
slower.

A similar carbon number distribution curve is ohtd for 2.69Pt/silica (see Figure
9.3). Again hydrogenolysis between central carbtoma is faster in qualitative
accordance with results of the n-decane hydroceieron 2.0Pt/alumina [23] at
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py,= 2.0 MPa. Platinum, as already demonstrated byslightly higherSy.isos (S€€
Figure 9.1), exhibits a mild isomerization activishat is now also reflected in the
occurrence of some very small amounts of iso-alkaméhe hydrocracked products.

60 T T T T T T T T T
50 L —e— 2.73lr/silica i
=3 Other hydrocracked products
40 B Primary hydrogenolysis products
X
*\_ 30 -
%)
20 |
10
0

1 2 3 4 5 6 7 8 9
Number of C-atoms

Figure 9.2: Modified hydrocracking selectivitie§* on 2.73Ir/silica in the
hydroconversion of n-decane and fraction of primaggrogenolysis
products:

T, = 240 °C;Xn.pe = 30 %;Yc,. = 30 %;25* = 207 %.
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Figure 9.3: Modified hydrocracking selectivitie§* on 2.69Pt/silica in the
hydroconversion of n-decane and fraction of primaggrogenolysis
products:

Ty = 320 °C;Xq.pe = 31 %;Yc, = 29 %;25* = 205 %.
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9.2 Ethylcyclohexane

To study the general catalytic behavior of iridiemplatinum in the hydroconversion
of six-membered rings ethylcyclohexane was chosenfegd hydrocarbon. The
expected not too complex product distribution sHodécilitate a mechanistic
interpretation. Dehydrogenation to ethylbenzeneued to a negligible extent with
maximal selectivities of 0.3 %. Hence these seléids are not plotted in Figure 9.4.
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Figure 9.4: Conversion of ethylcyclohexane andcdieiéies of different groups of
products at different temperatures on two silicapsuted catalysts.

As also observed in the hydroconversion of n-deqaee Figure 9.1), the iridium
catalyst is much more active than the correspongtainum catalyst with a
comparable metal loading (see Figure 9.4). Sinulamversions are reached .
100 °C higher reaction temperatures on 0.93Pi#sil&ks shown in Figure 9.4a the
formation of sk-lsos is negligible on 0.77Ir/silichlp to intermediate conversions
open-chain octanes (OCOs) are the main products ait maximal yield of
Yocos=38 % atT, = 310 °C andXg.chx = 68 %. With increasing temperature the
selectivity of G- products increases strongly, except for the loweraperature which
IS a conseqguence of impurities in the reactant.
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As observed with n-decane (see Figure 9.1b), thénpim catalyst is active in the
formation of skeletal isomers. On 0.93Pt/silicae(§@gure 9.4b) the selectivity of sk-
Isos decreases from 38 to 7 % with increasing teatpee and conversion.
Simultaneously, the selectivity of OCOs increasdghdy and a maximal
Yocos= 28 % is reached at = 410 °C andXg.chx = 53 %. Within the temperature
range applied, the selectivity of-Gncreases with increasing temperature up to 41 %.

Propylcyclopentane is the most abundant skelet@ainés that is formed on the
platinum catalyst wittS_cpn/ Sikisos= 44 % at the lowest conversion and a decreasing
relative selectivity with increasing conversion t&_cpn/ Sik.isos= 26 %  at
Xe.chx = 53 %. Other skeletal isomers are different stlietl cyclopentanes and
cyclohexanes with eight carbon atoms but also megblpheptane is formed with a
maximal S = 1.3 % atT, = 350 °C. Since the results of FT-IR measurem¢eg
Section 6.2) and of the n-octane hydroconversiee Section 8) gave no indications
for Brgnsted acid sites on Pt/silica a metal-catdlyisomerization mechanism has to
be envisaged.

- H, +H,
_ = e
Pt Pt

Ethylcyclohexane Cyclopropanoid Propylcyclopentane
species
Figure 9.5. Isomerization of ethylcyclohexane t@pgylcyclopentane on platinum
according to the bond-shift mechanism.

To understand the formation of propylcyclopentdresiond-shift mechanism [24, 27,
28] (see Section 4.2.1.2) is tentatively applie@tioylcyclohexane, see Figure 9.5. A
cleavage of a C-C bond in the three-membered rihgrahan the new one formed can
result in the formation of propylcyclopentane. swobserved to be the predominant
type of metal-catalyzed isomerization of n-octangemw the hydrogen pressure was
increased from 0.5 to 2.0 MPa [23]. Alternativediso a 1,5-dehydrocyclization of the
major OCO n-octane (see Figure 9.8b) to a five-mexedb ring could furnish
propylcyclopentane, see Figure 9.6.
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Ethylcyclohexane n-Octane Propylcyclopentane

Figure 9.6: Isomerization of ethylcyclohexane t@gyicyclopentane on platinum
via ring opening to n-octane followed by 1,5-dehydization.

Since propylcyclopentane is a primary product witle highest selectivity at the
lowest conversion, while the selectivity of n-oaancreases frori, = 350 over 370
to 390 °C, its formation occurs most probahia the bond-shift mechanism. By
applying the bond-shift mechanism, in addition skeletal isomers 1-ethyl-1-methyl-
cyclopentane, cis- and trans 1-ethyl-2-methylcyetdipne and cis- and trans 1-ethyl-
3-methylcyclopentane are expected. Indeed thesksosk-are formed with a total
relative selectivityS/ Sy.sos0f 27 to 31 %. A rationale for the preferred fotioa of
propylcyclopentane cannot be given. Perhaps, etblghexane is adsorbed on
platinum preferentially in such a manner that tyelapropanoid species shown in
Figure 9.5 is formed.

b a a: n-Octane
+H,
c a T b: 3-Methylheptane
c b c¢: 3-Ethylhexane
Ethylcyclohexane

Figure 9.7: Labeling of the endocyclic bonds iny&tiiclohexane with the respective
hydrogenolysis products (direct OCOSs).

On the iridium catalyst in the whole temperatunegea at least 96 % of all OCOs are
these three OCOs that originate from a direct hyeinolytic ring opening (direct
OCOs, see Figure 9.Ajiz. n-octane, 3-methylheptane and 3-ethylhexane. Dube
Isomerization activity of the platinum catalyst ghvalue is slightly lower on
0.93Pt/silica with values 92 % in the whole range of temperatures appliedtigure
9.8 the relative selectivities of the three di®@€Os are plotted versus conversion.
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Figure 9.8: Selectivities of the three direct OC@ginating from a direct ring
opening of ethylcyclohexane on two silica-suppocathlysts.

For the iridium catalyst the probability of breadithe bonds a : b: c is about 0.2 : 0.5 :
1.0 at the lowest conversion and changes with asing conversion to 0.3 : 1.0 : 1.0
at the highest conversion. This can be explaineth vei dominating selective
mechanism (see Section 4.2.1.4), which opens tkabstituted bonds b and c. This
mechanism is accompanied by another ring-openingharesm, presumably the non-
selective mechanism or the partially selective me@m, leading to n-octane by
cleaving bond a. A similar regioselectivity withraio a : b : c of 0.1 : 0.6 : 1.0 was
also found in the ring opening of methylcyclohexaoe 0.9Irf-alumina at a
conversion of 15% [4], see Table 4.1, page 25 andhe ring opening of
butylcyclohexane on the same catalyst [4]. It iknown why the cleavage of the
bisecondary bond c is preferred over that of tHeeobisecondary bond b at low
conversions. Perhaps, bond c, which is situateced@tant from the alkyl group, is
adsorbed on iridium more easily due to stericaboea. At higher conversions, and
accordingly at higher temperatures, the ring isating more intensively and it seems,
that the adsorption at bonds b and ¢ occurs tméasiextent.

On the platinum catalyst the relative selectivitigfs direct OCOs remain nearly
constant over the whole temperature range withia od breaking the bonds a : b : c
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of about 3 : 2 : 1, far away from the non-selectmechanism observed in the ring
opening of methylcyclopentane on platinum [33]. fefprence for breaking the
substituted bond was also found in the ring openiigmethylcyclohexane on
0.6Pt/silica [4] (see Table 4.1, page 25) withteora: b : c of about 2 : 1 : 0. There, in
contrast to the results shown in Figure 9.8, th@une of bond ¢ occurred only to a
negligible extent. Perhaps, the small differendeb® reactant, methys. ethyl group,
are responsible for the different regioselectigitidlso different metal dispersions
could be the reason, since platinum can exhibtigarsize effects in the ring opening
of methylcyclopentane [33] (see Section 4.2.1.4).

An additional reaction path for the n-octane fororaton 0.93Pt/silica is the ring
opening of the major sk-Iso propylcyclopentane het substituted endocyclic C-C
bond. Also in the ring opening of ethylcyclopentae 0.6Pt/silica others [4] found
that 54 % of the ring-opening products were n-heptdormed by hydrogenolysis of
the substituted C-C bond.

—e— 0.77Ir/silica
80 ¢ -0 0.93Pt/silica b

S* 1%
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Figure 9.9: Modified hydrocracking selectiviti§% on two silica-supported
catalysts in the hydroconversion of ethylcyclohexan
0.77Ir/silica: T, =290 °C; Xe.chx = 31 %; Yc,. =6 %; 1LS* = 215 %.
0.93PUsilica: T, = 390 °C; Xe.crx = 31 %; Yc,. = 10 %; £§* = 209 %.

For both catalysts the curves of the carbon nurdisributions of the hydrocracked
products (see Figure 9.9) are symmetrical and semyar with large amounts of ,C
and G, much G and G and small amounts of;@o Gs. A similar curve was obtained
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in the hydroconversion of decalin on weakly acigidium catalysts for which the
term “hammock-type curve” was coined [52] (see Fegdi21, page 38).

A large fraction of the € and G products are comprised of cyclohexane and
methylcyclohexane, respectively. On the iridiumabatt at the lowest conversion a
mole fraction of 86 % of the {Cand 52 % of the Lfraction are cyclohexane and
methylcyclohexane, respectively. These values dserestrongly with increasing
conversion. On the platinum catalyst at the loveestversion mole fractions of 91 %
of the G and of the @fraction are cyclohexane and methylcyclohexangeetively.

On Pt/silica these values decrease only moderafiéhyincreasing conversion.

Hence, on iridium the high amounts of, ©C,, C; and G stem at low conversions

mainly from the exocyclic hydrogenolysis in theydlkide-chain of ethylcyclohexane.
However, at high conversions these products araddrto a larger extent by cleaving
of C-C bonds in OCOs and by ring opening of cyckam® and methylcyclohexane.
On the platinum catalyst further additional reactipaths are possible due to its
iIsomerization activity. One reason for the fastagtic hydrogenolysis in the alkyl

side-chain on platinum could be the slow ring opgrof six-membered rings on this
metal [4].

In the hydrogenolysis of n-decane on Pt/silicaimilar reaction conditions relatively
small amounts of Cand G are formed by cleaving the primary-secondary Ce@Gdb
in the alkyl chain (see Figure 9.3). Assuming a ilsimregioselectivity in the
hydrogenolysis of the major OCO that is formed ine tring opening of
ethylcyclohexane on Pt/silicaiz. n-octane, (see Figure 9.8b) relatively small am®u
of C; and G would be expected. However, since high amount€,0bind G are
formed this is an additional indication that n-ewais not the main precursor of
hydrocracked products.

At the lowest conversion the ratiq.cqy / Nchx €quals 1.0 on the iridium and 1.5 on
the platinum catalyst. With increasing conversibis tatio increases on the iridium
catalyst to 1.8 aKg.cxx = 68 %, at higher conversions multiple hydrogessiyccurs
as indicated byxS§* >> 200 %. In contrast, on the platinum catalygiss ratio
decreases with increasing conversion to 1.1 at mm&ximal conversion of
Xe.chx = 53 % without multiple hydrogenolysis. Hence,indium both C-C bonds in
the ethyl side-chain of ethylcyclohexane are cldaveh the same probability at low
conversions, whereas at higher conversions the olggdiolysis of the exocyclic
primary-secondary C-C bond is preferred. On platinthis trend occurs with
decreasing conversion.
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9.3 Butylcyclohexane

Butylcyclohexane is the only commercially availablieect ring-opening product of

decalin, and it is formed on all Ir/silica and Rita catalysts by a direct

hydrogenolytic ring opening of cis-decalin (seet®®c9.5). Hence, it was chosen as
feed hydrocarbon to investigate the consecutivetiaa steps of this intermediate in
the formation of OCDs from decalin on 2.73Ir/siliaad 2.69Pt/silica. For example,
the distribution of the hydrocracked products fodnfeom butylcyclohexane could

give hints about the precursors of the hydrocragkeducts in the hydroconversion of
decalin.

Again the iridium catalyst is much more active thiwe corresponding platinum
catalyst with a similar metal loading (see Figurg09. To obtain similar conversions
ca. 100 °C higher reaction temperatures have to bkemppn 2.69Pt/silica.

On 2.73Ir/silica the hydrogenolysis of endo- andoaxlic C-C bonds in
butylcyclohexane to OCDs andq-C respectively, are the main reactions at low
conversions. A maximaYocps Of 30 % is obtained af, = 250 °C. With increasing
conversion, OCDs are hydrocracked tg.CSkeletal isomers and butylbenzene are
formed in negligible amounts.

By contrast, on 2.69Pt/silica a maxin®}..sos= 27 % at the lowest conversion shows
that platinum alone is active in isomerization, pbly together with some very weak
acid sites of silica at the high reaction tempeegwf T, > 320 °C. At the lowest
conversions of 10 and 16 %, the fraction of penimpentane in the product group of
sk-lsos amounts to 38 and 36 % respectively, andredses with increasing
conversion. As described for the isomerization othykeyclohexane to
propylcyclopentane on 0.93Pt/silica (see Figures &d 9.6, page 95), metal-
catalyzed isomerization mechanisms can explaiioitaation.
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Figure 9.10: Conversion of butylcyclohexane anecelities of different groups of
products at different temperatures on two silicapsuted catalysts.

On 2.69Pt/silica the strong preference of exocyciitstead of endocyclic
hydrogenolysis is the reason for the low amountsQfEDs with a maximal
Yocps= 13 % atT, = 390 °C and high amounts of-Cformed {ide infra). Small
amounts of butylbenzene wit g, < 4 % were formed at the relatively high reaction
temperatures.

For a detailed look at the direct hydrogenolysisdpicts, the different C-C bonds in
butylcyclohexane are designated as a to g, as sihrowigure 9.11. On both catalysts
the summed up selectivities of the direct hydrogsi® products methane, ethane,
propane, n-butane, cyclohexane, methylcyclohexatig/icyclohexane, propylcyclo-

hexane, n-decane, 5-methylnonane and 4-ethylocteete 68 % at low conversions,

see Table 9.1.
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Endocyclic Exocyclic
hydrogenolysis hydrogenolysis | d: Cyclohexane + n-Butane
a: n-Decane b~e d f
+H, e 9 +H, e: Methylcyclohexane + Propane
b: 5-Methylnonane | ~* c a — >
M] M] f: Ethylcyclohexane + Ethane
c: 4-Ethyloctane c b
g: Propylcyclohexane + Methane
Butylcyclohexane

Figure 9.11: Labeling of the different C-C bonds batylcyclohexane with the
respective hydrogenolysis products.

Table 9.1: Direct hydrogenolysis products of bugglohexane on two silica-
supported catalysts at low conversions.

Catalyst Theoretical Distribution
2.73Ir 2.69Pt Selective Non-selective
[silica  /silica mechanism mechanism

T, /°C 230 330

Xg.chx | % 20 16

Selectivity of direct 91 68 100 100

hydrogenolysis products / %

rS* /% 198 205 200 200

Molar Distribution of the Direct Hydrogenolysis

Bond Product Products with 6 to 10 Carbon Atoms / %
a n-Decane 5 11 0 20
b  5-Methylnonane 20 8 29 20
C  4-Ethyloctane 49 6 29 20
d Cyclohexane 2 19 0 10
e  Methylcyclohexane 19 43 14 10
f Ethylcyclohexane 3 6 14 10
g Propylcyclohexane 2 7 14 10

Moreover, the molar composition of the direct hygnolysis products with 6 to 10
carbon atoms is shown in Table 9.1 at mild reactiemperatures of negligible
multiple hydrogenolysisXS* =~ 200 %). Interestingly, on 2.73Ir/silica the endday

bonds in butylcyclohexane are cleaved faster thaa e@xocyclic bonds with a
preference for the hydrogenolysis of the bisecondaC bonds b, c, e and f. A very
similar distribution of the OCDs formed on 0.9tdlumina was detected by McVicker
et al. [4]. Surprisingly, the exocyclic bisecondary boads opened about six times
faster than the other exocyclic bisecondary bondl$o in the hydrogenolysis of
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n-decane on the same catalyst, the cleavage dbahds between the third and the
fourth carbon atom in the alkyl-chain was preferreédrhaps, the adsorption of these
carbon atoms is geometrically favored on iridium.

On Pt/silica the hydrogenolysis of exocyclic C-Chbs is faster and, as on Ir/silica, in
the butyl side-chain a preference for the cleavafyéond e is found. Neither the
selective nor the non-selective mechanism alone eogrlain the regioselectivities
observed in the hydrogenolysis of butylcyclohexanghe two catalysts of Table 9.1.
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Figure 9.12: Breakdown of the selectivities of OCbBeMmed from butylcyclohexane
into differently branched decanes on two silicapsuped catalysts
(MBDe: Multiply branched decanes):
2.73Ir/silica: T, =250 °C; Xg.chx = 56 %; Yocps= 30 %; Socps= 53 %.
2.69Pt/silica: T, = 390 °C; Xg.chx = 85 %; Yocps= 13 %; Socps= 16 %.

From a practical viewpoint, the alkanes producedibg opening should not have a
too high degree of branching because this has atimeginfluence on the cetane
number. In Figure 9.12 the distribution of OCDsssified into n-decane (nif},
methylnonanes (M-§}, ethyloctanes (E-§f and multiply branched iso-decanes
(MBDe) is given for 2.73lIr/silica and 2.69Pt/siliad conditions where maximal OCD
yields were obtained. No propylheptane was forns#ce MBDe can only be formed
from butylcyclohexane by isomerization prior to after ring opening, these are
virtually absent on the iridium catalyst, but theye formed on the mildly
iIsomerization-active platinum catalyst. It is imfaont to notice that, when at least two
rings are present in the reactant, a significadtfferent distribution of open-chain
alkanes is observed (see Sections 9.4 t0 9.7).

A new type of distribution curves for the o-C products was found with
butylcyclohexane on 2.73lIr/silica (see Figure 9.1Bheir features are very high
amounts of gand G, smaller amounts of Gand G, low amounts of ¢ C,;, G and
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Cg, and only traces of ££ The black bars stand for the modified hydrocnagki
selectivities of the primary hydrogenolysis produethich one would expect for a
hydrogenolytic cleavage of one C-C bond in the bsitye-chain of butylcyclohexane,
I.e. n-butane, cyclohexane, methylcyclohexane, ethidtyexane and propylcyclo-
hexane. In the Cto G; fraction no differentiation between different poots is
possible.

As shown in Figure 9.13 at reaction conditions afmimal Yocps = 30 %, 87 mol-% of
the G fraction consist of methylcyclohexane, formed kye thydrogenolytic
abstraction of propane from butylcyclohexane. Thkenaining 13 mol-% are the
respective ring-opening products n-heptane, 2-nie¢ixane and 3-methylhexane. In
the G products a mole fraction of 53 % is ethylcyclohsxaformed by ethane
abstraction from butylcyclohexane, the remaining%l7are virtually only the
respective ring-opening products n-octane, 3-mhbdptane and 3-ethylhexane. A
small fraction of 19 mol-% of the(roducts is propylcyclohexane, the remaining C
hydrocarbons are open-chain nonanes (OCNs) whicheither be formed by a ring
opening to OCDs and subsequent methane abstragtidsy the ring opening of
propylcyclohexane.
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Figure 9.13: Modified hydrocracking selectivitie§* on 2.73Ir/silica in the
hydroconversion of butylcyclohexane and fraction @rimary
hydrogenolysis products:
Ty = 250 °C;Xg.crx = 56 %;Yc,. = 26 %;25* = 199 %.

From the fact that the fraction of primary hydroglsis products decreases from C
(87 mol-%) over @ (53 mol-%) to G (19 mol-%) the following conclusion can be
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drawn: With increasing molecular weight, the dirdeydrogenolysis products
methylcyclohexane, ethylcyclohexane and propyldyel@ne become adsorbed on
iridium more preferentially, leading to a higheobpability of ring opening in the same
order. It is not surprising thats;@roducts are virtually absent, as there is no kbad

in butylcyclohexane the direct hydrogenolytic ruptwf which would lead to aC
hydrocarbon (see Figure 9.11).

The carbon number distribution of the hydrocrackedducts on 2.69Pt/silica (see
Figure 9.14) is qualitatively similar to the disttion obtained on the iridium catalyst.
The higher amounts of ,Gand G consisting, respectively, mainly of n-butane and
cyclohexane, reflect the higher tendency of platirto cleave substituted C-C bonds.
Again, the G fraction contains mainly methylcyclohexane formbg propane
abstraction from butylcyclohexane.

100

—e— 2.69Psilica
3@ Other hydrocracked products

& i EEE Primary hydrogenolysis products

40

20 -

1 2 3 4 5 6 7 8 9
Number of C-atoms

Figure 9.14: Modified hydrocracking selectivitie§* on 2.69Pt/silica in the
hydroconversion of butylcyclohexane and fraction @rimary
hydrogenolysis products:

T; = 390 °C;Xg.crx = 85 %;Yc, = 63 %;25* = 219 %.

With increasing reaction temperature and, hen@@easing conversion and increasing
extent of multiple hydrogenolysis, the values efa@d G decrease and those of, C,
and G increase on the platinum catalyst, see Figure. &itfee G products are largely
composed of methylcyclohexane, their smaller an®uat higher reaction
temperatures can be explained by the abstractionethane under the formation of
the G product cyclohexane. A similar hydrogenolysis tescseems to occur in the
alkyl side-chain of propylcyclohexane at high reactemperatures. From = 370 to
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410 °C the mole fraction of propylcyclohexane ia & products decreases from 73 to
16 %, presumably due to exocyclic hydrogenolysideurthe formation of ethane and
methylcyclohexane.
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Figure 9.15: Modified hydrocracking selectivitie§* on 2.69Pt/silica in the
hydroconversion of butylcyclohexane at differembperatures:
T, =370 °C; Xg.chx = 51 %; Yc, = 32 %; X§* =210 %.
T; =390 °C; Xg.chx = 85 %; Y, = 63 %; XS§* =219 %.
T, =410 °C; Xg.chx = 96 %; Y, =89 %; XS§* =252 %.

A more detailed discussion of possible ring-openimgechanisms in the
butylcyclohexane conversion is conducted in Secti®n2.

9.4 Perhydroindan

In the ring opening of bicyclic naphthenes like alet on catalysts containing
Brgnsted acid sites an isomerization of six- te{fmembered rings was frequently
reported as reaction step that precedes the rieghog [5, 59]. Since perhydroindan
contains both a five- and a six-membered ring ie amolecule, it is a particularly
interesting reactant for ring-opening studies om-aoidic metal catalystsyiz
0.77Ir/silica, 0.93Pt/silica and 0.60Pd/silica.

A mixture of both stereocisomers consisting of 7@i% and 30 % trans-perhydroindan
was used as feed in all catalytic experiments. Ha products of the catalytic
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hydroconversion the mole fraction of cis-perhyddain assumed values between 47
and 61 %, regardless of the catalyst used andettg/groindan conversion attained in
a very broad range from a few percenc#o 90 %. Also on the bifunctional catalyst
1.0Pd/Na@ 7oHo 3 [Al]Beta-14.0 this mole fraction assumed values 56f to 51 %
(catalytic results in Section 10.3). Moreover, thealues resemble the results of Frye
and Weitkamp [85] and of Allinger and Coke [86] wlomnverted indene or
perhydroindan, respectively, on Pd/carbon catalgst$ found mole fractions of cis-
perhydroindan ranging from 53 to 57 % and 50 t&&8espectively.

Hence, it can be concluded that equilibrium is dbpestablished between the two

stereoisomers, in analogy to the very rapid equatibn of cis- and trans-decalin

observed in recent studies with zeolitic iridiunmdaplatinum-containing catalysts [5,

52]. For the equilibration of the stereocisomerschamisms at the Bregnsted acid sites
via carbocations or at the noble metal sitesolefins can be invoked [87]. From the

fact that the cis/trans-stereoisomerization oc@agshe fastest reaction on the three
monofunctional silica catalysts and also on theurfional zeolite catalyst (see

Section 10.3) it can be concluded that the stevewgsization proceeds on the noble
metals.

On the three silica catalysts, that were testet paérhydroindan (see Figure 9.16) the
metal contents of Ir, Pt and Pd are approximatedydame. So the following activity
sequence can be deduced for perhydroindan hydrecsion: Ir > Pt > Pd. This is in
accordance with literature dat®&g. for the hydrogenolysis of n-heptane [31].
Although the metal content on a molar basis is éigin 0.60Pd/silica, the low metal
dispersion (see Table 6.1, page 74) could be ari@u explanation for the low
activity of this catalyst.

On 0.77Ir/silica ROPs are the sole products atdowersions. At higher conversions
endocyclic hydrogenolysis of ROPs leads to OCN &drom with a maximal¥ocns =
30 % at T, = 310 °C. At still higher temperatures exocyclgdiogenolysis of ROPs
and hydrogenolysis of OCNs result in the formatimin Cs- products. A similar
selectivity pattern is observed for 0.93Pt/silit@wever, as observed already with
other hydrocarbons skeletal isomerization occura ®mall extent with the highest
selectivity Sy.is0s = 8 % at the lowest conversion afgd = 300 °C. A maximal
Yocns = 19 % afl, = 410 was attained, see Table 9.2.
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Table 9.2: Maximum yields of open-chain nonanesioled in the hydroconversion

of perhydroindan.
Catalyst T, /°C  Xpui /% Socns! % Yocns, max.! %0
0.77Ir/silica 310 98 31 30
0.93Pt/silica 410 93 21 19
0.60Pd/silica 410 37 0.1 0.0

0.60Pd/silica is hardly active in skeletal isomatian and ring opening of
perhydroindan (see Figure 9.16c). It is, howevar, dficient catalyst for its
dehydrogenation to indan with a maximal mole fi@cin,gan/ (NpH + Nindan = 32 %
and traces of indene at the maximal reaction teatpex of 410 °C. This is probably
not far from the position of the dehydrogenatiowltogenation equilibrium and in the
same order of magnitude as data published by Negtéal. [88]. These authors
converted indan on an Ir,Pt/boehmite catalysttatdrogen pressure of 4.0 MPa.
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products at different temperatures on three ssigaported catalysts.
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A closer look at the ring-opening products formed tbhe three metals (see Figure
9.17) shows that endocyclic hydrogenolysis of thee-membered ring is clearly
preferred. This is particularly true for iridium ete the ring-opening results almost
exclusively in G naphthenes with a remaining six-membered ring (RDPs). The
reasons for the peculiar behavior of the data pantthe two highest temperatures in
Figure 9.17a are unknown. This extreme preferencepening the five-membered
ring is usually interpreted in terms of a highewrstrain in five-membered compared
to six-membered rings [4, 38]. On platinum thisference is less pronounced than on
iridium, up to 11 % of all ROPs contain a five-memdd ring (CPn-ROPSs). It might
also be that the higher temperatures that had @ppéed with the platinum catalyst
facilitate opening of the six-membered ring.

Only small selectivities of ROPs between 13 and@&ere reached on 0.60Pd/silica.
They are composed mainly of ROPs with a remainegrated six-membered ring
(Figure 9.17c) and the corresponding aromatics hvtace formed in substantial
amounts and make up 33 mol-% of all ROPs at 410N€.aromatic ROPs were
formed on the other two silica-supported cataly§tss is in accordance with the low
activity of the catalyst in general together witie thigh reaction temperatures that led
also to large amounts of the DHPs indan and indsee,Figure 9.16c. Also some
ROPs are formed on all three catalysts which carbeotassigned to particular
molecules but were assigned to the product grouR@Ps by GC/MS due to their
molecular ion signal (unknown ROPS) but they cdwitie only to a very small extent
on Ir/silica and Pt/silicaOn Pd/silica up to 10 % of all ROPs are unideadifibut due
to the small ring-opening selectivity the total ambof these products is unimportant.

As depicted in Figure 9.18, opening of the five-rbened ring in perhydroindan can
principally result in three CROPs,viz. 1-ethyl-2-methylcyclohexane (cis- and trans-
isomer) or propylcyclohexane and cyclononane. Tingt-fnentioned hydrocarbon
forms by hydrogenolysisvia the selective ring-opening mechanism whereas
hydrogenolysisvia the non-selective or partially selective mechanigould be
expected to give 1-ethyl-2-methylcyclohexane, plogsiohexane, and, perhaps,
cyclononane. No cyclononane was found in the prizdo€ all three catalysts by
GC/MS analysis, but it cannot be ruled out thatdsaof the compound have been
formed. Propylcyclohexane did occur, but only imywemall amounts $.chyx <<
Si.eo.mchy- Unfortunately, on the Supelco Petrocol DH 15@ikay column, the
peak for propylcyclohexane appears very shortlyerafthat of cis-1-ethyl-2-
methylcyclohexane, hence small amounts of propjdtyexane cannot be reliably
guantified, if the peak of cis-1-ethyl-2-methylcgbkexane is large. Exactly this was
the case in the chromatograms of the products/ettida, confirming the expectation
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[4, 33] that hydrogenolytic ring cleavage of pertogddan on that catalyst proceeds
via the selective mechanism.

100 T T L | T LI T T
0.93Pt/silica
a 0.77Ir/silica o)
R 80 1 80+ .
©
S
=~ [ -
n
& 60 —o0— CHx-ROPs 1%0T —o0— CHx-ROPs 7
o —e— CPn-ROPs | I —e— CPn-ROPs
S —4A— Unknown ROPs 1 I —4A— Unknown ROPs
c ] I
S 40 1 a0t i
R7)
o]
o
S L I
o
O 20+ 1 20 -
O'M 0

220 240 260 280 300 320 340 300 320 340 360 380 400 420
Temperature / °C Temperature / °C

100 —————

c 0.60Pd/silica

o]
o

60 —0— CHx-ROPs
—e— CPn-ROPs
—2— Unknown ROPs
r —a— Aromatic ROPs
40 + -

Composition of ROPs / mol-%

N
o
T T

(o PR . S R
370 380 390 400 410
Temperature / °C

Figure 9.17: Breakdown of the ring-opening produat® ROPs with a remaining
six-membered ring (CHx-ROPSs), with a remaining fimembered ring
(CPn-ROPs), into ROPs that have been identifietheymolar mass of
M = 126 g-mdf only (unknown ROPSs) and into ROPs with an aromatic
ring (aromatic ROPS).
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On Ir/silica within the temperature range from 2a@10 °C the mole fraction of cis-
and trans-1-ethyl-2-methylcyclohexane in the tatad-opening products amounted to
values between 96 and 100 %. Using Pt/silica anfiled, this mole fraction
assumed values between 34 and 61 % only. Thigtly e to the opening of the six-
membered ring in perhydroindan, partly to the ocmge of hydrogenolysis at
substituted carbon-carbon bonds according to thresetective mechanism which is
well-known to operate on highly dispersed platin{@3], and partly to the mild
skeletal isomerization activity of platinum andlpdlum.

Direct OCNs
(molar distribution):

a: n-Nonane (18 mol-%)

D b: 3-Ethylheptane (8 mol-%)
+ Hy
d a —_—
Ir c: 3-Ethyl-2-methylhexane (19 mol-%)
e f
+H, 1-Ethyl-2-methy- d: 3-Ethyl-4-methylhexane (27 mol-%)
Ir cyclohexane

e: 3,4-Dimethylheptane (14 mol-%)

f: 4-Methyloctane (14 mol-%)

Ir
Perhydroindan M
O/\/ ) : : :

Propylcyclohexane Cyclononane

Figure 9.18: Ring opening of perhydroindan on Q/8ilica. The molar distribution
of direct OCNs was obtained Bt= 310 °C.

Given the extremely high selectivity for the ringeming products cis- and trans-1-
ethyl-2-methylcyclohexane on Ir/silica, one expette formation of open-chain
nonanes to occur by a second hydrogenolysis seetingt from this particular £

naphthene. The six predicted open-chain nonaneeisirect OCNs) are listed in
Figure 9.18 together with their molar distributidndeed, at reaction conditions of
maximal Yocns 1.€., at T, = 310 °C these direct OCNs account for 92 % ofCdlINs

formed. Since only 60 % of the direct OCNs werenfed via cleavage of the

unsubstituted bonds ¢, d and e, a pure selectivg-apening mechanism cannot
account for their formation. A ring cleavage of Henbetween substituted carbon
atoms is best accounted for by the partially seleanechanism [33]. It is known to
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become operative at the higher temperatures retuioe the more demanding
hydrogenolysis of six-membered naphthenic ringpgeeially if the number of alkyl
substituents increases, and it was also invokedMioyicker et al. [4] for the
hydrogenolysis of 1,2,4-trimethylcyclohexane onrapralumina catalyst.
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Figure 9.19: Modified hydrocracking selectivitie§* on three silica-supported
catalysts in the hydroconversion of perhydroindan:
0.77Ir/silica: T, = 310 °C; Xpni = 98 %; Yc, = 18 %; X§* =217 %.
0.93PtUsilica: T, = 410 °C; Xpni = 93 %; Yc,. = 35 %; X§* = 205 %.
0.60Pd/silica:T, = 410 °C; Xpn = 37 %; Ycg. = 0.3 %; X§* = 229 %.

Figure 9.19 displays the carbon number distribatiohthe G- products. For Ir/silica
and Pt/silica, the experiments with maximal selgiéis of open-chain nonanes and
moderate selectivities of hydrocracked productsvedosen. A typical hammock-type
distribution curve is obtained on Ir/silica as aldescribed for Ir/Na,H-Y in the
perhydroindan conversion [67]. It is obvious that lmoth iridium catalysts the g€
hydrocarbons are formedia hydrogenolysis on the metal. Essentially the same
hammock-type curve results on Pd/silica, hydroggsislseems to be the pathway for
Cs- formation on this catalyst as well. The distribatcurve for Pt/silica (Figure 9.19)

is almost identical to the one for Pt/Na,H-Y zemlib the perhydroindan conversion
[67].

In Figure 9.20 the distribution of OCNSs classifiatb n-nonane (n-§), methyloctanes
(M-Cy), ethylheptanes (E-£and multiply branched iso-nonanes (MBNOo) is given
0.77Ir/silica and 0.93Pt/silica at conditions whaeraximal OCN yields were obtained.
It is obvious that the iridium catalyst tends tooguwce much larger amounts of
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multiply branched nonanes compared to Pt/silicanFthe viewpoint of the diesel fuel
ignition characteristics the latter catalyst is entavorable.
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Figure 9.20: Breakdown of the selectivities of OCMNgo differently branched
nonanes on two silica-supported catalysts:
0.77Ir/silica:T, = 310 °C; Xpp = 98 %; Yocns = 30 %; Soens= 31 %.
0.93Pt/silicaT, = 410 °C; Xpp = 93 %; Yocns = 19 %; Soens= 21 %.

9.5 cis-Decalin

On iridium- or platinum-containing zeolite catalystvith a low concentration of
relatively weak Brgnsted acid sites typical metthtyzed reactions were observed in
the hydroconversion of cis-decalin [5, 74]. Nowe tteliberately non-acidic support
silica is used, for which the absence of catalifgcactive Brgnsted acid sites was
evidenced by FT-IR spectroscopy (see Section G\@)tlae test reaction with n-octane
(see Section 8). To examine the influence of a dngburface area of the support
material, also iridium- or platinum-containing dstsds supported on [Si]SBA-15 were
testedyiz. 0.77Ir/silica, 2.59Ir/silica, 0.73Ir[Si]SBA-15, @BPt/silica, 2.68Pt/silica and
0.92Pt/[Si]SBA-15. Since little is known about atpde size effect of rhodium, two
Rh/silica catalysts,viz. 1.03Rh/silica and 0.96Rh/silica, with differentetal
dispersions oD = 0.17 and 0.57, respectively, were tested.

95.1 Stereoisomerization of cis- and trans-Decalin

On all eight catalysts with the noble metals iridjuplatinum or rhodium the fastest
reaction is the stereoisomerization of cis- to drdecalin. The mole fraction
Ni-pec !/ (Ne-pec + Nir-ped) @SSumed values from 0.83 to 0.92 at reaction ¢éeatpres from

250 to 410 °C and conversions in the range fromm 8 %. As discussed previously
[52], the extent of isomerization corresponds rict the values calculated from
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compiled thermodynamic data [84, 89]. Accordinghis stereoisomerization is very
likely to occur on these catalystsa dehydrogenation to 1,9- or 9,10-octalins (mono-
unsaturated decalin) and re-hydrogenation to tdamtsdin as proposed by Weitkamp
[87]. This is in agreement with a finding reporteg Lai and Song [90] that decalin
stereoisomerization proceeds readily on metal-aoinia H-mordenites, but much
more slowly on metal-free H-mordenite. Also theestésomerization of cis- and trans-
perhydroindan occurs most likely on the noble nsefake Section 9.4). Since this
stereoisomerization is very fast, cis-and transalile@re lumped as a pseudo-reactant
“decalin”.

9.5.2  Hydroconversion on Ir/Silica and Ir/[Si]SBA-15 Catalysts
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Figure 9.21: Conversion of decalin and selectisiti¢ different groups of products at
different temperatures on two Ir/silica catalysts.

As primary group of products, ROPs are formed v8taps > 70 % at the lowest
conversions on both Ir/silica catalysts, see FiguBd. Further, th&ycps go through
maxima with aYocps = 11 % atT, = 350 °C on 0.77Ir/silica andocps = 20 % afT, =
290 °C on 2.59Ir/silica. The results suggest tmet eason for the very small amounts
of OCDs formed on 0.9lfalumina from decalin in the work of McVicket al. [4]
was a too mild reaction conditionl,(= 275 °C, LHSV = 1.6 h'). At higher
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temperatures, as seen in Figure 9.21, most hydrooarare hydrocracked toy-C
Skeletal isomers are formed with low selectivitied %, indicating that isomerization
on the noble metal plays an almost negligible rélehydrogenation to tetralin and
naphthalene witls;hps < 1 % is practically absent. An increase of thdium content
from 0.77Ir/silica to 2.59Ir/silica leads to a slamiconversion at an about 40 °C lower
reaction temperature.

In separate experiments using 2.73Ir/silica aslysitan a second high-pressure flow-
type apparatus at long times-on-stream & 290 °C a decrease of conversion from
64 to 52 % was observed after 70 h. Meanwhileyiblel of OCDs decreased from 12
to 7 %. If deactivation had originated from cokenfiation on the metal clusters most
probably DHPs or products with more than ten casbeould have been observed in
the product mixture [91]. Since at these reactiemgeratures such products were
absent, most probably deactivation did not origarni@dm coke formation but rather
from sintering of iridium. A determination of theetal dispersion on the used catalyst
by hydrogen chemisorption was not conducted sineeatsorbed hydrocarbons on the
catalyst are known to interfere with such measurgsd.73Ir/[Si]SBA-15 showed a
similar activity and product distribution like OlIr/gilica, see Table 9.3. Hence, this
mesoporous support with a higher specific surfaea aoes not show advantageous
catalytic properties in comparison with amorphatisas

Table 9.3: Maximum yields of open-chain decanes saldctivities of open-chain
nonanes obtained in the hydroconversion of decalin.

Catalyst T, /°C Xpec! % Socps! % Yocps, max.! %0 Socns! %0
0.77Ir/silica 350 71 16 11 8
2.59Ir/silica 290 73 28 20 8
0.73Ir/[Si]SBA-15 350 61 12 7 7

As summarized in Table 9.3, the highest yield ofD8Gvas obtained on 2.59Ir/silica
With Yocps, max= 20 % afl, = 290 °C. In the order of their abundance, theesegdCDs
with highest selectivities were: an unidentified @@-ethyloctane, 3,4-diethylhexane,
n-decane, an unidentified OCD, 5-methylnonane,dihtethyloctane (both diastereo-
isomers). Unidentified OCDs are decane isomersdaamnot be assigned to a specific
molecule but to the group of OCDs by GC/M&dé infra). For the hydroconversion
of a real feedstock into a blending component fiesel fuel a ring opening that is
accompanied by a degradation of the carbon numpeamie can still furnish useful
products with good cetane numbers and boiling pointthe diesel range. On the
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iridium catalysts OCNs with a selectivity of 8 % the maximal yield of OCDs on
2.59Ir/silica were formed. Hence, a combinégtps+ Yocns = 26 % was attained at
T, =290 °C.

For a more concise discussion and due to the simallytic behavior of the silica-
and the [Si]SBA-15-supported catalysts with a migating of 0.77 and 0.73 wt.-%,
respectively, only the results of the silica-sup@drone will be discussed in detail.
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Figure 9.22: Breakdown of the selectivities of OCbgo differently branched
decanes on two Ir/silica catalysts:
0.77Ir/silica:T, = 350 °C; Xpec = 71 %:; Yocps= 11 %; Socps= 16 %.
2.59Ir/silica:T, = 290 °C; Xpec = 73 %; Yocps = 20 %; Socps= 28 %.

For the upgrading of diesel fuel the degree of thharg in the formed decane isomers
has a strong influence on the cold-flow properéiad also on the cetane number [92].
In Figure 9.22 the selectivities of the differenttyanched decanes formed on the
catalysts are summarized, no propylheptane wastdeten any of these catalysts. On
both catalysts very similar distributions of theffeliently branched OCDs are
generated. Multiply branched decanes dominate tistriblition with relative
selectivities of 61 and 63 % on 0.77Ir/silica anB892r/silica, respectively. The relative
selectivities of n-decane, methylnonanes and etkgiees are between 10 and 17 %.
Iridium is well-known to open preferentially unstihged C-C bonds by the selective
ring-opening mechanism, so the high fraction of tiply branched decanes can be
rationalized by a hydrogenolytic rupture of one @nlic bisecondary C-C bond in
each of both rings of one decalin molecule. In drbgracking of such bonds, the
branchings in the reactant molecules survive.

Hammock-shaped curves for the distributions of hilgdrocracked products on both
Ir/silica catalysts are obtained, as shown in Feg@23 for comparable conversions.
High amounts of methane and, Gmaller amounts of £fand G and further decreasing
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modified selectivities towards sCare formed, as reported also in the decalin
conversion on weakly acidic zeolite Y catalystse(sgégure 4.21, page 38) [5]. The
curves are almost symmetrical, with slightly highedues at € to G, indicating,
together with=S* > 200 %, that some hydrocracked products stermfsecondary
hydrogenolysis of primary & products. Methane and ethane are not formed in
bifunctional catalysisvia carbocations, hence it can be concluded that,r/silida,
noble metal catalyzed hydrogenolysis is the maidrdwgracking pathway. Also the
hydroconversion of the bicyclic Cnaphthene perhydroindan on 0.77Ir/silica and
0.60Pd/silica results in such a curve type withhragnounts of €and G (see Figure
9.19, page 113).
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Figure 9.23: Modified hydrocracking selectiviti§% on two Ir/silica catalysts in the
hydroconversion of decalin:
0.77Ir/silica: T, = 330 °C; Xpec = 47 %; Yc, = 16 %; 2§* = 246 %.
2.59Ir/silica: T, =270 °C; Xpec = 43 %; Yc, = 3 %; XS* =217 %.

In comparison to the large number of products o@8Rt/silica (91 signals at
Xpec = 9 %, catalytic results in Section 9.5.3), a Hlig less complex product
distribution was formed on 2.59Ir/silica (77 sighakXpe. = 17 %) with a few strong

signals dominating the product mixture at low casians. In Figure 9.24 the gas
chromatogram of the product of decalin hydroconeer®n catalyst 2.59Ir/silica at a
low conversion of 17 % is depicted. Beside cis- #&mnadhs-decalin, the most intense
peaks stem from the five direct ring-opening prasgidirect ROPs) butylcyclohexane
(B-CHXx), cis- and trans-1-methyl-2-propylcyclohega(l-M-2-P-CHx) and cis- and
trans-1,2-diethylcyclohexane (1,2-DE-CHx). Moreqvére direct G ring-opening
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products (direct € ROPs) cis- and trans-1-ethyl-2-methylcyclohexatheE{2-M-
CHx), which are expected to be formed by the abBtia of methane from direct
ROPs, can be identified as important signals. Tipeas$ of the third expected direct C
ROP,i.e. propylcyclohexane, overlaps with the signal ofuerknown OCD. By co-
injection of propylcyclohexane with the product tope it was verified that this signal
originates mainly from the OCD, hence, the smalloams of propylcyclohexane
could not be reliably determined.
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Figure 9.24: Section of the gas chromatogram of pmeduct of the decalin
hydroconversion on the 2.59Ir/silica catalysXgi. = 17 %. Direct ring-
opening products (direct ROPs): butylcyclohexaneC{x), cis- and
trans-1-methyl-2-propylcyclohexane (1-M-2-P-CHx)aris- and trans-
1,2-diethylcyclohexane (1,2-DE-CHXx). Direct @ng-opening products
(direct G ROPSs): cis- and trans-1-ethyl-2-methylcyclohex@i&-2-M-
CHx) and propylcyclohexane (P-CHx), and , denote the two
stereoisomers.
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Figure 9.25: Hydrogenolytic pathways in the ringenmg of decalin on non-acidic
iridium catalysts.

The product group direct ROPs is introduced sihesé five G naphthenes can be
formed by a hydrogenolytic cleavage of one endocyerbon-carbon bond without
prior isomerization of decalin as depicted in Feg25. A similar reaction network
was presented recently for the decalin conversionvery weakly acidic iridium-

containing zeolite catalysts [74]. Cyclodecane,chhtould be formed by a cleavage
of the bridging carbon-carbon bond was not detectedoth Ir/silica catalysts, as
ascertained by co-injection of cyclodecane to theid product mixture. By opening

of the remaining cyclohexane ring, these can béurtransformed into OCDs, or, by
hydrogenolytic abstraction of methane, into dir€stROPs and further into open-
chain nonanes by endocyclic hydrogenolysis. An enda ring opening of the five

direct ROPs mentioned before would lead to theofalhg seven direct OCDs: n-
decane, 5-methylnonane, 4-ethyloctane, 4,5-dimethighe, 3,4-diethylhexane,
4-ethyl-3-methylheptane and 4-(1-methylethyl)-heptaln fact, five of these seven
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OCDs make up a large fraction of the OCDs formed &®Ir/silica. Moreover, two
unknown OCDs, one of them identified by GC/MS anddo-injection of decane
isomers, the other one identified by GC/MS onlye &rmed in large amounts.
Presumably, the one identified by co-injection &C/MS is 4-ethyl-3-methylheptane
which is expected to be formeda bifunctional isomerization [48]. The OCD
identified by GC/MS only could be the highly-braech4-(1-methylethyl)-heptane.
Under these assumptions 95 % of all OCDs are dd&ids afT, = 290 °C.

In Figure 9.26 the temperature dependence of tleetsaties of direct ROPs, OCDs,
direct G ROPs and direct OCNs for catalyst 2.59Ir/silicplstted. Qualitatively, the
consecutive reaction pathway which is presente#igure 9.25 can be found: The
main product group direct ROPs is either ring-opeakhigher temperatures to OCDs
or an abstraction of methane leads to the formatibwlirect G ROPs which are
subsequently ring-opened to direct OCNSs.
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Figure 9.26: Temperature dependence of the selsesivof direct ROPs, OCDs,
direct G ROPs and direct OCNs in the decalin hydroconvarsa
catalyst 2.59Ir/silica.

On the Ir/silica catalysts at low conversions, 9®#®4he ring-opening products from
decalin are direct ROPs (see Table 9.4). Comparedet distribution of direct ROPs
theoretically obtainedviia a non-selective or a selective ring-opening meishnan
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neither a pure selective nor a pure non-selectieehanism takes place on Ir/silica.
Rather a mixture of both mechanisms occurs as faksod in the ring opening of
perhydroindan on 0.77Ir/silica (see Section 9.4).

At the lowest conversions of 12 and 17 % on 0.8fich and 2.59Ir/silica,
respectively, the ratiSyrect ocns/ Socns assumes a value of 100 %. The detailed
distribution of these direct OCNs (n-nonane, 4-mietttane, 3-ethylheptane,
4-ethylheptane, 3,4-dimethylheptane, 3-ethyl-2-ylaéxane, 3-ethyl-4-
methylhexane) on the Ir/silica catalysts is showTable 9.5. Further, the theoretical
distribution of direct OCNs that would be obtaineg a ring opening of 1-ethyl-2-
methylcyclohexane is shown, under the assumptiora afon-selective and of a
selective ring-opening mechanism. When comparing #xperimental and the
theoretical values it is evident that neither then-selective nor the selective
mechanism can account for the distributions obthikwever, direct OCNs can also
be formed by methane abstraction from OCDs. Altlotigs reaction path seems to
contribute only to a small extentide supra) it cannot be ruled out that some direct
OCNs stem from the hydrogenolysis of OCDs.

Table 9.4: Details on the ring-opening productsawmi®d on both Ir/silica catalysts
at low decalin conversions and theoretical prodiisttibution.

T, Xpec Srect RoPs 1% S 1% S\ m-2p-crix 1% S\ 20E-chix 1%

CataIySt / OC / % SROPs Sdirect ROPs Sdirect ROPs Sdirect ROPs
0.77Ir/silica 290 12 96 13 52 35
2.59Ir/silica 250 17 96 13 51 36

Assumed Non-Selective Ring Opening of Decalin

100 40 40 20

Assumed Selective Ring Opening of Decalin

100 0 67 33

Also in the ring opening of the intermediate pradiiethyl-2-methylcyclohexane in
the hydroconversion of perhydroindan (see Figu8.9page 112) on lIr/silica, a
distribution of OCNs was obtained that cannot belared by the two above
mentioned mechanisms. The compositions of OCNsarghly similar with a higher
amount of n-nonane in the perhydroindan converdignto the higher temperature of
310 °C. At the saméd, = 290 °CS,.no / Siirect ocns @SSUMes a more similar value of
13 % in the perhydroindan conversion. This couldlbe to a smaller contribution of
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the partially selective mechanism which is knownbexome operative at relatively
high temperatures [33].

Table 9.5: Composition of direct OCNs in the hydnoeersion of decalin on
0.77Ir/silica and 2.59Ir/silica apec = 12 % and 17 %, respectively.

Distribution of Direct OCNs / %
Predicted Ring Opening of

Catalyst 1-Ethyl-2-Methylcyclohexane

Direct OCN 0.77Ir/silica 2.59Ir/silica Non-selective Selective
n-Nonane 8 8 17 0
4-Methyloctane 14 12 17 0
3-Ethylheptane 11 9 17 0
4-Ethylheptane 0 3 0 0
3,4-Dimethylheptane 9 13 17 33
3-Ethyl-2-methylhexane 22 20 17 33
3-Ethyl-4-methylhexane 36 35 17 33

Due to the absence of skeletal isomerization adilezt hydrogenolysis of decalin an
attempt has been made to simulate the distributfidhe hydrocracked products with
the method described in the Appendix 12.3. Forlbst-fit of the experimental and
simulated results, a hydrogenolysis of the realtune<of direct ROPs obtained at low
conversions with a preferred cleavage of unsulettC-C bonds (factossupst. =
0.87) is assumed. As shown in Figure 9.27 a red&dpgaod correlation is obtained.

Qualitatively, the high amounts of,@nd G can be rationalized by the high degree of
branching that remains conserved due to the pmferdor hydrogenolysis of
unsubstituted C-C bonds in decalin: In the majoreai ROPs 1-methyl-2-
propylcyclohexane and 1,2-diethylcyclohexane masbcgclic unsubstituted C-C
bonds are of the primary-secondary type, and tinglrogenolysis on iridium leads to
the formation of € and G. In the major OCDs the two tertiary carbon atoermmain
from the reactant cis-decalin and several alkyirchare present. Hence, again many
C-C bonds are substituted and a large fractionhef unsubstituted C-C bonds are
primary-secondary ones resulting in&d G after hydrogenolysis.
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Figure 9.27: Distribution of the hydrocracked prowuin the catalytic experiment on
2.59Ir/silica and by the best-fit simulation. Bamposition of the
precursors of the hydrocracked products accordirtge simulation.

1 2 3 4 5 6 7
Number of C-atoms

The grey and black bars in Figure 9.27 indicatevt@at extent G products were
formed by hydrogenolysis in the alkyl side-chaindafect ROPs (route 1 in Figure
12.1, page 207) or by hydrogenolysis of direct OCGidsite 2 in Figure 12.1, page
207), respectively. The results of the simulatiasdd on the underlying assumptions
suggest that slightly more than 50 % (black bafsphe hydrocracked products are
formedvia route 2,.e., by hydrogenolysis of direct OCDs.
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Figure 9.28: Breakdown of the selectivities of OCgo differently branched
decanes according to the best-fit simulation.

In the best-fit simulation an endocyclic hydrogemsad of direct ROPs results in the
formation of a mixture of direct OCDs. In Figuré8.this theoretical distribution of
OCDs is shown. Qualitatively, an analogous distidou as obtained in the
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experiments with 2.59Ir/silica (see Figure 9.22e3ults, although the mechanistic
input for the simulation was taken from the caialyxperiment afl, = 250 °C,
whereas the measured OCD distribution on Ir/sibcdds for T, = 290 °C. Even
though 76 % of all OCDs are predicted to be mulifched by the simulation,
whereas a lower value of 63 % was obtained in thge®ment, the qualitative
similarity of both distributions can be looked upas supporting the underlying
mechanistic assumptions.

As summary, the assumption of hydrogenolytic C-@doleavage in decalin, direct
ROPs and direct OCDs with a preference of unsuwibstit bonds seems to be
appropriate. Moreover, now the hammock-type curvethe distribution of the
hydrocracked products on non-acidic iridium catsysan be understood.

9.5.3  Hydroconversion on Pt/Silica and Pt/[Si]SBA-15 Catlysts

On catalysts 0.93Pt/silica and 2.68Pt/silica, ameaase of the platinum content raises
the decalin conversion only slightly, see Figur299.Perhaps the larger platinum
particles on 2.68Pt/silica (see Section 6.4) contely slightly more crystallographic
sites that are catalytically active [93]. At lowns@rsions sk-Isos and ROPs are the
main product groups with selectivities around 40&ach. With increasing
temperatures large amounts of DHPs are formed peacéed by thermodynamics [84,
89] and also formed in the empty and in the sifitad reactor (see Section 7.2).
OCDs are the product group formed with the lowe&tdivity over nearly the whole
temperature range WwitNocps < 2 %. Some cracking to € occurs with maximal
selectivities of 13 % but no OCNs are formed. Inseparate time-on-stream
experiment afl, = 390 °C a small decrease of conversion from 42téo after 70 h is

observed but the product selectivities remain gitjuconstant.
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Figure 9.29: Conversion of decalin and selectisiti¢ different groups of products at
different temperatures on two Pt/silica catalysts.

On 0.92Pt/[Si]SBA-15 an identical catalytic behavas on 0.93Pt/silica was found,
see Table 9.6. Hence, as for the iridium catalystsSection 9.5.2 the detailed
discussion will be limited to the silica-supportates.

Table 9.6: Maximum yields of open-chain decanes saldctivities of open-chain
nonanes obtained in the hydroconversion of decalin.

Catalyst T, /°C  Xpec! %  Socps! % Yocps max.! %0 Socns/ %
0.93Pt/silica 410 43 2 1 0
2.68Pt/silica 410 53 4 2 0
0.92Pt/[Si]SBA-15 410 44 2 1 0

In Figure 9.30 the distribution of the differentlpranched decanes formed on
2.68Pt/silica is shown, no propylheptane was deteddue to the very smefhcps on
0.93Pt/silica, this distribution is not depicteddecane (n-¢) and ethyloctanes (EsC
occur with selectivities below 1%. On 2.68Pt/silichigh selectivities of
methylnonanes (M-§ and multiply branched decanes (MBDe) are formhd.
comparison to Ir/silica (see Figure 9.22, page 1hé)fraction of methylnonanes is
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strongly increased. This lower degree of branclungPt/silica compared to Ir/silica

was also observed in the ring opening of perhydiamn(see Figure 9.20, page 114)
and can be explained by the preference of platittuoleave substituted C-C bonds in
six-membered rings [4].

o 60 | .
& 2.68Pt/silica
C
Ke)
§40 - .
@
°©
020 + .
O
o |
0

n-C10 M-Cg E-Cg MBDe

Figure 9.30: Hydroconversion of decalin on 2.68Riss Breakdown of the
selectivities of OCDs into differently branchedrisers:
T, =410 °C;Xpec = 53 %;Yocps = 2 %;Socps= 4 %.
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Figure 9.31: Gas chromatograms of the liquid prodained by the hydroconversion
of cis-decalin on 0.93Pt/silica & = 390 °C (solid line) and the same
product co-injected with spiro[4.5]decane (dotiee).
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For the identification of a major signal in the gdwomatogram next to trans-decalin
at t; = 125.3 min, the assignment to spiro[4.5]decara Was obtained by GC/MS
was verified by co-injection of the pure compoumdthe gas chromatograph. As
depicted in Figure 9.31 the signal in question eases strongly upon co-injection
whereas the signals of cis- and trans-decalin nec@istant. Hence, the assignment of
this signal to spiro[4.5]decane is reasonably safe.
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Figure 9.32: Selectivities of spiro[4.5]decane araltylcyclohexane in the
hydroconversion of decalin on 0.93Pt/silica andBPiésilica at different
conversions.

Beside tetralin, on both platinum catalysts andltonversions the products formed
with the highest selectivities are butylcyclohexamal spiro[4.5]decane. As seen in
Figure 9.32, at the lowest conversions the higbelstctivities of butylcyclohexane and
spiro[4.5]decane are formed. 50 % of all ROPs &tbredi butylcyclohexane and 62 %
of all sk-Isos consist of spiro[4.5]decane on 2i68kca at the lowest conversion of
9 %. This indicates that both products are formean early stage of the reaction
network.

For the formation of spiro[4.5]decane, two compietdifferent mechanisms can be
envisaged. Recently, a carbocationic isomerizatiblype A was proposed for the
isomerization of decalin to spiro[4.5]decane onifarictional Pt/La-X catalyst [52].

However, as shown by FT-IR spectroscopy (see Sedii@.4) and the n-octane
hydroconversion (see Section 8.2), no acid sitesamtive on Pt/silica. Hence, as
already described for the skeletal isomerizatioetblylcyclohexane (see Section 9.2)
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and butylcyclohexane (see Section 9.3) on Pt/siligao purely metal-catalyzed
iIsomerization mechanisms are considered which wansh spiro[4.5]decane as well.

The capability of platinum to induce skeletal isomm&tion of light alkanes is well
established as the so-called bond-shift mechar2emd7, 28]. It is generally believed
to proceed via cyclopropanoid species and was wbddo be the predominant type of
metal-catalyzed isomerization of n-octane whenhydrogen pressure was increased
from 0.5 to 2.0 MPa [23]. As shown in Figure 9.33pplying the bond-shift
mechanism to decalin leads one to predict spir¢décane as a primary product:

Decalin Cyclopropanoid Spiro[4.5]decane
species
Figure 9.33: Possible platinum-catalyzed formawbrspiro[4.5]decan&ia the bond-
shift mechanism.

By GC/MS two other skeletal isomers which can bemkd by the bond-shift
mechanism can be assignet,. cis- and trans-bicyclo[5.3.0]decane, with a maxima
total selectivity of 2 %. However, one would expatgo eight other skeletal isomers
(cis- and trans-isomers of 1-, 2- and 3a-methlypdnbindan and bicyclo[4.3.1]-
decane) instead of the strong preponderance of ghiio compound. Moreover,
according to GC/MS analyses also the skeletal isdnwogclopentyl is formed with a
selectivity of maximal 3 %. An explanation could kbe isomerization of
spiro[4.5]decane&ia the bond-shift mechanism which is described incivetext of its
hydroconversion in Figure 9.40, page 140. An a#itve pathway would start from
the main ring-opening product butylcyclohexane whicundergoes 1,5-
dehydrocyclization [22, 23, 26, 29], furnishing rep#.5]decane as shown in Figure
9.34.

+Hy -H
—_— —_—
Pt Pt

Decalin Butylcyclohexane Spiro[4.5]decane

Figure 9.34: Hypothetical platinum-catalyzed isoixetion of decalinvia ring
opening to butylcyclohexane followed by 1,5-dehygalization.
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Such a mechanism seems less probable since spidgdane would be expected to
be a secondary product formed from the primary pcodutylcyclohexane, whereas
Figure 9.32 suggests that spiro[4.5]decane is ralpeimary product.

In general, due to the isomerization activity ofsfita the ratioSjrect rory SRops
equals 65 and 79 % at low conversions on 0.93iedsiind 2.68Pt/silica, respectively
(see Table 9.7). The butylcyclohexane formation easily be rationalized by a
preferred hydrogenolytic rupture of the secondaryidary carbon-carbon bond in
decalin and spiro[4.5]decane as also found for éhdocyclic hydrogenolysis in
ethylcyclohexane (see Section 9.2) or butylcyclaimex(see Section 9.3) on Pt/silica.
A cleavage of the bisecondary bonds in decalin igctua low extent as indicated by
the lower selectivities of the direct ROPs cis- &naths-1-methyl-2-propylcyclohexane
and cis- and trans-1,2-diethylcyclohexane (seeel@lil). Also in spiro[4.5]decane the
unsubstituted C-C bonds in the five-membered rirgcdeaved only with a very low
total selectivity of the respective ring-openingqucts withS < 1.6 % (see Section
9.6). A cleavage of the bridging C-C bond betwe®an tivo tertiary carbon atoms in
decalin is strongly hindered, but small amountshefrespective product cyclodecane
were detected with a maximal selectivity of 0.5 @& aeaction temperature of 410 °C
on 2.68Pt/silica. Hence, ring opening occurs orRtisilica catalysts most probably by
a mixture of the non-selective and the partiallgstve ring-opening mechanism.

Table 9.7:  Details on the ring-opening productsami®d on both Pt/silica catalysts
at low decalin conversions and theoretical prodiisttibution.

T, Xpec Sirect ROPS 1% Sh-chx 1% S\ M-2p-Chix 1% S\ 20E-chix 1%

Catalyst /°C I % SRops Sdirect ROPs Sdirect ROPs SdirectROPs
0.93Pt/silica 370 15 65 54 34 12
2.68Pt/silica 370 20 79 64 28 8

Assumed Non-Selective Ring Opening of Decalin

100 40 40 20

Assumed Partially Selective Ring Opening of Decalin

100 100 0 0

On 2.69Pt/silica the ring opening of butylcyclohezato OCDs occurs with
selectivites up to 19% (see Section 9.3) wherdhe ring opening of
butylcyclohexane as intermediate product in theatieconversion on 2.68Pt/silica is
hindered (maximaBycps = 4 %). A rationale can be given by tha 40 °C higher
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reaction temperatures that have to be applied datalin to reach similar conversions,
which results in exocyclic hydrogenolysis of buggdiohexane\ide infra).

—e— (.93Psilica

80 -0 2. 68Ptsilica

S* 1%

1 2 3 4 5 6 7 8 9
Number of C-atoms

Figure 9.35: Modified hydrocracking selectiviti§ on two Pt/silica catalysts in the
hydroconversion of decalin:
0.93PUsilica: T, =410 °C;Xpec = 43 %; Yco = 3 %; LS* = 274 %.
2.68PUsilica: T, =410 °C;Xpec = 53 %; Ycq =7 %; LS* = 294 %.

When the noble metal is supported on silica, treridutions of the hydrocracked
products, shown in Figure 9.35 for comparable cosivas, differ substantially from
the distributions obtained on bifunctional catadyst the hydroconversion of decalin
[52]. They rather resemble those obtained on csilshyith very weak Brgnsted acid
sites like Pt/Cs,Na,H-Y [5]. Large amounts of ® C,, C; and G are formed.
Methane and ethane cannot be the product of a catiboic mechanism, hence,
monofunctional metal catalysis must be operatiieace&s G and G are formed in
smaller amounts, the precursors cannot bgh@drocarbons but rathersCproducts,
which is also reflected in thHeS* > 270 % on both Pt/silica catalysts.

On 0.93Pt/silica and 2.68Pt/silica, 38 and 53 %peetively, of the gfraction consist

of cyclohexane which could be formed by hydrogetiolybstraction of the £
hydrocarbon n-butane from the main ring-openingdpod butylcyclohexane. A
similar explanation can be found fog @nd G. On these catalysts 75 and 81 % of the
C; fraction consist of methylcyclohexane, which casoabe formed by side-chain
hydrogenolysis in butylcyclohexane forming propate co-product. Indeed, in the
butylcyclohexane hydroconversion on Pt/silica exticy hydrogenolysis occurred
preferentially in bond e (see Figure 9.11, page) 10®ler the formation of propane
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and methylcyclohexane. An explanation for the haghounts of @ consisting to a
large extent of cyclohexane together with the hagtounts of methane and multiple
hydrogenolysis 1§* > 270 %) could be the methane abstraction in giejclo-
hexane. An increased formation of &d G accompanied by lowered amounts gf C
Is observed in the hydroconversion of butylcycladrex on 2.69Pt/silica at the highest
conversion ofXg_crx = 96 % when multiple hydrogenolysis occurs with* = 252 %
(see Figure 9.15, page 106). Also higher amountsetbhne are formed from
butylcyclohexane under these conditions. This sintyt of the distributions of the
hydrocracked products from the reactants butyldyekane and decalin indicates that
butylcyclohexane is the main precursor for the fation of hydrocracked products
from decalin on Pt/silica.

9.5.4  Hydroconversion on Rh/Silica Catalysts

In Figure 9.36 the catalytic results of two Rhésilicatalysts with a metal loading of
ca. 1 wt.-% and metal dispersionf 0.17 and 0.57 are shown. The higher dispersion
and accordingly the lower particle size and smalpecific metal surface area have no
influence on the overall conversion. However, thedpct selectivities are influenced.
On 1.03Rh/silica with a low dispersion bf= 0.17 highelSy.isos and lowerSops are
obtained, compared to 0.96Rh/silica with= 0.57. The formation of spiro[4.5]decane
occurs on 1.03Rh/silica with the highest selectiat 5 % at the lowest conversion,
whereas on 0.96Rh/silica only traces wh< 0.1 % are formed. Perhaps, special
crystallographic sites on the larger metal clustare isomerization-active, or,
conversely, the smaller clusters are more activehyarogenolysis. A higher
iIsomerization activity of larger rhodium clusterasvalso observed in the conversion
of n-hexane on Rh/alumina with = 0.18 and 0.57 [94].

In accordance with the higher isomerization acgtivaf 1.03Rh/silica the ratio
Siirect RoPY SRops@ssumes values of 61 to 64 % in comparison toehnigalues of 91 to
95 % on 0.96Rh/silica over the whole range of tamjpees applied. On the latter
catalyst the ring is opened essentially at thecoisdary C-C bonds since a fraction of
96 to 97 % of all direct ROPs are the correspondprgducts 1-methyl-2-
propylcyclohexane and 1,2-diethylcyclohexane. libespf this similar regioselectivity
as on Ir/silica (see Table 9.4, page 122) the spules# opening of the six-membered
ring is strongly hindered on 0.96Rh/silica res@tin Socps < 2 %. On 1.03Rh/silica
slightly higher amounts witfcps Up to 4 % are formed. Presumably, the mild
iIsomerization activity facilitates the ring openiag observed with other catalysts [5].
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Figure 9.36: Conversion of decalin and selectisiti¢ different groups of products at
different temperatures on two Rh/silica catalysts ddferent metal
dispersion®.

The low amounts of OCDs on both Rh/silica catalgstsipared to 0.77Ir/silica can be
explained by theca. 50 °C higher reaction temperatures that have t@appied to
reach the same conversion. In Figure 9.37 the canbbmber distribution curves of the
hydrocracked products at similar conversions asveho Figure 9.23, page 118, for
Ir/silica are plotted. The higher reaction temperas$ favor multiple hydrogenolysis as
indicated by the strong asymmetry with high amouwdtsethane andS* > 200 %.
Both curves are essentially hammock-shaped indigdttydrogenolysis on a metal that
prefers the cleavage of bisecondary C-C bondsfdout.03Rh/silica weak maxima at
C, and G are superimposed. A mole fraction of iso-butanthan G, fraction of 74 %
and of methylcyclopentane in the; @action of 58 % afl, = 390 °C could be an
indication of the paring reaction. However, isodné can also be formed by multiple
hydrogenolysis of bisecondary C-C bonds and then&tion of methylcyclopentane
can also be a consequence of the isomerizatiovityaif large rhodium particles [94].
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Figure 9.37: Modified hydrocracking selectiviti§% on two Rh/silica catalysts in the
hydroconversion of decalin:
1.03Rh/silica: T, =390 °C;Xpec = 50 %;Yc, = 34 %; LS* = 266 %.
0.96Rh/silica: T, =390 °C;Xpec = 57 %;Yc, = 18 %; £S* = 311 %.

9.6 Spiro[4.5]decane

In the hydroconversion of decalin on Pt/silica (&ection 9.5.3) and bifunctional
catalysts [5, 52], spiro[4.5]decane was identifiésl an important skeletal isomer
formed by isomerization on platinum or by bifunci@ isomerization, mainly at low

conversions. It seems that the isomerization oflie¢o spiro[4.5]decane is crucial
for obtaining high OCD selectivities, due to thdateely fast hydrogenolytic ring

opening of five-membered rings as demonstrated wéhydroindan (see Section
9.4). However, in these studies the only detecteg-opening product of a direct
hydrogenolysis of spiro[4.5]decane was butylcyckare. Hence, the

hydroconversion of this spiro compound on 2.73loai and 2.69Pt/silica seems
worthwhile for a better understanding of the hydnoglytic reaction steps that are
possible after the isomerization to spiro[4.5]decan

In Table 9.8 the results of the spiro[4.5]decaneveosion on 2.73Ir/silica show that
spiro[4.5]decane is much more reactive than decatinthe very similar catalyst
2.59Ir/silica (see Figure 9.21b, page 115). AltHoumnly three different reaction
temperatures have been measured with spiro[4.5j@ethe maximatycps= 49 % is

much higher than the maximal value of 28 % withaliecas reactant. One reason
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could be the fast ring opening of the five-membaeatiag in spiro[4.5]decane as also
found with perhydroindan (see Section 9.4).

Table 9.8:  Conversion of spiro[4.5]decane and s$wlges of different groups of
products on catalyst 2.73lr/silica at different peratures.

Tr /°C Xspiro I % Ssk-lsos/ % SROPS/ % SOCDS/ % SCg- | %

200 40 1.9 97 0.2 0.6
240 100 1.0 91 6.7 0.9
280 100 0.4 32 49 19

An additional explanation for the higher OCD sdiett in the hydroconversion of
spiro[4.5]decane could be the higher number of eycliw bisecondary C-C bonds in
the direct ring-opening products of spiro[4.5]dexavhich are cleaved preferentially
on iridium. Also McVickeret al. [4] observed a decreased ring-opening selectority
Ir/y-alumina when more alkyl substituents are attadieethe cyclohexane ring. On
0.77Ir/silica two ROPs are expected to be formetigh amounts by cleavage of an
unsubstituted C-C bond in both naphthenic ringspifo[4.5]decaneviz. 1-methyl-1-
propylcyclohexane and 1,1-diethylcyclohexane, sigeirE 9.39. Both ROPs contain
four endocyclic unsubstituted C-C bonds, whereas rttain ROPs obtained from
decalin (1-methyl-2-propylcyclohexane and 1,2-dreticlohexane) contain only
three bonds of that type.



- 136 -

) )
c c
2 g
% 3
<
< o
(&)
£ =
|7} 9o
>
= Y
< o
= &
£ "
w >
. © < =
= c 5]
© ..g [} = ()
~ o c h C
> i) IS g
= > X x
%) = [3) <
c > (3] < <
Q c = o
1= £ g £ S
- Q g 9 o
< £ 0 2
< > ™ 5
< - 2 o
) v @ Qg
c IS - X
S - L@
+= (V)E — C
3 23 5
s 2L S
£ b £ i9)
u ™ W %‘
D N @
A
TR BRI R Loy by b e by by b by b by

92 94 96 98 100 102 104 106 108 110 112 114 116 118 120

t../ min

Figure 9.38: Gas chromatogram of the products nbthin the hydroconversion of
spiro[4.5]decane on 2.73Ir/silica Bt= 280 °C.

Unfortunately, the two main ring-opening producsed Figure 9.38) derived from
spiro[4.5]decane can be assigned to this produetpgonly due to a molar mass Mf

= 140 g - mot as detected by GC/MS but not to a specific mokcHlowever, the
knowledge obtained with perhydroindan makes itaeable to assume that these two
ROPs are 1-methyl-1-propylcyclohexane (1-M-1-P-Cldry 1,1-diethylcyclohexane
(1,1-DE-CHXx) which are expected by the fast ringrpg of the five-membered ring
by hydrogenolysis at the bisecondary C-C bonds d @ar{see Figure 9.39). Both
products occur in a molar ratio cd. 4 : 1, comparable to a molar ratio of 1-methyl-1-
propylcyclohexane to 1,1-diethylcyclohexane ofl2if a statistical ring opening of the
two bisecondary C-C bonds b and c is assumed. Aoupto these considerations the
larger peak att,; = 111.60 min is tentatively assigned to 1-methylrapyl-
cyclohexane and the smaller oné,at= 118.30 min to 1,1-diethylcyclohexane.



e
f -

Ir/silica d: n-Decane

— e: 5-Methylnonane
f +H,

’4 e f: 4-Ethyloctane
IrIS|I|ca,’,' a: Butylcyclohexane
S H,
e .
c risilica Ir/silica d: 4-Methylnonane
f a ; +H, ) +—H> e: 4,4-Dimethyloctane
e e 2 f: 4-Ethyl-4-methylheptane
Spiro[4.5]decane +H
2 b 1-Methyl-1-propylcyclohexane
Ir/silica R
f Ir/silica d: 3-Ethyloctane
¢ +—H> e: 3-Ethyl-3-methylheptane
o 2 f: 3,3-Diethylhexane

c¢: 1,1-Diethylcyclohexane

Figure 9.39: Reaction paths in the endocyclic hgdmmlysis of spiro[4.5]decane on
Ir/silica.

With this peak assignment the distribution of rmgening products that was obtained
on 2.73lIr/silica is shown in Table 9.9. Obviouslg, all three runs and even at
conversions of 100 %, 98 % of all ROPs are theawes formed by cleaving bonds b
or c in spiro[4.5]decane, see Figure 9.39.

Table 9.9:  Distribution of ring-opening productsrir spiro[4.5]decane on catalyst
2.73lIr/silica at different temperatures.

Tr /°C Xspiro I % SB-CHx Sl-M-l-P-CHx S1,1-DE-CHx Sother ROPs
[Srops % /' Srops% ~ /Srops% [ Srops %
200 40 1.9 76 22 0.1
240 100 1.7 77 21 0.3
280 100 0.2 81 17 1.8

In the gas chromatogram (see Figure 9.38) one Egyal at,; = 96.45 min could be
assigned by GC/MS to 4-ethyl-4-methylheptane, anDQBat can be formed by
cleaving bond f in the main ROP 1-methyl-1-propyglopexane (see Figure 9.39).
Some other signals in the gas chromatogram wefeudifto assign by GC/MS to
specific OCDs, and the signal of the molecular wath nVz = 142 was very weak.
This could be explained by the expected formatib@@GDs with a quaternary carbon
atom that remains when the main ROPs 1-methyl-pydcyclohexane and 1,1-
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diethylcyclohexane undergo endocyclic hydrogenslydithe bisecondary C-C bonds
e and f, as shown in Figure 9.39. In the GC/MS s\ radical cations that possess a
guaternary carbon atom are prone to a fast decatigrobecause tertiary radicals or

cations can result which are relatively stable.

A comparison of the retention times of the signalgjuestion and the boiling points
[95] of (i) the OCDs resulting from a direct endoky hydrogenolysis of 1-methyl-1-
propylcyclohexane and 1,1-diethylcyclohexane, tirate not assigned previouslye.,
3-ethyl-3-methylheptane and 3,3-diethylhexane, \{iijithose of the OCDs that were
assigned safely by co-injection of decane isomerd @&ii) that of 4-ethyl-4-
methylheptane which was assigned by GC/MS only wasducted. A good
correlation of the products identified by GC/MS atheé molar mass only with the
known OCDs allowed a tentative assignment of thaais.

At T, = 280 °C antsocps = 49 %, 95 % of all OCDs are these four OCDs witigh be
formed by cleaving the bisecondary C-C bonds albamdspiro[4.5]decane and further
e and f in the resulting ROPs: 4,4-dimethyloctahiethyl-4-methylheptane, 3-ethyl-3-
methylheptane and 3,3-diethylhexane. This regicsiglty is in accordance with the
selective ring-opening mechanism as observed afsothe ring opening of
ethylcyclohexane, butylcyclohexane, perhydroindagh @s-decalin.

On 2.69Pt/silica skeletal isomers are the main yctelat all reaction temperatures.
Ring-opening products are formed with selectivitief 11 to 22 % whereas
hydrocracking to OCDs andyCoccurs to a negligible extent only. The slightrease

IN Syisos With increasing temperature is due to an increa®eohation of many
products in small amounts which are assigned ts@&-mainly due to their range of
retention times. Perhaps some of these compouedsnsaturated hydrocarbons since
also tetralin (sk-1so) is formed with a selectiviti2 % atT, = 360 °C.

Table 9.10: Conversion of spiro[4.5]decane andcseiées of different groups of
products on catalyst 2.69Pt/silica at differentpenatures.

Tr /°C Xspiro I % Ssk-lsos/ % SROPS/ % SOCDS/ % SCg- | %

260 5.0 77 22 0.0 0.7
300 21 84 16 0.0 0.2
360 62 88 11 0.7 0.8
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On the similar catalyst 2.68Pt/silica decalin wesslreactive (see Figure 9.29b, page
126). To find out if a faster ring opening of thevekmembered ring in
spiro[4.5]decane is the reason for the higher rgaciof spiro[4.5]decane compared
to decalin, the yields of ROPs on both catalystshat same temperature will be
compared. AtT, = 360 °C with decalin as reactafzops = 6.3 % is obtained by
interpolation of the values a8 = 350 and 370 °C. At the same temperature and with
spiro[4.5]decane as reactant a very similar vafluézgps= 6.8 % was reached. Such a
comparison with OCDs or £ products is not possible, due to the small ansont
both catalysts. The high selectivity of sk-Isoshwépiro[4.5]decane and the similar
Yrops Values with both reactants at the same temperatsuggest that the higher
reactivity of spiro[4.5]decane stems mainly frora tiomerization of spiro[4.5]decane
to decalin (see Table 9.11). Hence, the formatibrROPs starts from a similar
mixture of bicyclic Gy naphthenes with spiro[4.5]decane and with de@direactant.

Table 9.11: Composition of skeletal isomers formedm spiro[4.5]decane on
catalyst 2.69Pt/silica at different temperatures.

T, /°C  XKspiro Ssk-isos Spbec Shicyclo[s.3.0/decane  Sbicyclopentyl  Sother sk-lsos
I % 1 % I Sskisos! %0 | Sskisos! %0 ! Sskisos! %0 | Sskisos! %0
260 5.0 77 88 8.7 2.0 0.8
300 21 84 91 4.6 1.3 3.5
360 62 88 83 1.3 1.6 14.2

A more detailed insight into the composition ofisks formed from spiro[4.5]decane
Is given in Table 9.11. Decalin is by far the mskeletal isomer, and a mole fraction
of Ny.pec/ (Ngr-pec T Ne.ped = 0.86 to 0.88 is in the range of values thatadse observed
in the hydroconversion of decalin on the same gsttdbee Section 9.5.1). By GC/MS
two signals can be assigned to bicyclo[5.3.0]dedarse and trans-isomer) and one
signal to bicyclopentyl. Most probably, the forneatiof all these sk-Isos can be
explained by metal-catalyzed isomerization.

To account for the formation of the skeletal isosneicyclo[5.3.0]decane, decalin and
bicyclopentyl, the platinum-catalyzed bond-shiftalmanism is applied in Figure 9.40.
The first step would be the formation of two difat cyclopropanoid species. After
cleavage of a C-C bond in the cyclopropane ringothan the new one formed, the
skeletal isomers bicyclo[5.3.0]decane, decalin @ngclopentyl would result.
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Figure 9.40: Skeletal isomerization of spiro[4.5jdee on platinummia the bond-shift
mechanism.

An alternative reaction path for the formation adyielopentyl in depicted in Figure
9.41. The first step would be a ring opening totglegclopentane which is formed in
very small amounts with a maximal selectivity ofl % at T, = 360 °C. After
1,5-dehydrocyclization [22, 23, 26, 29] bicyclopgntould be obtained.

+Hy -H
_— _—
Pt Pt
Spiro[4.5]decane Pentylcyclopentane Bicyclopentyl

Figure 9.41: Skeletal isomerization of spiro[4.5jdee on platinunvia ring opening
to pentylcyclopentane and subsequent 1,5-dehydiipation to
bicyclopentyl.

However, at the high hydrogen pressure of 5.0 MRa, bond-shift mechanism is
known to be prevailing [23], as already discussedthe skeletal isomerization of
decalin on Pt/silica in Section 9.5.3. Moreovek thechanism described in Figure
9.41 seems hardly probable as the intermediateuptqeentylcyclopentane is formed
only in very small amounts on Pt/silicade supra).

At T, = 260 and 300 °C on Pt/silica, a fractioncaf 95 % of all ROPs are the products
of a direct hydrogenolytic ring opening of the #Hwembered ring,i.e,

butylcyclohexane, 1-methyl-1-propylcyclohexane dnil-diethylcyclohexane (direct
ROPs). The molar ratios of these three ROPscare8 : 3: 1, indicating a strong
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preference of platinum for the cleavage at the rs@&/-quaternary carbon-carbon
bond a in Figure 9.39, as also observed by McVieket. [4] in the ring opening of
methylcyclohexane on 0.6Pt/silica, see Table 4dgep25. However, butylcyclo-
hexane can also stem from the ring opening of thpmsk-Iso decalin, since it was
the main ROP in the hydroconversion of cis-decabn the similar catalyst
2.68Pt/silica (see Table 9.7, page 130). The peskgament for the products 1-
methyl-1-propylcyclohexane and 1,1-diethylcyclohexavas also transferred to the
product mixture obtained in the hydroconversioncfdecalin on Pt/silica. A low
total selectivity of these products of£1.6 % demonstrates that, although
spiro[4.5]decane is formed on that catalyst, ripgrong does virtually not occur at the
unsubstituted C-C bonds in the five-membered ring.

At a higher temperature of 360 °C only 71 % of R(DPs are direct ROPs. Several
explanations are possible for the formation of ¢HlR®OPs that cannot stem from direct
hydrogenolysis of the five-membered ring in spitb]decane: (i) Ring opening of the
six-membered ring in spiro[4.5]decane, (i) ringeamg of sk-Isos, and (i)
iIsomerization of direct ROPs.

A distribution curve of the hydrocracked productfi ise shown only for Ir/silica, on
Pt/silica the amount of &£ products is too low. The curve obtained from
spiro[4.5]decane on Ir/silica (see Figure 9.42)fedl to some extent from the
hammock-shaped one that is typically found for acrdic iridium catalysts in the
hydroconversion of decalin (see Figure 9.23, pad8).1In the conversion of
spiro[4.5]decane higher amounts of &d G were formed in comparison with the
hydroconversion of decalin. Most probably, the wrigf these differences is the
different structure of ROPs and OCDs which are fminfrom the two bicyclic
naphthenes. Due to the preference of iridium feaging unsubstituted C-C bonds and
the conservation of C-C bonds between a quatemaraiya secondary carbon atom this
Is expected to result in a different distributiohhydrocracked products. The higher
amounts of ¢than of G cannot be explained so far, although the pealgas®nt
was re-examined.
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Figure 9.42: Modified hydrocracking selectiviti§ on 2.73Ir/silica catalyst in the
hydroconversion of spiro[4.5]decane:
T, = 280 °C;Xspiro = 100 %0;Yc, = 19 %;X§* = 216 %.

9.7 Methyldecalin

Methyldecalin was chosen as reactant to find ouethdr the knowledge about
hydrogenolytic ring opening of {30 C,, naphthenes can be transferred to a bicyclic
C,1 naphthene. Concerning real diesel fuel this isoeenappropriate model compound
due to its higher boiling point compared &qay., cis-decalin. This feed hydrocarbon is
a mixture of ten different diastereoisomeric andstibutional isomers (see Figure 5.3,
page 68).

Catalyst 0.77Ir/silica is much more active than3@®silica (see Figure 9.43a), for
which ca. 60 °C higher reaction temperatures have to beieppb reach a similar
conversion. Beside an apparently varying behavidhe lowest reaction temperature
which is due to impurities in the feed hydrocarb&0OPs and G- are the main
products at low conversions. With increasing cosier the selectivity of ring-
opening products decreases, a&g; increases. A maximal yield of open-chain
undecanes of 6.9 % is reachedlTat 350 °C andXy.pec = 65 % with the following
composition: 0% n-undecane, 19 % methyldecanes% léthylnonanes, 67 %
multiply branched undecanes. Only small amountskefetal isomers are formed and
the dehydrogenation to methyltetralin and methyiriaglene (DHPS) is negligible. In
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general, a similar catalyst behavior as in the bgdnversion of cis-decalin on the
same catalyst is observed (see Figure 9.21, page Methyldecalin is slightly less
reactive, presumably due to the availability ofn@aaBer number of unsubstituted C-C
bonds which are preferentially cleaved on iridiuth [
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Figure 9.43: Conversion of methyldecalin and selgEs of different groups of
products at different temperatures on two silicapsuted catalysts.

On 0.93Pt/silica at low conversions, skeletal isonagion, ring opening, hydro-
cracking to Go- and dehydrogenation occur to a similar extené (Bgure 9.43b).
With increasing conversion the selectivity of DHPspnsisting mainly of
methyltetralin, increases up &ups = 61 % atT, = 410 °C andXy;.pec = 63 %. Also
unsaturated hydrocarbons other than methylteteadcth methylnaphthalene are formed
with increasing selectivities at higher temperagu@n 0.93Pt/silica and 0.77Ir/silica,
the maximal selectivities of those unsaturated dwgarbons are 10.3 % and 0.5 %,
respectively, at the highest temperatures. Thesdupts consist mainly of aromatic
molecules of the product groupsy¢ ROPs and sk-Isos. Open-chain undecanes are
formed with a maximalYgcys = 0.6 % atT, = 410 °C andXype = 63 %.
Methyldecalin is similarly reactive as decalin drstcatalyst. The product selectivities
in the hydroconversion of methyldecalin correspoodghly to those observed with
cis-decalin on the same catalyst, see Figure 9.88Qe 126. In the methyldecalin
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conversion higher amounts of hydrocracked prodwdts &, . = 25 % instead ok,
~ 5 % with decalin are formed, due to the high tewgeof cleaving the C-C bond
between the bicyclic structure and the methyl grvgte infra).

Unfortunately, no reaction network can be drawn tbe hydroconversion of
methyldecalin because (i) the reactant is a mixtofeup to three different
constitutional isomers, (i) numerous different gwots are formed and also expected
when a direct hydrogenolysis mechanism as describedlecalin is adopted, (iii)
many signals in the gas chromatogram could be regignly to a product group due
to their molecular ion signal but not to specifiolectules.

160(L
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Figure 9.44: Modified hydrocracking selectivitie§* on two silica-supported
catalysts in the hydroconversion of methyldecalin:
0.77Ir/silica: T, = 350 °C; Xy.pec = 65 %; Yc,, = 41 %; £§* = 192 %.
0.93Pt/silicaT, = 410 °C; Xy.pec = 63 %; Yc,, = 14 %; £S* = 189 %.

In Figure 9.44 the distribution curves of the hyaexked products at reaction
conditions of maximal OCU yields are shown. Valu#szS* < 200 % are most
probably due to an erroneous assignment of sonmalsign the very complex product
mixture. In spite of these uncertainties a hammyple- curve is clearly obtained on
the iridium catalyst with substantially higher amtiof G and G, compared to the
other carbon number fractions. This is a similauleas in the hydroconversion of
decalin (see Figure 9.23, page 118) on this cdtalgscontrast, on the platinum
catalyst a completely different distribution curgefound compared to the one for
decalin conversion on the same catalyst (see Fig3® page 131). It resembles that
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obtained on Ir/silica but the formation of @&nd Gg is more pronounced. A preferred
abstraction of the methyl group from methyldecadithe reason for the high amounts
of C; and Go on 0.93Pt/silica as indicated byecain/ Nc,, = 53 %. On 0.77Ir/silica this
molar ratio assumes a lower value of 30 %, therofg products are a mixture of
different naphthenic and aliphatic hydrocarbons.

9.8 Influence of the Hydrogen Pressure

In literature investigations about the influencetloé hydrogen pressure on the pure
hydrogenolytic ring opening of multi-ring naphtherae lacking (see Section 4.2.1.4).
Hence, perhydroindan and cis-decalin were chosbe tested in the hydroconversion
on 2.69Pt/silica and 2.73lIr/silica, respectively,pa, = 1.0 to 8.0 MPa in order to
identify the best suited hydrogen pressure for ligdrogenolytic ring opening of
bicyclic naphthenes. Pt/silica is hardly activetive opening of six-membered rings
(see Section 9.5) while five-membered rings camdaglily opened on platinum (see
Section 9.4). Hence, for studying the influence lofdrogen pressure on the
hydrogenolytic ring opening of bicyclic naphthem@sa non-acidic platinum catalyst,
the more reactive feed perhydroindan was chosen.

9.8.1 Hydrogenolysis of Perhydroindan on Platinum

A comparison of the perhydroindan conversion or®Rt&ilica in dependence of the
reaction temperature at varying hydrogen presssirghown in Figure 9.45. Under
otherwise constant conditions (see Section 5.3@a§e 56) the conversion decreases
with increasing hydrogen pressure, especially fgy= 1.0 to 2.0 MPa. No catalyst
deactivation occurred at any hydrogen pressure.
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Figure 9.45: Conversion of perhydroindan on catal69Pt/silica at different
hydrogen pressures and temperatures.

In the hydroconversion of perhydroindan on 2.69Rt#&sat py,= 1.0 MPa DHPs are
the main products up t¥py = 62 %, see Figure 9.46d. A decreaseSgfps with
increasing temperature and conversion was accombdy a strong increase of the
aromatics content in the product groups &nd ROPs. These aromatics make up a
total selectivity of 48 % af, = 390 °C and consist mainly of ethylmethylbenzeiBs
GC/MS the attribution to specific constitutionabimsers of the ethylmethylbenzenes
was not possible, but it is likely that 1-ethyl-Ztnylbenzene was formed by ring
opening of indan or by dehydrogenation of 1-ethyh€thylcyclohexane. Upon
increasing the hydrogen pressure, DHPs formationase and more suppressed, and
at py,= 8.0 MPaSyps is close to zero regardless of the reaction teatpes. The
dehydrogenation to DHPs gt, = 1.0 and 2.0 MPa is an additional reaction pathian
one reason for the higher conversions at theseogdrpressures (see Figure 9.45).
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Figure 9.46: Selectivities of different groups abgucts on catalyst 2.69Pt/silica at
different hydrogen pressures and perhydroindan &simons.

Isomerization of perhydroindan occurs to a verylsmdent at hydrogen pressures of
1.0 and 2.0 MPa, whereas at 4.0 and 8.0 MPa @xigs= 17 % is reached at low
conversions (not shown).
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In Figure 9.46 comparisons of product selectivinefRROPs, OCNSs, & products and
DHPs at different hydrogen pressures and convessiare depicted. Highest
selectivities of ROPs are obtained at hydrogenspires of 4.0 and 8.0 MPa. OCN
selectivities are maximal gy, = 4.0 and 8.0 MPa, and the influence of hydrogen
pressure on the selectivities of-@ negligible. Similar OCN distributions as fordhe
at a hydrogen pressure of 5.2 MPa (see Figure 9@Qe 114) were observed at
Py, = 2.0 to 8.0 MPa (not shown). Hence, at a highrdyen pressure of 4.0 to
8.0 MPa that is high enough to suppress the foonatof aromatics, the
hydrogenolysis of perhydroindan on platinum is haidfluenced by the hydrogen
pressure leading to a maximélcns = 36 %, see Table 9.12. One reason for the poor
ring-opening performance at hydrogen pressures.@fahd 2.0 MPa is the strong
dehydrogenation tendency at lower hydrogen pressina leads to relatively high
conversions due to the formation of DHPs.

Table 9.12: Maximum vyields of open-chain nonanestaiobd on catalyst
2.69Pt/silica at different hydrogen pressures m lilydroconversion of
perhydroindan.

pHZ/ MPa T, /°C Xpui 1 % Socns! % Yocens, max./ %

1.0 390 98 1.1 1.1
2.0 390 100 8.7 8.7
4.0 410 100 35 35
8.0 410 100 36 36

The distribution of the hydrocracked products igufe 9.47 is depicted for each
hydrogen pressure at a reaction temperature of maxOCN vyield. Interestingly,
while Yocns max. INCreases with increasing hydrogen pressure, tilsodistribution
curve of the hydrocracked products changes gradusith increasing hydrogen
pressure the high amounts of, ©, and G decrease gradually while the values gf C
to G increase slightly. Most significant is the incredsformation of ¢ and G
hydrocarbons with increasinyocns, max. BOth fractions consist of roughly equal
amounts of iso- and n-butane or 2-methylbutane angentane, respectively.
Hydrogenolysis of OCNs can generatg @nd G alkanes, whereas a singular
hydrogenolysis of direct ROPs with a six-membereihg r (1-ethyl-2-
methylcyclohexane and propylcyclohexane) couldrastilt in the formation of Cor
Cs products. Therefore, the altered curve shapegit GICN yields presumably stems
from the hydrogenolysis of OCNSs.
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Figure 9.47: Modified hydrocracking selectivitie§* on 2.69Pt/silica in the
hydroconversion of perhydroindan at different hyno pressures:
pu, = 1.0 MPa: T, =390 °C;Xpn = 98 %; Yc, = 6 %; £§* = 225 %.
pu, = 2.0 MPa: T, =390 °C;Xpy = 100 %;Yc, = 14 %;25* = 206 %.
pu, = 4.0 MPa: T, =410 °C;Xpw = 100 %;Yc, = 43 %;25* = 193 %.
pu, = 8.0 MPa: T, =410 °C;Xpn = 100 %;Yc, = 47 %;,25* = 225 %.

9.8.2  Hydrogenolysis of cis-Decalin on Iridium

A comparison of the decalin conversion at diffeneg@iction temperatures and varying
hydrogen pressure is shown in Figure 9.48. Witlmeasing hydrogen pressure from
1.0 to 2.0 and 4.0 MPa, the conversion increasai egaction temperatures, with one
exception at the maximal reaction temperaturesaof330 °C. At a higher hydrogen

pressure of 8.0 MPa, however, the conversion isstoeompared to a pressure of
4.0 MPa, again with the exceptionTat= 330 °C.

The hydrogen pressure dependency of the convemsiodecalin on 2.73lr/silica

deviates strongly from the results with perhydraimdon 2.69Pt/silica (see Figure
9.45). It is unknown if the origin of these diffares is the nature of the noble metal or
the type of the reactant. In the hydrogenolyticgriopening of cyclohexane and
methylcyclohexane on ffalumina Shiet al. [45] found decreasing reaction rates by
increasing the hydrogen pressure from 0.3 to caMPa. No experiments at higher
pressures have been conducted, hence, the influehbgdrogen pressure on the
purely metal-catalyzed conversion@f, up to 8.0 MPa is unknown. Moreover, the
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larger number of carbon atoms in the reactant decaluld change the influence of
hydrogen pressure strongly, see Figure 4.9, page 21
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Figure 9.48: Conversion of decalin on catalyst R/gilica at different hydrogen
pressures and temperatures.

Only at the lowest pressure @f = 1.0 MPa substantial amounts of DHPs were formed
with a maximal selectivity of 8 % d = 310 °C. At a hydrogen pressure of 2.0 MPa a
maximum of Ssyps = 1 % was attained and higher pressures did rad e the
formation of DHPs (not shown). At all hydrogen me®s ROPs are the main product
group at low conversions. With increasing tempegatuese undergo hydrogenolysis
to OCDs and ¢ products (see Figure 9.49). However, the OCD &iiom at 1.0 MPa

is strongly hindered due to the formation of subtd benzenes with a maximal
selectivity of 46 % af, = 350 °C which cannot be opened to OCDspAt 2.0 MPa
the formation of substituted benzenes was negégith a maximal selectivity of 1 %
and, moreover, higher hydrogen pressures led tauatedelow 1 %. An increase of
the hydrogen pressure resulted in a continuougaser of the maximal OCD vyield up
to Yocps, max. = 22 % atpy, = 8.0 MPa (see Table 9.13). At all pressures thédOC
distributions are similar with the formation of mbii multiply branched decanes (not
shown) as observed pf, = 5.2 MPa, see Figure 9.22, page 117.
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Figure 9.49: Selectivities of different groups abgucts on catalyst 2.73lIr/silica at
different hydrogen pressures and decalin convession

With varying hydrogen pressures different depenssnaf product selectivities on the
conversion have been found, see Figure 9.49. Cadp@r the results obtained at
higher hydrogen pressures, @ = 1.0 MPa the selectivities of ROPs and OCDs are
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lower while hydrocracking to & occurs with higher selectivities. In the formatiof
ROPs and & products only small differences betwegs = 2.0, 4.0 and 8.0 MPa
have been found. At most conversions, the extemiydfocracking to ¢ is minimal

at py, = 8.0 MPa. OCD formation is strongly enhanced veitlth value of increased
hydrogen pressure. The maxim@hcps value increased with increasing hydrogen
pressure from 1.0 to 8.0 MPa in the following ordér 10, 19 and 28 % (see Table
9.13). Hence, higher values of hydrogen pressuagl l® a decreased extent of
hydrogenolysis in the alkyl side-chain of ROPs 6rGCDs while the endocyclic
hydrogenolysis in ROPs to OCDs is enhanced.

Table 9.13: Maximum yields of open-chain decandainbd on catalyst 2.73Ir/silica
at different hydrogen pressures in the conversfateoalin.

pHZ/ MPa T,/°C Xpec! %0 Socps! % Yocps, max./ %

1.0 330 73 4 3
2.0 310 67 10 7
4.0 310 84 19 16
8.0 310 80 28 22

At low conversions and yields ofgCproducts around 30 %, the distributions of the
hydrocracked products are hammock-shaped, andntiberds of G and G are very
high (not shown). The distribution curves of thedfpcracked products at reaction
temperatures of maximal OCD vyield are hammock-sthdioe p4, > 2.0 MPa, see
Figure 9.50. At the lowest hydrogen pressure ofMHE& a hammock-like curve with
high values at Cand G was obtained. With increasing hydrogen pressureughly
similar variation of the distribution curve was aioked as in the hydroconversion of
perhydroindan on Pt/silica, see Figure 9.47, pa$ This change is characterized by
an increase at{and G with perhydroindan as reactant or at Cs, Cs with decalin.
The second characteristic is an increase in the GtC; or Cy/Cg with perhydroindan
or decalin, respectively. At low hydrogen pressuiifferent compositions of
precursors of hydrocracked products are formed epetpto higher pressures. ROPs
are composed to a large extent of aromatic hydborer and smaller amounts of
OCNs or OCDs are formed. Presumably, these diftempositions of &
precursors are the origin of the special curve gtdew hydrogen pressures.
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Figure 9.50: Modified hydrocracking selectivitie§* on 2.73Ir/silica in the
hydroconversion of cis-decalin at different hydnogeessures:
pu, = 1.0 MPa: T, =330 °C;Xpec= 73 %; Ycq = 49 %;25* = 254 %.
pu, = 2.0 MPa: T, =310 °C;Xpec = 67 %; Ycq = 34 %;25* = 212 %.
pu, = 4.0 MPa: T, =310 °C;Xpec = 84 %; Ycq = 45 %;25* = 203 %.
pu, = 8.0 MPa: T, =310 °C;Xpec = 80 %; Y, = 40 %;25* = 194 %.

9.9 Conclusions

99.1 Influence of the Nature of the Noble Metal

The catalytic activity of the noble metals decrsasethe order Ir > Rh > Pt > Pd. In
the same order higher reaction temperatures areregqwhich lead to an increasing
tendency of aromatization due to thermodynamicasoes. All four noble metals are
active in the stereoisomerization of the cis- arahg-isomers of perhydroindan and
decalin. Skeletal isomerization occurrs on Pd nétlaw-dispersed Rh.

One important type of isomerization is the intengension of five- and six-membered
rings. Whether these reactions proceedthe bond-shift and/or the cyclic mechanism
is difficult to distinguish. However, the large anmts of decalin formed on Pt/silica
from spiro[4.5]decane cannot be explained withfadiehydrocyclization, which is the
main reaction step in the cyclic isomerization nstbhm of alkanes. Hence, at least
with spiro[4.5]decane, the bond-shift mechanisnt {a@ceedsvia cyclopropanoid
species is prevailing. Although it was demonstrabgd FT-IR spectroscopy (see
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Section 6.2) and the n-octane test reaction (sego8e8) that no catalytically active
Brgnsted acid sites seem to be present it canndbtdy ruled out that at high
reaction temperatures some very weak Brgnstedsaeisl become active and catalyze
iIsomerizatiorvia the bifunctional route.

On Ir/silica hydrogenolysis is essentially the omgaction. Together with the high
activity and, hence, low reaction temperaturesetktent of multiple hydrogenolysis
leading toxS§* >> 200 % is low. This facilitates the examinatiohreaction networks,

as,e.g., in the ring opening of decalin. On Pt/silica tkemerization activity and the
higher extent of multiple hydrogenolysis due to thigh reaction temperatures
required, hamper such examinations. Pd/silica shawgery low activity in the

hydrogenolysis. On Rh/silica with a high metal @igpon mainly hydrogenolysis
occurs but the low activity and high reaction terapgres result in multiple

hydrogenolysis and the formation of-@n large amounts.

As noble metal component for good ring-opening lgata only iridium seems to be
appropriate. For hydrogenolysis on Pd, Pt and Rhhigh temperatures are required.
However, when acid sites are presenteas, on Pt/Na,H-Y a high-performance ring-
opening catalyst can result [5], presumably du¢h®isomerization of six- to five-
membered rings. Indeed, in the hydroconversioneotiydroindan on Pt/silica the fast
hydrogenolytic opening of the five-membered ringdoaes evident.

In naphthenic rings on iridium the hydrogenolysis unsubstituted C-C bonds
(secondary-secondary) is faster than that of dulbsti C-C bonds (secondary-tertiary
and tertiary-tertiary). This preference is knowronfr the selective ring-opening
mechanism which was proposed by Maiet al. for the ring opening of
methylcyclopentane [33]. However, the experimegtiilind regioselectivities for the
cleavage of endocyclic C-C bonds cannot be explaing just one of the three
established ring-opening mechanisms (non-select®iective and partially selective,
see Section 4.2.1.4). Also a linear combinatiornthedm does not result in a good
correlation with the experimental results. It appethat the adsorption mode of the
hydrocarbon on the metal can largely depend ong#gmmetric conformation and
isomeric composition. In alkyl chains (n-decane aitk-chain in butylcyclohexane)
the cleavage of the primary-secondary and the adjasecondary-secondary C-C
bond is much slower than that of the other C-C kandhe alkyl chain. However, in
the hydroconversion of different naphthenes onilibégs hammock-type distribution
curves of the hydrocracked products are obtainddd lrge amounts of methane and
ethane. As demonstrated with the simulation of @e product distribution (see
Section 9.8.2) this is due to the high degree ahbtining in ring-opening products and
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open-chain alkanes, and, correspondingly, a higmban of relatively short alkyl

chains in which hydrogenolysis can occur. Only whiltylcyclohexane a different
distribution is found, the origin being the pre&strhydrogenolysis in the butyl side-
chain resulting in methylcyclohexane and propane.

Due to the isomerization activity of Pt/silica hgdenolysis occurs not only in the
feed hydrocarbon and its hydrogenolysis products dso in its skeletal isomers.
Hence, the composition of hydrocracked productshos: catalyst tends to be very
complex and does only allow a limited insight intbe regioselectivity of
hydrogenolysis. However, it seems reasonable tonasgthat on platinum substituted
C-C bondsj.e. secondary-tertiary, are cleaved preferentially.

Different dependencies of conversion on hydrogesssure were observed. While
with Ir/silica and decalin conversion at similarmigeratures was maximal at
pn, = 4.0 MPa, in the conversion of perhydroindan osilRta the highest conversions
were attained gby, = 1.0 MPa. Whether the origin of these differeregsure effects
reside in types of influence is the type of hydrboca or the nature of the noble metal
cannot be distinguished. For the ring opening ohydroindan on Pt/silica and of cis-
decalin on Ir/silica the highest pressureppf = 8.0 MPa was beneficial for high
selectivities of alkanes with the same number di@a atoms as the reactant.
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9.9.2 Influence of the Type of Hydrocarbon
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Figure 9.51: Influence of temperature on the cosiearof different hydrocarbons on

silica-supported catalysts loaded with ca. 1 ort3% iridium or
platinum.
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For a comparison of the reactivity of the differagtirocarbons that have been studied
in the hydroconversion on silica-supported iridiuamn-platinum-containing catalysts
the conversions at different temperatures arequatt Figure 9.51. Spiro[4.5]decane
iIs omitted due to the small number of reaction terajpures that were applied. The
following trends are observed on both noble metals:

* Perhydroindan is more reactive than ethylcyclohexakecalin and methyldecalin.
This can be explained by the faster opening ofitteemembered ring compared to
hydrogenolysis in alkyl side-chains or six-membatads.

» Decalin is less reactive than n-decane and butidbgxane. The reason is the slow
opening of the six-membered ring, both other redstaontain an alkyl chain in
which hydrogenolysis is relatively fast.

Also differences in the trends of reactivity orsilica vs. Pt/silica can be observed: On
iridium ethylcyclohexane is more reactive than diacand methyldecalin whereas on
platinum they are of similar reactivity. To undearsd the difference it has to be
considered that on iridium hydrogenolysis is esaéintthe only reaction. Due to the
availability of an ethyl side-chain higher convers at similar temperatures are
obtained with ethylcyclohexane as reactant in @sttio decalin and methyldecalin.

On platinum, in addition, skeletal isomerizationcoxs already at low conversions
with roughly similar selectivities as those of RCG#P&l hydrocracked products. Hence,
due to the comparable conversions at the same tatpes, the reactivity concerning
skeletal isomerization seems to be similar, inddpah of the reactant. Moreover,
DHPs are formed from decalin and methyldecalin arsilRka but not from
ethylcyclohexane. Hence, this additional reacti@athpadds to the conversion and
perhaps a lower reactivity of decalin and methyddiec would result if
dehydrogenation were absent, as on lIr/silica. éndbnversion of perhydroindan on
Pt/silica hydrogenolysis is the primary reactioredo the very fast opening of the
five-membered ring while the extent of skeletalni®oization is low, resulting in a
much higher reactivity.

n-Decane and butylcyclohexane are similarly reaatin iridium, whereas on platinum

n-decane is of higher reactivity. This differene@ de understood in terms of a similar
rate of hydrogenolysis in alkyl chains and six-menelol rings on iridium whereas

hydrogenolysis on platinum is much faster when @€ bond is not part of a six-

membered ring.
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Figure 9.52: Distribution curves of the hydrocratkaroducts obtained on Ir/silica
and Pt/silica with different reactants. The metadings and reaction
conditions can be found in Sections 9.1 to 9.7.yQmsé-decalin was
converted on catalysts of two different metal logdi Here, the curves
obtained on the catalysts with ca. 3 wt.-% nobl¢éaingere chosen.
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An overview on the different curve types of the togacked products distributions at
a hydrogen pressure of 5 MPa is given in Figur@ 9ds the Ir/silica and Pt/silica
catalysts. Mechanistic interpretations were givieaaaly in the previous Sections 9.1
to 9.7. However, the overview in Figure 9.52 imgresly shows the large variance of
the curve shapes. The main influence on the typ¢hefdistribution curve is the
structure of the hydrocarbon. Although differentdiogenolysis mechanisms are
thought to proceed on iridium and platinum, duethte differences in activity and
selectivities, for many hydrocarbons the curve skdprmed on iridiunvs. platinum
are relatively similar.

When comparing the curves obtained with one reaetad different noble metals, the
largest disparities are observed with cis-decalia. discussed in Section 9.5, the
differences are presumably due to different ringropg products that undergo
hydrogenolysis to & products. In the hydroconversion of perhydroin@asimilar
explanation could be the reason for those diffezenVith methyldecalin the similar
curves are not a consequence of analogous reactiechanisms. Rather, the
hammock-type curve on iridium is a consequence h@f pure hydrogenolysis
mechanism as demonstrated with decalin (see SeettoR) whereas the pronounced
C, and Gg formation on platinum stems from the preferredtraasion of the methyl
group attached to the bicyclic structure.
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10 Hydrocracking on Metal Catalysts Containing Brgnstel Acid
Sites

Several zeolitic catalysts (see Table 5.4, pagetld&) contained Brgnsted acid sites
and were loaded with the noble metals Ir, Pd ové&te tested in the hydroconversion
of n-decane, butylcyclohexane perhydroindan andoBpb]decane. Most of these
experiments were performed to examine reaction owdsvof isomerization and
hydrogenolysis. In a control experiment at the ehéach series of measurements with
a specific catalyst and reactant it was ensuretinbacatalyst deactivation had taken
place after times-on stream of up to 40 h.

10.1 n-Decane

In the hydroconversion of cis-decalin on high-parfance ring-opening catalysts
(HIPEROCS) [5], the question arose, as to whether distribution curves of the
hydrocracked products stem from hydrocracking ofjHopening products or rather
from hydrocracking of open-chain decanes. Moreoverwas uncertain if the
hydrocracking of open-chain decanes occurs by matrolysis or by bifunctional
hydrocracking on these catalysts. Hence, n-decarss wlso used in the
hydroconversion on two HIPEROCs (2.9IrfNgHo.1cY, 3.0Pt/N@ssHo 1Y) and
one bifunctional isomerization catalyst (1.1Pd{bdHy 07Y) in addition to the non-
acidic catalysts (see Section 9.1). Moreover, a-lled arrangement comprised of
1.1Pd/N@gsHoorY (1% catalyst bed) as isomerization catalyst and 2/6Biea
(2" bed) as non-acidic hydrogenolysis catalyst of lsimactivity was tested. It was
expected to furnish more insight into the produstrdbutions that are obtained by
hydrogenolysis of decane isomers.

In the hydroconversion of n-decane, similar coneas were obtained aia. 40 °C
higher temperatures on 3.0PtNaHo.1-Y compared to 2.91r/NgoHo10Y (See
Figure 10.1). A similar difference of catalyst aites had been found with cis-decalin
as reactant on the same catalysts [5].

As shown in Figure 10.1a the HIPEROC 2.91dbHo 1Y is less active in the
hydroconversion of n-decane than the non-acidialgstt 2.73Ir/silica (see Figure
9.1a). To obtain similar conversiorts. 40 °C higher reaction temperatures have to be
applied on the zeolite catalyst under otherwisatidal reaction conditions. On both
catalysts the metal loading and also the dispemiondium are similar withD = 1.13
and 1.02 on the zeolite and the silica-supportethlyst, respectively. Perhaps,
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differences in the diffusion or adsorption propestdue to the zeolite structure or the
differing polarities of the supports, respectivelye the reasons.
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Figure 10.1: Conversion of n-decane and seleawitif different groups of products
at different temperatures on two HIPEROCs.

2.9Ir/Nay oo,Ho 1Y Is essentially a hydrocracking catalyst W%g. > 95% and a
similar selectivity of sk-Isos at low conversiof(isos = 5 % atX,pe = 11 % and
T, = 270 °C)compared to 2.73Ir/siliceS{.isos= 3 % atX,.pe = 14 % andl, = 230 °C).
Hence, virtually no isomerization of decalin occdige to the small concentration of
Brgnsted acid sites. No RCP formation was detected.

Compared to 2.69Pt/silica (see Figure 9.1b, page @ZXimilar activity of the
HIPEROC 3.0Pt/NgggHo1-Y (see Figure 10.1b) was found in the n-decane
hydroconversion. On both catalysts hydrocrackinthésmain reaction pathway at all
temperatures. While on 2.69Pt/silica low amountskafletal isomers are formed with
Sikisos < 5 %, the formation of higher amounts willy sos < 23 % is observed on
3.0Pt/N@ggHo17Y. A negligible formation of RCPs was detected.

Mainly mono-branched decanes were formed on bathteecatalysts with decreasing
selectivities in the following order &, pe = 10 %: 3-methylnonane, 4-methylnonane,
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5-methylnonane, 2-methylnonane, 4-ethyloctane hglettane. A similar distribution
of decane isomers was found by Weitkamp [47] inifwemerization of n-decane at
low conversion on a typical bifunctional zeolitealgst. Hence, isomerization occurs
largely via a bifunctional isomerization mechanisms on 2.9/MNHo.10Y and
3.0Pt/NaggHo17Y.
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Figure 10.2: Conversion of n-decane and seleawitif different groups of products
at different temperatures (a) on a bifunctionahisozation catalyst and
(b) on a two-bed arrangement of catalysts 1.1Pg{]Nd, oY and
2.69Pt/silica.

Up to intermediate conversions catalyst 1.1PgfE, 7Y forms mainly skeletal
isomers, see Figure 10.2a, as already known framctmnversion of cis-decalin on
another Pd/Y catalyst [96]. At the lowest convemstbeir composition is similar to
that described for the two iridium- and platinummtaoning catalystsv{de supra). At
higher conversions sk-1sos are hydrocrackedgstomBich is the main product group at
Xn-pe> 83 %. Also RCPs were detected with maximal seliéies of 3 %.

In the two-bed arrangement of catalysts 1.1Pgléhld,o~Y and 2.69Pt/silica
intermediate conversion values compared to thelesipgd arrangements were
obtained, see Figure 10.2b. A minimum of the seligtof Cy- was observed at an
intermediate conversion. This unusual behavior ug do a superposition of the
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different activities and selectivities obtainedtbe two catalysts. 2.69Pt/silica is more
active and forms almost exclusively-(oroducts, whereas 1.1PdifNgHoo7Y is less
active and forms at low conversions only small amiewf hydrocracked products.
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Figure 10.3: Modified hydrocracking selectiviti& on 2.9Ir/Na goHo 1Y in the
hydroconversion of n-decane and fraction of primaggrogenolysis
products:
Ty = 280 °C;Xn.pe = 23 %;Yc, = 22 %;25* = 203 %.

Both distribution curves of the hydrocracked prdduthat were obtained on the
HIPEROCs 2.9Ir/NgwoHo 1Y (see Figure 10.3) and 3.0PtiNgHo.1-Y (see Figure
10.4) resemble those described in Section 9.1 Her ¢orresponding non-acidic
catalysts. Moreover, on the zeolitic iridium casdlyhe hydrocracked products are
composed of n-alkanes exclusively and also on d¢oditic platinum catalyst nearly all
Co- products are n-alkanes. These analogous digtitmsitrrespective of the presence
or absence of Brgnsted acid sites are a strongatdn for pure metal-catalyzed
hydrogenolysis as underlying mechanism for thevalga of C-C bonds.
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Figure 10.4: Modified hydrocracking selectiviti€ on 3.0Pt/NgggHo1zY in the
hydroconversion of n-decane and fraction of primaggrogenolysis
products:

T = 320 °C;Xqpe = 30 %;Yc,. = 24 %;25* = 202 %.
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Figure 10.5: Modified hydrocracking selectiviti€ on 1.1Pd/NggsHoorY in the
hydroconversion of n-decane and fraction of primaggrogenolysis

products:
T, =400 °C;Xq.pe = 70 %;Yc, = 22 %;25* = 210 %.
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In addition, the composition of the hydrocrackeddarcts formed on the bifunctional
1.1Pd/Nag3Ho o7 Y catalyst (see Figure 10.5) differs strongly fréinat obtained on
the two HIPEROCSs. It resembles a volcano shape witmaximum at € high
amounts of ¢ and G, smaller amounts of £and G as typical for bifunctional
hydrocracking of n-alkanes [83]. However, as shownthe hydroconversion of
perhydroindan on 0.60Pd/silica (see Figure 9.18edl3), the formation of methane
and ethane stems from the superposition of hydmgsis on palladium as side
reaction. In case of a reactant with ten carbomatoG and G products are the
coproducts. Also the large content of branchedrakan the hydrocracked products
indicates that a bifunctional mechanism is the nhgiirocracking pathway.

Due to the high similarity to the curve obtainedRirsilica (see Figure 9.3, page 93)
and the prevalence of linear alkanes, it is obvitas the two-bed arrangement with
catalysts 1.1Pd/NasHoo7Y and 2.69Pt/silica (see Figure 10.5b) furnishes C
products mainlyia hydrogenolysis of n-decane on platinum.
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Figure 10.6: Modified hydrocracking selectiviti& on a two-bed arrangement of
catalysts 1.1Pd/NasHoo7Y and 2.69Pt/silica in the hydroconversion of
n-decane and fraction of primary hydrogenolysis dpuis:
Ty =350 °C;Xn.pe = 39 %;Yc, = 31 %;25* = 213 %.

The question about the contribution of hydrocragkai OCDs in the ring opening of
decalin on HIPEROCs [5] can be answered as folloAscomparison of the

distribution curves of the hydrocracked productsamied in the hydroconversion of
n-decane and cis-decalin on 2.9Ir{NgHo 1Y reveals strong differences. No
hammock-type curve (see Figure 10.3) was obtainddmwdecane. Hence, hints were
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obtained that the hydrogenolysis of n-decane dauiies only to a small extent to the
formation of G- products from cis-decalin. An analogous comparidor the
3.0Pt/NassHo 1Y catalyst reveals a higher similarity. Due to tls®merization
activity of 3.0Pt/NaggHo1-Y, most probably, a mixture of OCDs underwent
hydrogenolysis. This can be interpreted by a, pbgsstrong contribution of OCD
hydrogenolysis in the cis-decalin hydroconversion.

However, most of the OCDs formed on both HIPEROK@s@anched decane isomers,
the fraction of n-decane is < 10 % [5]. A hydroggsis of the real mixture of OCDs
could result in a different distribution of the mgdracked products than that obtained
with n-decane. Hence, it is unclear to what extét@ results of the n-decane
hydroconversion can be transferred to the ring imgeof cis-decalin.

10.2 Butylcyclohexane

To answer the question about the origin of theymsars of the hydrocracked products
from cis-decalin (see Section 10.1), butylcyclohmexavas chosen as representative
ring-opening product. It was hydroconverted on shene catalysts as n-decane: two
HIPEROCs (2.91r/NggyoHo 10Y, 3.0Pt/NaggHo.17Y), one bifunctional isomerization
catalyst (1.1Pd/NaysHoo7Y) and a two-bed arrangement (1.1Pd{hadyo-Y and
2.69Pt/silica in the*land 2° catalyst bed, respectively).

An important question is: Does the opening of thphthenic ring on the best catalysts
(HIPEROCSs) occurvia hydrogenolysis on the noble metal wra bifunctional
hydrocracking? Also on a similar Pd/Na,H-Y catalgstall amounts of ROPs and
OCDs were observed in the hydroconversion of ctalile [96] in spite of the low
hydrogenolysis activity of palladium (see Sectiod)9Is the ring opening on this
catalyst possible by bifunctional hydrocracking? rbtaver, the distribution of the
hydrocracked products that are formed by hydrogemlof a mixture of ¢ one-ring
naphthenes in the two-bed arrangement could helmderstand the formation 0kC
products in the decalin hydroconversion.

10.2.1 Hydroconversion on High-Performance Ring-Opening Ctalysts

In the hydroconversion of butylcyclohexane, simganversions were obtained Gt
30 °C higher temperatures on 3.0PykdHo 1Y compared to 2.91r/NayoHo1cY (see
Figure 10.7). A similar difference of catalyst aites was found with n-decane (see
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Figure 10.1, page 161) and cis-decalin [5] as esdston the same catalysts. No
dehydrogenation to butylbenzene occurred on bdtlysds.

Again, as observed in the hydroconversion of n-deggee Sections 9.1 and 10.1),
2.9Ir/N&y ooHo10Y is less active than the corresponding non-aci@ié3lr/silica
catalyst. Atca. 50 °C higher reaction temperatures similar conwvarsre reached.
Possible explanations were given in Section 10.1.
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Figure 10.7: Conversion of butylcyclohexane anecelities of different groups of
products at different temperatures on two HIPEROCs.

The selectivity pattern for 2.91r/lygo,Ho.1cY (see Figure 10.7a, page 167) resembles
that for 2.73Ir/silica (see Figure 9.10a, page 1Migher amounts of sk-lsos are
formed on 2.9Ir/NggoHo10Y (Skisos = 7 % atXg.chx = 15 % andT, = 270 °C)
compared to 2.73lr/silicaS{.1sos = 3 % atXg.chx = 20 % andT, = 230 °C) due to
bifunctional catalysis on the Brgnsted acid si@s.both iridium catalysts OCDs were
formed with maximalocps~ 30 % (see Table 10.1, page 168).

Compared to 2.69Pt/silica (see Figure 9.10b, pa@®) Bk higher activity of the
HIPEROC 3.0Pt/NgggHo1-Y (see Figure 10.7b, page 167) was found in the
butylcyclohexane hydroconversion. Similar convarsiavere obtained ata. 40 °C
higher reaction temperatures on the silica-supportatalyst. In contrast, with
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n-decane as reactant the activity of both catalysts similar (see Sections 9.1 and
10.1). On the zeolite catalyst in the hydroconwer®f n-decane hydrogenolysis is the
main reaction at all temperatures, whereas witlyloytlohexane as reactant skeletal
Isomerization is the main reaction up to intermedieonversions 0Kg_chx = 51 %.
On 2.69Pt/silica, however, with both reactants bgénolysis is the major reaction
path. Hence, the higher activity of the zeoliteabadt in the hydroconversion of
butylcyclohexane could stem from the relativelyt flaifunctional isomerization of the
six-membered ring that is possible on the zeotiitalyst only. In addition, the slow
hydrogenolysis of six-membered rings on platinum eaplain the low activity of the
non-acidic catalyst.

Table 10.1: Maximum yields of open-chain decandsainbd in the hydroconversion
of butylcyclohexane.

Catalyst T, XgcHx  Socps  Yocps, max.
/°C | % | % | %
2.73lr/silica 250 56 53 30
2.911/Na& 90, Ho 10 300 65 45 29
2.69Pt/silica 390 85 16 13
3.0PtIN@ gg Ho.12 Y 340 85 49 41
1.1Pd/Ng.o3Ho o7 Y 410 86 13 11
Two-bed arrangement of 390 78 16 13

1.1Pd/N@.o:,Ho oY and 2.69Pt/silica

As shown in Table 10.1, a small concentration tdtieely weak Brgnsted acid sites
leads to an increase ¥fcps, max.from 13 to 41 % on the platinum-containing cattdys
This is the highest OCD yield of all catalysts thatre tested with butylcyclohexane in
the present study.

On both HIPEROCs (see Figure 10.8) very similar O@Btributions as on the
corresponding silica-supported catalysts (see Eigut2, page 103) are obtained at
maximal OCD yields. This is an indication for argdas ring-opening mechanisms
via hydrogenolysis on the respective noble metal.
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Figure 10.8: Hydroconversion of butylcyclohexane taro HIPEROCs. Breakdown
of the selectivities of OCDs into differently brdmec decane isomers:
2.9Ir/Nay go,Ho.10Y: T; = 300 °C; Xg.chx = 65 % Yocps = 29 %; Socps= 45 %.
3.0Pt/N@ggHo12Y: T, = 340 °C; Xg.chx = 85 % Nocps = 41 %; Socps= 49 %.

At the lowest conversion ofz.cyx = 15 % when no multiple hydrogenolysis occurs
(£S* = 201 %), the selectivity of direct hydrogenolygiroducts assumes a value of
70 % on 2.9Ir/NgeoHo10Y. Due to its isomerization activity this value liswer
compared to 91 % on 2.73lIr/silica (see Table 9abepl102). A roughly similar molar
distribution of the direct hydrogenolysis produsiith six to ten carbon atoms as on
the silica catalyst was observed. The main diffeesrwere a higher mole fraction of
4-ethyloctane (65 %) and a smaller fraction of meyclohexane (8 %) on
2.9Ir/Na ooHo10Y. On the zeolitic platinum catalyst the seledtiviof direct
hydrogenolysis products assumes a value of onBt 2 the lowest conversion, due to
the high amounts of skeletal isomers, whereas aevalf 68 % was obtained on
2.69Pt/silica (see Table 9.1, page 102).

An attempt was made to understand the ring-opemiaghanism of butylcyclohexane
on the bifunctional iridium and platinum catalysisd on 2.69Pt/silica. Due to the
occurrence of bifunctional isomerization of type pentylcyclopentane is the main
skeletal isomer on 3.0Pt/Rlg,Ho1-Y and accounts for 61 % of all sk-Isos at the
lowest conversion of 17 %. Also on 2.9IriNgHyicY and 2.69Pt/silica
Son-cenl Sksos@ssumes values of 17 and 38 %, respectivelygdbthest conversions.

Hence, if it is assumed that OCDs are formed bydrdgenolytic ring opening either
of butylcyclohexane or pentylcyclopentane, thedwihg five OCDs would be formed
(see Table 10.2). From butylcyclohexane: n-dec&amethylnonane and 4-ethyl-
octane. From pentylcyclopentane: n-decane, 4-mabhgne and 3-ethyloctane. The
relative selectivities of these five OCDs are @dttzersus conversion in Figure 10.9a
together with the relative selectivities of 2-mdtipnane and 3-methylnonane which
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are also formed in high amounts. On 3.0P§/N&l,1-Y the fraction of these seven
plotted OCDs in the product group of OCDs is 10@®&4he lowest conversion and
89 % at the maximum conversion.

Table 10.2: Main OCDs formed on 3.0Pt)N@H 1Y and possible precursors for a
hydrogenolytic ring opening.

OCD Can be formed by hydrogenolytic ring opening of
butylcyclohexane pentylcyclopentane
n-decane + +

2-methylnonane - -
3-methylnonane - -

4-methylnonane - +
5-methylnonane + -
3-ethyloctane - +
4-ethyloctane + -

On this catalyst, 5-methylnonane and 4-ethyloctartech are assumed to stem only
from the hydrogenolysis of butylcyclohexane, haveaximal relative selectivity at
the lowest conversiom.e. these are primary products. In contrast, 4-metindme and
3-ethyloctane, the products of a direct hydrogesielpf pentylcyclopentane, show an
increase of the relative selectivity from the lowes the second lowest conversion.
n-Decane is a hydrogenolysis product of butylcyel@ne and pentylcyclopentane,
hence a detailed interpretation of ®&)./ Socps values is not possible.

The differences of the dependencies of relativecseities vs. conversion can be
interpreted in the following manner: At the lowestonversion mainly
butylcyclohexane is opened hydrogenolytically omtiplum, but with increasing
conversion, higher amounts of pentylcyclopentane &rmed by bifunctional
iIsomerization. At the second lowest conversion yleptlopentane becomes the main
OCDs precursor. From the conversion dependendeedddlectivities it is obvious that
2-methylnonane and 3-methylnonane, which cannotobmed by a hydrogenolytic
ring opening of butylcyclohexane or pentylcycloam@ are formed later in the
reaction network. Presumably, they are formed bynigtional type A isomerization of
the other five OCDs.
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On non-acidic 2.69Pt/silica (see Figure 10.9b),tnodbshe OCDs seem to stem from a
hydrogenolytic ring opening of butylcyclohexane iadicated by the high relative
selectivities of 5-methylnonane and 4-ethyloctdBigt. also the ring-opening products
of pentylcyclopentana,e. 4-methylnonane and 3-ethyloctane, are formed dertain
extent with increasing conversion. As on the zeo¥tsupported platinum catalyst,
also 2- and 3-methylnonane, which are presumalsipéd by an isomerization of the
other OCDs are formed in intermediate amounts gtédri conversions. From low to
high conversion, 99 to 90 % of all OCDs consisthaflse seven OCDs mentioned.

Hence, for the two platinum catalysts a simplifredction network for the formation
of the OCDs n-decane (n-De), 4-methylnonane (4-M;:[Semethylnonane (5-M-No),
3-ethyloctane (3-E-Oc) and 4-ethyloctane (4-E-Gx)depicted in Figure 10.10. In
addition the exocyclic hydrogenolysis to methylojwxane is shown, since, as shown
in Table 9.1, page 102, the major products of hgenolysis in the butyl side-chain of
butylcyclohexane are methylcyclohexane plus prop@ieourse, this is a simplified
reaction network which can explain the main produmly at low conversion. With
increasing conversion the isomerization activitytltod platinum catalysts (either the
metal alone or its combination with Brgnsted actds$ makes the product mixture
and, hence, the reaction network more complex.

Skeletal Pentylcyclopentane
isomerization yieyerop

O/\/\ /@ - , G/\/\/
Exocyclic 2 H Endocyclic Endocyclic
is ‘C,H, +

hydrogenolys 2 hydrogenolysis +H, hydrogenolysis

Methylcyclohexane OCDs OCDs
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n-De n-De

W 5-M-No /\)\/\/\ 4-M-No
/\)\/\/ 4-E-Oc /j/\/\/ 3-E-Oc

Figure 10.10: Proposed simplified reaction netwdidk the hydroconversion of
butylcyclohexane on the platinum catalysts 2.69R#s and the
HIPEROC 3.0Pt/NgggHo 1 Y.
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On the mildly acidic iridium catalyst 2.91r/lNg,Ho.1cY very small amounts of sk-Isos
with maximal selectivities of 7 % were formed. Howgg at the lowest conversion,
99 % of all OCDs consist of n-decane, 5-methylnenand 4-ethyloctane but also of
the products from the ring opening of pentylcyclu®e: 4-methylnonane and
3-ethyloctane (see Figure 10.9c). At the secontdsgconversion of 89 %, 94 % of
all OCDs consist of these five OCDs. Only at theximal conversion of 94 %, at
which hydrocracking to & is too severe, a very 0% cps= 3 % is obtained. Since the
different OCDs are not equally prone to consecutmwyelrocracking, at this high
reaction temperature of 330 °C a different OCDrifistion is found, so that only
79 % of all OCDs are the five ones mentioned befbrecontrast to the Pt/Na,H-Y
catalyst, the strong preference for the formatibthe OCDs 5-methylnonane and 4-
ethyloctane on Ir/Na,H-Y can be understood in teomna lower isomerization activity
to pentylcyclopentane and a preference for cleathegunsubstituted endocyclic C-C
bonds in butylcyclohexane. However, as indicatedh®y formation of intermediate
amounts of 4-methylnonane and 3-ethyloctane, modenaore pentylcyclopentane is
presumably formed and ring-opened by hydrogenglgsishe conversion is increased.

McVicker et al. [4] found similar OCD distributions in the hydrooeersion of
pentylcyclopentane on {f#alumina as in the hydroconversion of butylcycladnex on
a mixture of Irf-alumina and PtY/USY and on Ir/lUSY. They suspectédt t
pentylcyclopentane could be an intermediate inriing opening of butylcyclohexane
on catalysts consisting of iridium and a compomettt an isomerization function.

These experiments with butylcyclohexane facilitatee understanding of OCD
formation pathways on high-performance ring-opergatalysts (HIPEROCS). Strong
hints were obtained for OCD formation occurringattarge extent on the noble metal,
when acid sites catalyze the isomerization to fnembered rings in a preceding step.
When platinum is the noble metal isomerization aso occur by metal catalysis to a
smaller extent. In view of the low activity of plaim for hydrogenolytic opening of
six-membered rings, this is a very valuable resthich helps to explain the high
amounts of OCDs formed in the hydroconversion ayloyclohexane and presumably
also in the hydroconversion of decalin [5].
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Figure 10.11:Hydroconversion of butylcyclohexaredative selectivities of the major
Cy hydrocarbons on two iridium catalysts at differeotversions.

A detailed analysis of they(roducts which were formed from butylcyclohexane i
high amounts on both iridium catalysts is showrfrigure 10.11. On both catalysts a
mole fraction of 94 to 100 % of allgGoroducts consisted of propylcyclohexane and
the five OCNs n-nonane, 3- and 4-methyloctane arahd@ 4-ethylheptane which can
be formed by the reaction scheme presented in &ifjarl2. A smaller mole fraction
of these six compounds was only found on 2.9lsdN&y Y at the maximal
conversion of 94 %.

The reaction network assumes, as the first stepsooracidic iridium catalysts, the
exo- and endocyclic hydrogenolysis to propylcychkadree plus methane and the three
OCDs n-decane, 5-methylnonane and 4-ethyloctarspectively. Consecutive ring
opening of propylcyclohexane furnishes n-nonan®&@jh- 4-methyloctane (4-M-Oc)
and 4-ethylheptane (4-E-Hp). In addition, the axston of methane from the three
mentioned OCDs furnishes also 3-ethylheptane. Wheidl sites are present,
butylcyclohexane can also be isomerizeda bifunctional catalysis to
pentylcyclopentane in the first step. Its conseeuting opening would give n-decane,
4-methylnonane and 3-ethyloctane which can yield thfferent OCNs after methane
abstraction: n-nonane, 3-methyloctane, 4-methytectand 3-ethylheptane. From
Figure 10.12 it can easily be seen that the foonatif 3-methyloctane requires an
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iIsomerization step to pentylcyclopentane prior® liydrogenolytic steps. This nicely
explains the higher amounts of 3-methyloctane ore thcidic catalyst
2.9Ir/N&y oo,Ho 10Y (see Figure 10.11).

Skeletal Pentylcyclopentane
isomerization yieyelop

O el | O
Exocyclic @ 4H @ Endocyclic @ Endocyclic
hydrogenolysis CH 2 +H, hydrogenolysis +H, hydrogenolysis
4

Propylcyclohexane OCDs OCDs

e

n-De n-De

NW 5-M-No /\)\/\/\ 4-M-No
/\j\/\/ 4-E-Oc /j/\/\/ 3-E-Oc

® |

Endocyclic @ +H,, 'CH4 @ +H,, 'CH4
hydrogenolysis Hydrogenolysis Hydrogenolysis
v
OCNs OCNs OCNs
n-No n-No n-No
3-M-Oc
4-M-Oc 4-M-Oc 4-M-Oc
3-E-Hp 3-E-Hp
4-E-Hp 4-E-Hp

Figure 10.12: Proposed reaction network for thertwoinversion of butylcyclohexane
on the iridium catalysts 2.73Ir/silica and the HREC
2.9|r/N&)_90,H0_10'Y.

In Figure 10.13 the distribution of the hydrocragh®oducts at reaction conditions of
a maximalYocps = 30 % is shown for 2.91r/NagHo10Y. Compared to the curve
shape obtained on 2.73Ir/silica (see Figure 9.28edl04) the values of,@nd G are
much higher and those of;@nd G are much lower. The increased amount gf C
products when Brgnsted acid sites are presentsengally due to the formation of
4-methyloctane and 3-ethylheptane. Each of thememakpca. 40 % of all G
products formed. Since the major difference betwethie reactions on
2.9Ir/Nay ooHo1oY and 2.73Ir/silica is the skeletal isomerizatioapability of the
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zeolitic catalyst, the high amounts of @roducts can only be rationalized by the
reaction patlvia pentylcyclopentane (see right part of Figure 10.12
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Figure 10.13:Modified hydrocracking selectiviti€ on 2.9Ir/Na goHo 1Y in the
hydroconversion of butylcyclohexane and fraction @rimary
hydrogenolysis products:

T; = 300 °C;Xg.crx = 65 %;Yc, = 34 %;25* = 209 %.
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Figure 10.14:Modified hydrocracking selectiviti§s on 3.0Pt/NgggHo17Y in the
hydroconversion of butylcyclohexane and fraction @kimary
hydrogenolysis products:

T, = 360 °C;Xa.crx = 98 %;Yc,. = 48 %;25* = 205 %.
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Due to the presence of Brgnsted acid sites on /Bl&RkHo 1Y (see Figure 10.14),
significantly smaller amounts of;Gand G but higher amounts of ,Cand G are
formed compared to 2.69Pt/silica (see Figure Qage 105). However, from the fact
that the G fraction consists mainly of n-butane, the pariegation can be safely ruled
out as the underlying mechanism. Since thecCCy hydrocarbons consist mainly of
other products than those of a direct hydrogenslged since skeletal isomerization is
the prevailing type of reaction at low conversionspmerization prior to
hydrocracking seems to be the origin of the hydroked products distribution. A
gualitatively similar distribution curve was obsedvwith n-decane as reactant, see
Figure 10.4, page 164. Although the compositionshefvarious ¢ fractions differ,
the rough similarity demonstrates that a certaaction of G- products seems to stem
from hydrocracking of n-decane which is indeed fedmon 3.0Pt/Nggg,Ho.1Y with
Si.0e! Socps= 26 % (see Figure 10.8b, page 169).

On the same catalyst a very similar distributiomveuwas obtained with decalin as
feed hydrocarbon [5]. The similarity indicates théutylcyclohexane is a
representative hydrocarbon for the ring-openingermediates in the decalin
hydroconversion on this type of catalyst. Alsohe decalin hydroconversion on this
catalyst, more n-butane than iso-butane was fordelp.. = 96 % andvcy- = 33 % a
fraction of 59 % of the £products were n-butane with an increasing amoéimt-o
butane in the ¢fraction with decreasing conversion. In spite lbé tqualitatively
similar hydrocracked products distribution curvesthwthe three & reactants
n-decane, butylcyclohexane and cis-decalin on B\N@BgsHo 1Y it is not clear
whether this finding is indicative of analogousatean paths or just a coincidental
similarity.

10.2.2 Hydroconversion on a Bifunctional Isomerization Caalyst and a
Two-Bed Arrangement with 2.69Pt/Silica

In the hydroconversion of butylcyclohexane, 1.1RdiHq 7Y (see Figure 10.15a)
IS a very pronounced isomerization catalyst, asaaly known from the conversion of
n-decane (see Figure 10.2a, page 162). At the tovoewersion, 55 % of the skeletal
iIsomers are pentylcyclopentane with a decreasengfiém of this specific isomer with
increasing conversion. Its formation can be exgldiby a bifunctional isomerization
of type A, see Section 4.2.2.1. Also the selegtiat sk-Isos decreases, afdcps

increases slowly with increasing conversion. Hydsoking to G- becomes

substantial at relatively high temperaturesTpf 400 °C with a selectivity of 17 %
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and higher. A maximal OCD selectivity of 14 % istetted atT, = 390 °C. At all
temperatures, dehydrogenation to butylbenzenegigilge.
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Figure 10.15:Conversion of butylcyclohexane anédwities of different groups of
products at different temperatures on a bifuncliorsmmerization
catalyst and on a two-bed arrangement of cataly4iBd/Ng ¢3,Ho o7 Y
and 2.69Pt/silica.

In Figure 10.15b the results of the butylcyclohexdrydroconversion on a two-bed
arrangement of catalyst 1.1PdfNaHy 7Y in the first bed and catalyst 2.69Pt/silica
in the second bed are shown. Compared to the sesbilained on the single catalysts
(see Figure 10.15a and Figure 9.10b, page 10l¢rnmediate conversions and
selectivities are found. It was expected that skkisomers of butylcyclohexane.g.
pentylcyclopentane, that are formed on Pd/Na,H-€ gyened readily on Pt/silica by
hydrogenolysis. However, the combination of the tatalysts does not increase the
maximal yield of OCDs, see Table 10.1, page 168st#mnably, the activities of the
catalysts were too similar, resulting in a too dnsahcentration of skeletal isomers
that came into contact with the hydrogenolysislgataPerhaps, by combining a more
active isomerization catalyst and/or a less adiid@rogenolysis catalyst a higher yield
of sk-Isos would have been formed in the first bed subsequently ring-opened by
hydrogenolysis.
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Figure 10.16:Breakdown of the selectivities of GCIhto differently branched
decanes formed from butylcyclohexane (a) on theungiional
iIsomerization catalyst and (b) on a two-bed arrarege of catalysts
1.1Pd/N@g3Hoo7Y and 2.69Pt/silica:

1.1Pd/N@.gzHoo7Y: T, =410 °C; Xg.chx = 86 %Yocps= 11 %; Socps= 13 %.
Two-bed: T, =390 °C; Xg.chx = 78 %Yocps= 13 %; Socps= 16 %.

On 1.1Pd/NggsHoo7Y rather multiply branched decanes are formed (Segire
10.16a) Also on the two-bed arrangement (see Fitj0re6b) a relatively high degree
of branching in the OCDs is found. This distribut®seems to be a superposition of the
results obtained in the experiments with the sirggtalysts (see Figure 10.16a and
Figure 9.12b, page 103).

On 1.1Pd/NggsHoo7Y the distribution curve of the hydrocracked prouis “M-
shaped” and nearly symmetrical (see Figure 101173.unknown, why higher molar
amounts of g than of methane are formed. This peculiarity wis® &ound in the
hydroconversion of decalin, for example on sevérflnctional palladium catalysts
[96]. Since the gfraction consists of several products of roughiyiler amounts, a
single erroneous peak assignment in the gas chognaah cannot be the reason.
Perhaps, cationic disproportionation-type side tteas occurred as observed also in
the hydroconversion of different naphthenes onrlmfiwnal catalysts [58, 97].

In Figure 10.17 also the amount of the paring reacproducts iso-butane and
methylcyclopentane in the,@nd G fraction, respectively, are shown. Due to the fact
that 68 % of the Cfraction consists of iso-butane and 42 % of thefr@ction of
methylcyclopentane, a major reaction path for tleemhbtion of G and G
hydrocarbons appears to be the paring reaction $sedon 4.2.2.3). Nevertheless,
since 18 % of the gfraction consist of cyclohexane and the remaitd2gsb of the ¢
products are n-butane, also fliscission of a butylcyclohexyl cation could playoée.

No hydrogenolysis seems to be responsible for trendtion of n-butane and
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cyclohexane since virtually no methane, an indic&io hydrogenolysis on palladium
(see Figure 9.19, page 113), is formed.
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Figure 10.17:Modified hydrocracking selectiviti§s on 1.1Pd/NagsHoorY in the
hydroconversion of butylcyclohexane and fraction isb-butane and
methylcyclopentane:
Ty =410 °C;Xg.crx = 86 %;Yc,. = 31 %;25* = 193 %.

To understand the formation of n-butane and cyclahe, a short mechanistic
interpretation will be given. The formation of pany carbenium ions is strongly
hindered due to their high energy content. Printapenium ions as products of the
B-scission of butylcyclohexyl cations can be avoijdéthe positive charge is assumed
to be located at one of two positions shown in Fagli0.18. In both cases tlfie
scissions that occur are of the relatively slowetyp [53], and they are expected to
lead to cyclohexane and n-butane or n-decane atugi® Presumably, due to the
strong isomerization activity of this catalyst, eedne is isomerized to branched
decanes, in agreement with the finding that n-deaaocturs in the product mixture
only in small amounts (see Figure 10.16).
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Figure 10.18: Secondary butylcyclohexyl cations gwdducts of theirf-scission
without forming primary carbocations.

The carbon number distribution of the hydrocracka@ducts on the two-bed
arrangement with the Pd/Y and Pt/silica catalysist (shown) is a mixture of the
distribution curves obtained with the single castdy Hence, it seems that in both
catalyst beds mainly butylcyclohexane was convertea Cy- products. If mainly sk-
Isos which were formed on the zeolite catalyst Wdwve undergone hydrogenolysis
on Pt/silica rather a different curve type was expe@ which is not a superimposition
of those obtained on the single catalysts.

10.3 Perhydroindan

In the hydroconversion of perhydroindan on the moitlic catalyst 0.60Pd/silica it
turned out that palladium is almost inactive in therogenolysis of C-C bonds, the
main reaction was dehydrogenation (see Figure 9.48ge 109). To investigate if
bifunctional catalysis allows the opening of a fimembered ring when the paring
reaction [3, 57, 58], which requires a hydrocariath at least 10 carbon atoms, is not
possible, perhydroindan is hydroconverted on 1RRg/Ho s [Al]Beta-14.0. This
bifunctional catalyst combines a noble metal whigh virtually inactive in
hydrogenolysis with an acidic zeolite support. Daets higherns;/ ny ratio of 14
compared to a ratio of 2.4 in zeolite Y it is exjgelcto contain Brgnsted acid sites of
higher strength which are expected to result ilghdr hydrocracking activity [96].

The presence of Brgnsted acid sites on cataly8tdINg® o Ho 3c-[Al]Beta-14.0 leads
to a very strong increase of activity (see Figuel®) compared to 0.60Pd/silica (see
Figure 9.16c, page 109). Similar conversions wetaired atca. 150 °C higher
temperatures on Pd/silica. At conversions fromd®Q@ % the mole fraction of cis-
perhydroindan assumed values of 50 to 51 % comparedlues in the range of 47 to
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61 % on different noble metal/silica catalysts. Aiscussed in Section 9.4, this
stereoisomerization occurs most likely on the noldgal.
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Figure 10.19:Conversion of perhydroindan and s$wides of different groups of
products at different temperatures on the bifumetio catalyst
1OPd/N@70,H030'[A|]Beta'14O

The selectivity pattern differs substantially fréhose of the two HIPEROCs [67] and
from that of Pd/silica (see Figure 9.16c, page 188gletal isomers of perhydroindan
strongly dominate at low to moderate conversiorg #re selectivity of open-chain

nonanes is very low throughout. Since Pd/silica dat show any isomerization

activity at these reaction temperatures, a bifoneti mechanism must be invoked for
the extremely selective formation of skeletal isocsret low to moderate conversions.
Indeed, even though the concentration of Brgnstedl sites on Pd/Na,H-Beta is not
high, these sites are relatively strong as indicaby FT-IR measurements with

pyridine as probe molecule [67].
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Figure 10.20: Cationic type A isomerization of pgttoindan.

If the reasonable assumption is made that, becafuteeir high ring strain, no four-
membered naphthenic rings are formed, then a sipgdduct of cationic type A
iIsomerization of perhydroindan is expected, namsdyo[4.4Jnonane (see Figure
10.20). In fact, if decalin is used as reactant idiide catalyst contains Brgnsted acid
sites, the analogous product spiro[4.5]decane thves at low conversions, as shown
recently [52]. Hence, an attempt was made to findl whether spiro[4.4]Jnonane
occurred as a primary product of perhydroindan eocsion. On Pd/Na,H-Beta and
Pt/Na,H-Y two skeletal isomersM( = 124 g-mot) were indeed formed at low
conversions with combined selectivities of up to% Avhich were eluted from the
capillary column in the range of retention timesckihwas considered to be consistent
with the published boiling point of spiro[4.4]norear{156 to 157 °C [98, 99]). A
section of the gas chromatogram obtaine@ at230 °C is given in Figure 10.21.
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Figure 10.21:Gas chromatogram of the productsimddain the hydroconversion of
perhydroindan on 1.0Pd/Ra,Ho 3[Al]Beta-14.0 atT, = 230 °C.
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As another piece of information, the two sk-lIsosgurestion were not formed to a
significant extent on the non-acidic silica-suppdrtatalysts. Finally, the selectivities
of the two sk-Isows. the perhydroindan conversion are plotted and coedpto the
results with the analogous plot 8fyi o 5jdecanc@dainstXpe for decalin conversion on
the same catalysts [74, 100,] (see Figure 10.2®).0Re of the two unidentified sk-
Isos, namely the one which appears in the chromato@f perhydroindan conversion
at tey = 96.55 min, the selectivity plot agaings,, strongly resembles the one for
Sipiroja 5]decaneV€ISUSXpee: A conclusion is, even though the assignment efggbak in
guestion is not safe, that evidence exists forogpidlnonane being formed from
perhydroindan along a cationic reaction path, € tatalyst contains Bregnsted acid
sites.
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Figure 10.22: Selectivities of spiro[4.5]decandhia conversion of decalin and of two
sk-lsos that were formed in the conversion of pdrbyndan on
1OPd/N@70,H030'[A|]Beta'14O

Most ring-opening products that are formed on 1/RB&g)oHosc[Al]Beta-14.0 are
substituted cyclohexanes (CHx-ROPs), see Figure2310At low conversions
(1-methylethyl)cyclohexane is the major ROP wW&hSops = 59 % atT, = 230 °C.
Most likely, this product is formed by ring openiog a skeletal isomer and not by
isomerization of the ROP propylcyclohexane, sinnedd0Pd/silica no ring opening
occurs at such low temperatures (see Figure 9pEg®e 109). Unfortunately, the major
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skeletal isomers were identified by GC/MS due teirthmolecular ion signal of
m/z = 124 only. Hence, no reaction pathway for thenfation of ROPs can be drawn.
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Figure 10.23:Breakdown of the ring-opening producito ROPs with a remaining
six-membered ring (CHx-ROPs), with a remaining fimembered ring
(CPn-ROPs) and into ROPs that have been identiyethe molar mass
of M = 126 g-mdf only (unknown ROPS) in the hydroconversion of
perhydroindan.

With increasing temperature the total amount of R@freases but the fraction of
CHx-ROPs decreases. This is due to the formatiomrdinown ROPs which are
probably substituted cyclopentanes since the langenber of carbon atoms in the
alkyl side-chains allows a larger variety of skaletsomers and renders peak
assignment by GC/MS difficult. No aromatic ROPs evimrmed.
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Figure 10.24:Modified hydrocracking selectivitie§S* on 1.0Pd/NazoHo.so
[Al]Beta-14.0 in the hydroconversion of perhydrcamd
Ty = 331 °C;Xpi = 99 %;Yc, = 55 %0;,25* = 195 %.

In comparison to results on the non-acidic catalysée Figure 9.19, page 113) or the
HIPEROCSs [67] a principally different distributicurve results for hydrocracking of
perhydroindan on Pd/Na,H-Beta (see Figure 10.24is Gurve is volcano-shaped with
no G and G and very little G and G. Mainly C, and G moieties are formed, besides
C; and G hydrocarbons occur to a much lesser extent. Thé&dction consists of
n-butane (22 mol-%) and iso-butane (78 mol-%), e fraction of n-pentane
(27 mol-%), 2-methylbutane (55 mol-%), and cyclapae (18 mol-%), and thegC
fraction of n-hexane (11 mol-%), methylpentanes r{8-%), 2,2-dimethylbutane
(2 mol-%), methylcyclopentane (49 mol-%), and chelwane (10 mol-%). Very
similar product distributions have been reported kydrocracking of one-ring
naphthenes with nine carbon atoms, such as 1jBéttrylcyclohexane [58] or
propylcyclohexane [97] on bifunctional catalystseliNiS/silica-alumina or Pd/La-Y,
respectively. Even the slight asymmetry of therilistion curve withs, > &, &, >

X, and some small amounts of @d G were observed in these prior studies with
bifunctional catalysts [58, 97] and attributed tbet occurrence of cationic
disproportionation-type side reactions. It is alsoteworthy that the product
distributions observed on Pd/Na,H-Y, especiallyriiatively large amounts ofs@nd

Ces naphthenes, are not consistent with a bifunctidmgdrocracking mechanism
starting from open-chain nonanes [48, 83]. Ratigdrocracking of @ one-ring
naphthenes seems to be the main reaction path.
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104 Spiro[4.5]decane
The isomerization of spiro[4.5]decane was studied @.0Pd/NgosHoo7Y.
Conversion and selectivities are shown in Tabl&.18t both reaction temperatures,

iIsomerization is essentially the only reaction vaéhectivities of 96 and 99 %.

Table 10.3: Conversion of spiro[4.5]decane andcseiées of different groups of
products on catalyst 1.0Pd/NgHy o7 Y at different temperatures.

Tr /°C Xspiro I % Ssk-lsos/ % SROPS/ % SOCDS/ % SCg- | %

240 9.0 96 4.0 0.0 0.2
300 64 99 1.0 0.1 0.0

The skeletal isomers formed on 1.0Pd{hdd,o7Y (see Table 10.4) are, like on
2.69Pt/silica (see Table 9.11, page 139), compaos&idly of decalin. Moreover, an
analogous distribution of all sk-Isos at similangersions is obtained, and the range
Of Ny_pec/ (Nir-pec + Ne.ped = 0.86 to 0.88 is identical.

Table 10.4: Composition of skeletal isomers on lgatal.0Pd/NggsHoorY at
different temperatures.

T, Xspiro Ssk-lsos Spec Shicyclo[5.3.0]decane  Sbicyclopentyl  Sother sk-lsos
/°C I % I % ! Ssk1sos! %0 I Ssk-1sos! %0 I Sskisos! %0 | Sskisos! %0
240 9.0 96 88 11 0.6 0.3
300 64 99 92 1.0 0.8 6.4

To find an explanation for this similarity, the @gdnt knowledge so far acquired with
both catalysts will be summarized: On Pt/silicagpunetal catalysis takes place, as
demonstrated for example in the test reaction wibctane (see Section 8). On
1.0Pd/Nag3Hoo7Y metal catalysis and bifunctional catalysis cacus, since in the
hydroconversion of decalin on a similar Pd/Na,Hatatyst [96], a superimposition of
hydrogenolysis (methane and formation) and the paring reaction (high amourits o
C, and G) were observed. However, in the hydroconversiomp@fydroindan on
0.60Pd/silica (Figure 9.16c, page 109) it was destrated that palladium on a non-
acidic support is essentially only a dehydrogematzatalyst with a negligible
Isomerization activity. Hence, it seems unlikelgition a Pd/Na,H-Y catalyst skeletal
Isomerization occurs by pure metal catalysis.
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Therefore, an alternative explanation could be mjivéhe products obtained by
applying a cyclic (see Figure 9.41, page 140) boad-shift mechanism (see Figure
9.40, page 140) can, theoretically, furnish similproducts as bifunctional

Isomerization of type Aia carbocations (see Figure 10.25).

(Ep E>—<:| —>  Bicyclopentyl
Q @ e Decalin

(
CO <>i> — Bicyclo[5.3.0]decane

Figure 10.25: Carbocationic isomerization mechasisintype A for the carbocations
derived from spiro[4.5]decane.

The catalytic results obtained on the high-perfaroea ring-opening catalyst
3.3Ir/Hy 55, Cs 4 [Al]Beta-14.0 are presented in Table 10.5. A comapke conversion
of ca. 80 % is obtained on a similar catalyst with detas reactant at ea. 45 °C
higher temperature [96], demonstrating the higleectivity of spiro[4.5]decane. This
zeolitic catalyst is also more active than 2.78ics in the spiro[4.5]decane
conversion (see Table 9.8, page 135).

Table 10.5: Conversion of spiro[4.5]decane andcseiées of different groups of
products on catalyst 3.3IrfHsCs.4-[Al|Beta-14.0 at different
temperatures.

Tr /°C Xspiro I % Ssk-lsos/ % SROPS/ % SOCDS/ % SCg- | %

200 82 33 67 0.7 0.1
283 100 3.1 3.2 19 75

93 % of all ROPs are 1-methyl-1-propylcyclohexame 4,1-diethylcyclohexane, at
the lower conversion oKs,io = 82 % on 3.3Ir/kls5 Cs 4 [Al]lBeta-14.0. At the same
conversion also sk-Isos are formed Wih,s.s= 33 % which can only be generaigd
carbocationic mechanisms since iridium is not a&ciiv isomerization. However, as
indicated by the high amounts of the two 1,1-disitlied ROPs formed, the main
reaction pathway is the hydrogenolysis of the fivembered ring in spiro[4.5]decane
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rather than the hydrogenolysis of sk-Isos. Tat= 283 °C most hydrocarbons are
hydrocracked to & products &, = 75 %) and OCDs are formed wcps = 19 %,
hence the maximal OCD selectivity would probabé/betweernT, = 200 and 283 °C.
As expected by the selective ring-opening mecharitsah is operative on iridium,
most OCDs are highly branched, see Figure 10.26.
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Figure 10.26:Breakdown of the selectivities of GCIhto differently branched
decanes on 3.3Irf4s,Cs 4-[Al]Beta-14.0:
T, = 283 OC;XSpirOZ 100 %;YOCDS: 19 %;SJCDS: 19 %.

On the HIPEROC 3.3Pt/NgsHo.15Y, spiro[4.5]decane is more reactive (see Table
10.6) than decalin on the similar HIPEROC 3.0P§N&ly.-Y [5]. With
spiro[4.5]decane as reactant, skeletal isomerizai® the main reaction at all
temperatures and at the highest conversiorXgf, = 94 %, skeletal isomers are
formed with Sy.s0s = 84 %. With decalin as reactant and at a similanversion
(achieved at a reaction temperature which is aBOUWIC higher), skeletal isomers of
decalin are almost completely consumed by hydr&angd5].

Table 10.6: Conversion of spiro[4.5]decane andcseiées of different groups of
products on catalyst 3.3Pt/)\Ng Hp 15Y at different temperatures.

Tr /°C Xspiro I % Ssk-lsos/ % SROPS/ % SOCDS/ % SCg- | %

240 17 95 5.1 0.0 0.1
280 85 96 4.3 0.0 0.1
320 94 84 11 3.2 1.0

Again, the skeletal isomers consist largely of tlacasee Table 10.7, and the
composition of the other isomers resembles thatiobt with 2.69Pt/silica (see Table
9.11, page 139) and 1.0PdiNaHoo~Y (see Table 10.4). The high reactivity of
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spiro[4.5]decane in the isomerization to decalid #re similarity of the composition
of the skeletal isomers on different catalysts leadhe following assumption: The
ring-opening reactions could be preceded by aneszation of the reactant decalin or
spiro[4.5]decane on 3.3Pt/hN&Ho15Y to a similar mixture of two-ring naphthenes
which are subsequently ring-opened to a comparekient. Indeed, the yields of
ROPs and OCDs on the similar catalysts 3.3RtéN4d, 15Y (see Table 10.6) and
3.0Pt/N@ gsHo1-Y [5] with spiro[4.5]decane and cis-decalin, redpesly, as
reactants are similar: With spiro[4.5]decaNgops = 11 % andYocps = 3.0 % at
T, = 320 °C. In the case of decalin and when the emlobtained af, = 309 and
330 °C are interpolated I = 320 °C,Yrops= 12 % and¥ocps= 3.5 % are reached.

Table 10.7: Composition of skeletal isomers on lgata3.3Pt/NggsHo15Y at
different temperatures.

T, Xspiro Ssk-lsos Spec Shicyclo[5.3.0]decane  Sbicyclopentyl  Sother sk-lsos
/°C I % I % ! Ssk1sos! %0 I Ssk-1sos! %0 ! Sskisos! %0 | Sskeisos! %0
240 17 95 91 7.6 0.8 0.5
280 85 96 98 0.4 0.4 1.4
320 94 84 87 0.3 0.7 12

Only for 3.3Ir/Hy 56 Cs .4 [Al]Beta-14.0 the yield of ¢ was high enough to plot a
distribution curve of the hydrocracked productg Begure 10.27. The curve is shaped
very similar to that obtained with 3.4k Cs.4-[Al]Beta-14.0 and decalin as
reactant [96]. Indeed, spiro[4.5]decane was forinethe ring opening of decalin on
this type of catalyst. However, spiro[4.5]decanesvaso formed in the decalin
conversion on the HIPEROC 2.91r/Ng Ho 1Y, but with this catalyst the distribution
curve of the hydrocracked products resembles tmentack-type as in the decalin
conversion [5]. Such a distribution observed in liydroconversion of decalin can be
explained with a strong contribution of hydrogersidyon iridium (see Section 9.5.2).
Also in the pure hydrogenolysis of spiro[4.5]decanelr/silica (see Figure 9.42, page
142) a similar curve type was observed.

Hence, on this Beta zeolite catalyst a differemtdkbdf reaction network seems to
prevail. By carbocationic hydrocracking ofddROPsvia the paring reaction an M-
shape with maxima at@&nd G is expected, see Figure 10.17, page 180. Bifumakio
hydrocracking of OCDs would result in a volcanossdt curve with much £to G,
see Figure 10.5, page 164. Consequently, hydroogdf ROPs and OCDs could be
the underlying mechanism for the formation of, @ G products which is
superimposed by hydrogenolysis as indicated bydimeation of methane and ethane.
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Figure 10.27:Modified hydrocracking selectiviti€ on 3.3Ir/H, 55 Cs 4 [Al]Beta-
14.0 in the hydroconversion of spiro[4.5]decane:
T, = 283 °C;Xspiro = 100 %;Ycy = 75 %;25* = 213 %.

10.5 Conclusions

On the zeolite-Y-based HIPEROCs Ir/Na,H-Y and PiN¥ the cleavage of C-C
bonds occurs almost exclusively by hydrogenolysidie respective noble metal. In
case of the platinum-containing HIPEROC OCDs arenéml in much higher yields
from butylcyclohexane than on Pt/silica. A detailedamination of the products
revealed that the main reason is the isomerizdabopentylcyclopentane, the ring of
which can be readily opened by hydrogenolysis emibble metal. Also on Ir/Na,H-Y
this reaction sequence occurs but, with butylcyekasime as reactant, this does not lead
to an increase of the OCD yield in comparison Witkilica. Most probably this is due
to the relatively fast endocyclic hydrogenolysis sak-membered rings on iridium,
whereas platinum-containing catalysts require amexization function to form five-
membered ones as precursors for a fast ring opemidatinum

On the typical bifunctional catalysts 1.1PdéNsHoo7Y and 1.0Pd/NgyoHo s
[AllBeta-14.0 the main products were skeletal ismmeand with increasing
temperature hydrocracking occurred. With n-decanbutylcyclohexane a volcano-
shaped or M-shaped distribution curve, respectjivelyas obtained. In the
hydroconversion of perhydroindan large amounts gfa@d G hydrocarbons were
formed as also found by others. This indicates dmathese catalysts the main role of
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the noble metal is to enable the interconversioalefinic and aliphatic hydrocarbons
and that hydrocracking occurs maimya carbocations on the acid sites. Ring opening
of butylcyclohexane and perhydroindan occurred tocemtain extent on these
palladium-containing acidic catalysts. Hence, ieme that also by bifunctional
hydrocracking the cleavage of endocyclic C-C borsdpossible, since Pd/silica is
virtually inactive in hydrogenolysis (see Sectiod)9

By converting spiro[4.5]decane it was demonstratet bifunctional isomerization
can furnish a similar mixture of skeletal isomesspaire metal catalysis on Pt/silica.
Moreover, hints were obtained that on the zeolitba¥ed HIPEROC Pt/Na,H-Y ring
opening starts from a similar mixture of skelesmmers as in the hydroconversion of
decalin on this catalyst. On the HIPEROC 3.3{{${s 4-[Al]Beta-14.0 a similar
distribution of hydrocracked products is obtainedhwspiro[4.5]decane as in the
hydroconversion of decalin [96]. This demonstrdbed on both HIPEROCS this spiro
compound is probably an important intermediate.

For experiments with a two-bed arrangement for \8tig the hydrogenolysis of a
mixture of skeletal isomers a good adjustment @& thatalyst activities has to be
performed. In the hydroconversion of n-decane autyltyclohexane on two-bed
arrangements of 1.1Pd/Na,Ho oY in the first and 2.69Pt/silica in the secondatysdt
bed the Yq.sos ON the zeolitic catalyst was too low. Hence, agearfraction of
unconverted reactant was converted on the noneagidtal catalyst in the second bed,
resulting in an intermediate catalytic behavioatedl to the single catalysts.
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12 Appendices

12.1 Retention Times
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Tables containing the retention times of productshe GC can be found on the

attached CD.

12.2 Calculation of Conversion, Yields and Selectivitiesn the Catalytic
Conversion of Hydrocarbons with Hydrogen

With cis-decalin as hydrocarbon, an evaluation wetHor the calculation of
conversion, yields and selectivities was develape®abl [1]. For the present work a
generalized version is required since several iiffefeed hydrocarbons are used.

12.2.1 Nomenclature

12.2.1.1 Symbols

Symbol Unit

A -

f -

m kg

m g-h'

M g-mol*
n mol

n mol- H'
S kg

Designation

Dimensionless peak area in the chromatogram

Compound-specific correction factor of the flame-
ionization detector

Mass

Mass flux
Molar mass
Molar amount
Molar flux

Reciprocal sensitivity of the flame ionization
detector

Selectivity
Modified selectivity
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X - Stoichiometric coefficient of hydrogen consumed
in Eq. (12.1)

X - Conversion

y - Stoichiometric coefficient of hydrogen formed in
Eq. (12.1)

Y - Yield

% - Stoichiometric factor

12.2.1.2 Indices

conv Converted
in Entering the reactor
out Leaving the reactor

12.2.1.3 Abbreviations

B Butyl-
Bz Benzene
Co- Hydrocarbons with less than 8 carbon atoms (hgrdieked products)

Cg aromatics Aromatic hydrocarbons with 8 carbon @&om

Cs- Hydrocarbons with less than 9 carbon atoms (hgrdieked products)

Co- Hydrocarbons with less than 10 carbon atoms @ordicked
products)

Cio Hydrocarbons with less than 11 carbon atoms @ordicked
products)

DHP(s) Dehydrogenated products

E- Ethyl-

Eq(s). Equation(s)

FID Flame ionization detector

GSL Gas sampling loop
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] Product or group of products in Eg. (12.1)

OCD(s) Open-chain decane(s)
OCN(s) Open-chain nonane(s)
OCO(s) Open-chain octane(s)
OCU(s) Open-chain undecane(s)
RCP(s) Ring-closure product(s)
ROP(s) Ring-opening product(s)
sk-Iso(s) Skeletal isomer(s)

12.2.2 Conversion Xeeq

12.2.2.1 Fundamentals

In the present work different hydrocarboriz, n-alkanes and hydrocarbons with one
or two naphthenic rings, were converted with adaggcess of hydrogen in a fixed-bed
reactor. As basis for the subsequent consideratibes simplified stoichiometry is
given in Eq. (12.1).

Hydrocarbon # H, I - Products j # H, (12.1)

Depending on the feed hydrocarbon, different clkassgeproducts were formed, see
Section 5.5.1. In Table 12.8 the stoichiometricftoents x andy for the hydrogen
consumed and formed, respectively, are tabulateth&different feed hydrocarbons
and reactions.
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Table 12.8: Stoichiometric coefficients and y for the hydrogen consumed and
formed, respectively, for the different feed hydrdmons and reactions.

Feed Hydrocarbon Reaction Product Group x y
n-Octane Isomerization sk-Isos 0 0
Dehydrocyclization  RCPs 0 1
Aromatization (g aromatics 0 4
Hydrocracking G >1 0
n-Decane Isomerization sk-Isos 0 0
Dehydrocyclization  RCPs 0 1
Hydrocracking G >1 0
Ethylcyclohexane Isomerization sk-Isos 0 0
Ring opening OCOs 1 0
Dehydrogenation E-Bz 0 3
Hydrocracking G >1 0
Butylcyclohexane Isomerization sk-Isos 0 0
Ring opening OCDs 1 0
Dehydrogenation B-Bz 0 3
Hydrocracking G >1 0
Perhydroindan Isomerization sk-Isos 0 0
Ring opening ROPs 1 0
Double ring opening OCNs 2 0
Dehydrogenation DHPs 0 3or4
Hydrocracking (o >1 0
Decalin Isomerization sk-Isos 0 0
Ring opening ROPs 1 0
Double ring opening OCDs 2 0
Dehydrogenation DHPs 0 3orb
Hydrocracking G >1 0
Spiro[4.5]decane Isomerization sk-Isos 0 0
Ring opening ROPs 1
Double ring opening OCDs 2 0
Hydrocracking G >1 0
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Table 12.8 (continued).

Methyldecalin Isomerization sk-1sos 0 0
Ring opening ROPs 1 0
Double ring opening OCUs 2 0
Dehydrogenation DHPs 0 3orb
Hydrocracking Go- >1 0

The conversion defined in Eqg. (5.1), page 69 withlan fluxes n can also be
expressed with mass fluxes:

X — (rhfeed)in - (rhfeed)out

eed . 12.2
oo (rnfeed)in ( )

Since the products were analyzed in an on-linecgesmatograph equipped with a gas
sampling loop (GSL), Eg. (12.2) can be transformetb Eq. (12.3) under
incorporation of absolute masses inside the GSL.

X = (rnfeed)GSLatX:O - (mreed)GSL
feed — ( )
rT]feed GSLatX=0

(12.3)

While (Meedast atx =01S the hypothetical mass of feed hydrocarbon watld have
been captured in the gas sampling loop if no reacttould have occurredimedcst
is the mass of feed hydrocarbon that is actualbrest in the GSL. In the gas
chromatogram, the area of the feed hydrocarbonwalla direct calculation of
(MeedesL (see Section 12.2.2.2), whereasddcsL atx=0 has to be evaluateda
another method (see Section 12.2.2.3).

12.2.2.2 Calculation of (Meeg)cs. from the Area in the Gas Chromatogram

In the flame ionization detector, the mass of agitnydrocarbon is proportional to an
instrument-specific proportionality factos times the compound-specific FID
correction factofieqtimes the dimensionless peak afeaq

(rnfeed)GSL = S[ ffeed [ A‘eed (124)

A determination of by calibration experiments is not required siraewill be shown
in Section 12.2.2.3, in the calculation Hf.c4 this factors can be cancelled. The
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compound-specific FID correction factor is usualblated to benzene, for which
fz; = 1.000 is set:

— rnfeed [ Aeed
ffee - 12.
Tom, A, (12.5)

Principally, f.eq @and also the compound-specific FID correctiondaftof all products
could be obtained with Eq. (12.5) by injection aofokvn masses of the respective
compounds and measuring the areas in the gas ctograa. However, an alternative
determination of the FID factor is required dudijdhe large number of products, (i)
the fact that not every signal in the chromatogreen be assigned to a specific

compound and (iii) the commercial unavailability ssme hydrocarbons in its pure
form.

It is well-known [2] that the signal intensity ihd FID stems almost completely from
the carbon atoms in the respective molecule, wlketka hydrogen atoms appear
virtually “FID-silent”. Hence, for hydrocarbons \ita higher fraction of hydrogen in
the molecule compared to benzeriejs larger than unity andice versa. For
calculatingfieeq EQ. (12.6) will be applied:

(12.6)

C,Bz

Here, Mieq and Mg, are the molar masses of the feed hydrocarbon andebe,
respectivelyMc teeqandMc g; are the molar masses of carbon in the feed hydrvona
and benzene, respectively. A slight modificatioreqgf (12.6) allows the calculation of
the FID factor of the productswith M; andMc ; as the molar masses of the product j
and of carbon in the product j, respectively:

(12.7)

12.2.2.3 Calculation of (Mfeeg)ast at x = 0

In Eq. (12.3) the hypothetical mass of the feedrbgarbon that would be entrapped in
the GSL at zero conversiomgedcst at x =oWas introduced. According to Eq. (12.8) it



- 203 -

Is the sum of masses of the unconverted feed hgdvoa (n..dcs. (calculation in
Section 12.2.2.2) and of the converted feed hyabmra(meedconv

(rnfeed) GSlatX=0 = (rnfeed)GSL + (rnfeed)conv (128)

For each product, the mass of decalin that wasextew into this product has to be
calculated. In analogy to Eq. (12.4), the mass afheproduct ify)es. can be
determined:

(m)GSL=S[fi [A (12.9)

With Eq. (12.9) a calculation offeeg)converted to productiS POSSible for each product j:

(rnfeed)convertedoproductj = |ered| dh E“Sljj DA‘] (12.10)

v, M,
Here, vieeq and v; are the stoichiometric factors of the reactant &émel product j,
respectively. In reactions furnishing products viltle same number of carbon atoms
like the feed hydrocarboms.cq andv; equal unity. Only in hydrocracking reactions the
feed hydrocarbon can furnish products with a lom@mber of carbon atoms than the
feed hydrocarboni.e. vieeq @andv; can assume values larger than one. Exemplarily,
some hydrocracking reactions and the corresporstmighiometric factors are given:

n-octane + K [0 - 2 iso-butane (12.11)
Vee 1
feed :L = =5 (1212)
i 2
butylcyclohexane + 10 H — 10 methane (12.13)
1
- V _10. feed -
Vieea = ~1; 710 (12.14)
3 methyldecalin + 14 HDJ - 11 propane (12.15)
_3
_3 V _1 feed
feed l 11 (1216)

J

By summing up ¥eedconverted to product (EQ. (12.10)) for all products the total mass of
feed hydrocarbon that was converted can be detethin
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Vee ee
(Mecaon, = SDZ|V—| d\,/\'T [, A (12.17)
J J

Finally, the conversionKqeq results by substituting Eqgs. (12.4) and (12.11) i&qg.
(12.8), and Eqgs. (12.4) and (12.8) in Eq. (12 @)ptved by cancellation of.

vaeedd“lfeed l:fj m
v, M,

xfeed = (1218)
ffeed |A‘eed + Z ered dvlfeed Df] m]
i VJ- Mj
12.2.3 YieldY;
In this work, the yield of products is defined as:
n) —-nj)
Yj :( J)o.ut ( J)m ﬁ feed| (1219)
i

(nfeed)in v

Since (hi)m will be zero throughout this work and in analogy ttee evaluation
discussed in Section 12.2.2.1, Eq. (12.19) canrdrestormed into Eqgs. (12.20) and
(12.21).

(ni ) GSL ﬁvfeed

(nfeed)GSLatX:O Vi

Y =

J

(12.20)

Y =

J

(mj ) GSL &ered d\/l feed
) 12.21
(rnfeed) GSLatX=0 Vj M i ( )

As developed for the conversion in Section 12.2.8ubstituting Egs. (12.4) and
(12.17) into Eq. (12.8), and Egs. (12.4) and (118 Eq. (12.21) gives the vyield of
productsy; after cancellation aod:

Yj - f|:/D°ﬁ| ﬁvlf/%d| E!\/I'\/fleed (12 22)
I” feed| d!lfeed [t j j .
+ Z Vj M j J mﬁ

ffeed eed
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12.2.4 Selectivity §

In this work, the selectivity of products is defithes shown in Eq. (12.23). A
summation of§ over all products equals 100 %.

S = out |n &\erEd|

: (nfeed) (nfeed)out Vi

(12.23)

Since ( j)i will be zero throughout this work and in analogy ttee evaluation
discussed in Section 12.2.2.1, Eq. (12.23) canrdrestormed into Eqgs. (12.24) and
(12.25):

- GSL rjvfeed|

B (nfeed)conv Vj

(12.24)

I

- GSL LLered| EM feed
= 12.25
(rnfeed)conv Vj ( )

I
As developed for the conversion in Section 12.2.81#bstituting Egs. (12.4) and
(12.17) into Eq. (12.8) and Egs. (12.4) and (1h&) Eq. (12.25) gives the selectivity
of productsS after cancellation of:

S = fi Db‘i &V feed| dvlfeed
, 5 Vied d\ﬂl\/flefd A v, M, (12.26)

iVj

12.2.5 Modified Selectivity §”

For the quantitative discussion of the hydrocragkieactions to hydrocarbons with a
smaller number of carbon atoms than the feed hwdbon, the modified
hydrocracking selectivitﬁ* will be used. It is defined as the molar amountaof
hydrocracked product j formed divided by the m@arount of reactant converted into
hydrocracked products:
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).,

(nfeed )convertednto hydrocracledproducts

S =

J

(12.27)

Substituting the molar fluxes in Eq. (12.27) widtal molar amounts in the GSL and
converting them into total masses furnishes Eq28)2

I\;II.[ﬁmj )GSL
*_ j
S = (12.28)

M feed

|:qrnfeed )convertednto hydrocracledproducts

By substituting the nominator and denominator whigs. (12.9) and (12.17),
respectively, and cancellation it results for the hydrocracked products j:

y =

(12.29)

J
1 |ered| feed
M 2 v, dVIM J. i

feed ]
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12.3 Simulation of the Distribution of Hydrocracked Products in the
Hydroconversion of Decalin on Ir/silica

12.3.1 Underlying Reaction Network

The distribution of the hydrocracked products mdated by assuming the reaction
sequence that is depicted in Figure 12.1. It idvddr from the catalytic results

obtained on 2.59Ir/silica in the decalin convers(sae Section 9.5.2). Accordingly,
hydrocracked products (¢ are formed from decalin on iridium/silica via dw

principal pathways: Both start with the hydrogeticlypening of one six-membered
ring to the five direct ROPs. The latter are keyelimediates on the way to
hydrocarbons with nine or less carbon atoms: ih fpatG- products are readily made
from direct ROPs by hydrogenolysis in an alkyl sud@in. Alternatively, in path 2

direct OCDs are first formed by endocyclic hydrogjgsis of direct ROPs, and the
direct OCDs undergo a consecutive hydrogenolyst&idwydrocarbons.

Endocyclic Exocyclic

hydrogenolysis hydrogenolysis

Decalin Direct ROPs Ce-
Endocyclic

hydrogenolysis

s,
*, o
K o

X K
, 5
N B
. K
s, o
., o
., K4

Direct OCDs

Figure 12.1: Assumed reaction sequence of the lygaalysis of decalin on Ir/silica.

12.3.1.1 Hydrogenolytic Ring Opening of One Six-Membered Rig in
Decalin

As described in Section 9.5.2 a direct hydrogemolytg opening of decalin results in
the formation of five different direct ROPs. Hydeswlysis of the tertiary-secondary
C-C bond yields butylcyclohexane whereas a ringhopgeat the two bisecondary C-C
bonds results in the formation of the cis- and dromers of 1-methyl-2-
propylcyclohexane and of 1,2-diethylcyclohexane, Bgure 12.2.
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|
! ! !
= O OO OO
2 1

Molar ratio :
_ J
Y
Mole fraction of decalin
converted to the indicated Osubst Cunsubst.

direct ROP(s)

Figure 12.2: Hydrogenolysis of decalin on iridiunmder the formation of direct
ROPs.

Different metals exhibit different regioselectiesi in hydrogenolysis: Substituted C-C
bonds, that comprise at least one tertiary or gnatg carbon atom, and unsubstituted
C-C bonds between secondary and/or primary cartmmsa are broken with different
rates as demonstrated, for example in the ringiogeof ethylcyclohexane (see Figure
9.8, page 97). In decalin, of the five C-C bond&dobroken, three are unsubstituted,
while two are substituted. To account for this osgiectivity in a quantitative manner,
the factorsiynsupst OF dsubst. are, respectively, defined:

number of hydrogenolyzed C-C bonds between unstutfsrliC-atom%L2 30)

Gunsubst= total number of C-C bonds hydrogenolyzed
_number of hydrogenolyzed C-C bonds involving subttd C-atoms(L2 31)
= .
subst. total number of C-C bonds hydrogenolyzed
andaunsubst,: 1 -osupst. (1232)

For the first ring opening step from decalin toedir ROPsonsubst. €quals the mole
fraction of decalin that undergoes hydrogenolygighe unsubstituted C-C bonds,
while agupst. €quals the mole fraction of decalin that is hyamgyzed at substituted
C-C bonds. 1-Methyl-2-propylcyclohexane and 1,2kdikcyclohexane will usually be
formed in a ratio 2 : 1, since, statistically, thupture of two equivalent bonds leads to
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the former ROP, as opposed to the rupture of just lsond leading to 1,2-diethyl-
cyclohexane.

12.3.1.2 Consecutive Hydrogenolysis of the Direct ROPs andif2ct OCDs

For the consecutive hydrogenolysis of direct ROfarathe factorsi nsupst. OF dsupst.
are taken into account. By exocyclic hydrogenolysssite 1 in Figure 12.1),e. when
C-C bonds in the alkyl side-chain are cleaveg, Zoducts are obtained. When C-C
bonds are cleaved which form part of the six-memtbemg (route 2 in Figure 12.1)
direct OCDs are formed. These are again assumedd®ergo hydrogenolysis intoyC
products in dependence of the degree of C-C bohstisution using the respective
factors.

However, in the direct OCD n-decane no substit@ed bonds are available. When in
addition, agypst. > O defines that a fraction of n-decane shouldeogal hydrogenolysis
at substituted positions the formalism would lea@ toss of G due to the absence of
substituted C-C bonds. To avoid this loss of carétmms it is assumed that n-decane
undergoes complete hydrogenolysis at unsubstit@t€dbondsj.e. aynsubst.= 1 IS set
for n-decane leading to a statistical rupture bhimle C-C bonds in n-decane.

12.3.2 Calculation Method for the Distribution of the Hydrocracked
Products

For each single reaction path which is possibledibining the assumed mechanistic
steps described in Section 12.3.1, the amountefwio G- hydrocarbons formed can
be calculated. At first the mole fractions of eadmgle G- precursor for each single
reaction path are multiplied. Subsequently, the wam® per group of Care summed
up to obtain a simulateﬂ* curve. As an exemplary reaction path the ring opeto
1-methyl-2-propylcyclohexane and further the endticyhydrogenolysis to 5-methyl-
nonane followed by hydrogenolysis to n-butane atéxane is shown in Figure 12.3.
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/ C4
— — — +
< X Ce

Mole fractions converted
2/ 3 - aynsubst. Asupst. / 3 Agubst, / 3

to the next hydrocarbon

Figure 12.3: Exemplary reaction path together witle mole fractions of each
hydrocarbon which is converted in the manner shown.

The mole fraction of decalin converted into 1-mé&ypropylcyclohexane contains
the factoroynsubst. SiNCe an unsubstituted position is cleaved. Dudaéomolar ratio of
2.1 of the two possible direct ROPs by cleavimgubstituted bonds 1-methyl-2-
propylcyclohexane and 1,2-diethylcyclohexane, taetdr 2 /3 is required. For the
endocyclic hydrogenolysis of 1-methyl-2-propylcyoéxane at the substituted
position the factons,,s IS needed, together with 1/ 3, since one ouhde different
substituted endocyclic bonds is cleaved. A ruptar&-methylnonane at the marked
substituted position furnishes equal amounts L@@ G. The factorgy,s; Stems from
the rupture of a substituted bond, and the factdns due to the availability of three
substituted bonds. By multiplication, for both, @d G a mole fraction of 2/ 3
Ounsubst.” Asubst! 3 * asubst/ 3 1S obtained by this pathway. As the broken bonthe
symmetric 5-methylnonane occurs twice, this pathwegurs two times and will be
added twice to the totalgCbalance. When finallia* for all pathways is calculated, a
value of 200 % is obtained.

12.3.3 Results

At first some simulation results will be shown thate obtained when an equal
probability of opening each C-C bond in decalimedi ROPs and direct OCDs is
assumedj.e. without using factors:. With these assumptions a V-shaped curve is
obtained, see Figure 12.4. Although the highestieslare calculated for carbon
numbers of 1 and 9 like on the iridium catalyste tburve shapes match only
moderately. A better approach starts from the maature of direct ROPs as obtained
on 2.59Ir/silica at the lowest conversion with alanoratio of butylcyclohexane :
1-methyl-2-propylcyclohexane : 1,2-diethylcyclohega= 13 : 51 : 36. This results in
the curve with the black triangles depicted in Fggd2.4 which coincides slightly
better with the experimental result.

Now, both factors: are taken into account to include the specifiGasgectivity of
iridium in the simulation. By calculatings.chy / Stirect RopPs@t low decalin conversions,
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the value ofagyyst = 0.13 for catalyst 2.59Ir/silica was found. Thelue stands for a
preferred rupture of unsubstituted C-C bonds. Asiltethe curve with open triangles
in Figure 12.4 is obtained. Especially the high ante of G and G correspond rather
nicely to the measured curve.

100 T T T T T T T

I —e— Experiment with 2.59Ir/silica
80 F at Tr =290 °C

\ —0— Equal probability of C-C bond cleavage ]
60 —v— and starting from real mixture of direct ROPs |
—a— and incorporating factor «,, = 0.13

S* 1%

1 2 3 4 5 6 7 8 9
Number of C-atoms

Figure 12.4: Modified hydrocracking selectivitiesthe experiment with 2.59Ir/silica
and simulated values.



