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Deaktivierung von sulfatiertem Zirkondioxid wahreder n-Butan Isomerisierung: Eine in
situ UV-vis-NIR spektroskopische Untersuchung

vorgelegt von Carine Chan Thaw

Kurzzusammenfassung

Katalysatoren auf der Basis von sulfatiertem Zidkiorid (SZ) desaktivieren, wahrend der
Isomeriesierung von kurzkettigen Alkanen, sehr stthieser schnellen Desaktivierung zu
Reaktionsbeginn folgt eine zweite Phase mit vedanger Desaktivierung. Das
Desaktivierungverhalten wéahrend deButan-lsomerisierung Uber sulfatiertem Zirkonoxid
(S2) und mangandotiertem sulfatierten Zirkonoxidn®Z; 0,5 or 2,0 wt% Mn) wurden mit
Hilfe derin situ UV-vis-NIR-Spektroskopie in diffuser Reflexionhd.simultane Analyse des
Reaktiongases durch gaschromatographische Verfalmégrsucht.

Der derzeit akzeptierte Mechanismus fir den Reakstart ist eine oxidative
Dehydrogenierung (ODH). SZ st ein saurer Katalysatmit wenigen aktiven
Oberflachenzentren, welche leicht durch Adsorptieon Edukten/Reaktionsprodukten
blockiert werden koénnen. Diese Arbeit zeigt die dad des Einflusses von Wasser und
Buten, der Reaktionsprodukte der ODH, ihren positiund negativen Effekt auf dre
Butan-Isomerisierung. Ein optimaler Hydratisierugrgal des SZ ist entscheidend fur die
Aktivitdit des Katalysators. Der Hydratisierungsgradird malgeblich durch die
Aktivierungsbedingungen (Gaszusammensetzung und p&eatur) bestimmt. Bei nicht
Einhaltung des optimalen Hydratisierungsgrades R&fasser (Absorptionband bei 1910 nm)
die aktiven Zentren blockieren und somit die Aktivides Katalysators herabsetzen. In der
vorliegenden Arbeit kann gezeigt werden, dass dauBg von Wasser in den ersten Stunden
der Reaktion fur die schnelle Desaktivierung zukieasbeginn verantwortlich ist.

Wie in der Literatur bereits beschrieben ist, wBdten durch Protonierung an sauren
Bragnsted-Zentren, Uber Carbenium-Intermediateameahtsprechende Alkoxid tberfuhrt. Die
Skelettisomerisierung vomButan folgt einem bimolekularen Mechanismus undéwdt Gber
die Alkylierung von Gasphasenolefinen regcButyl-Carbeniumionen. Die Gegenwart von
grolBeren Mengen an Olefinen ist jedoch ein weitémrend fur die Katalysatordeaktivierung.
Die Zugabe von Propen zum Reaktionsgemisch fuhute Bildung von Polymeren. Die
Zugabe von Sauerstoff zum Reaktionsgemisch fulirvedbrennung von kohlenstoffhaltigen
Ablagerungen auf der Katalysatoroberflache und Rildung von Wasser, Kohlendioxid
sowie Warme, was vergleichbare Desaktivierungsersahgen hervorruft. Die Freisetzung
von Warme fordert zusatzlich die Bildung von Polyere Oligomere konnten durch ihre
Absorptionsbanden bei 370 und 450 nm auf der Ksgéébyoberflache nachgewiesen werden.
Die vorliegende Arbeit zeigt, dass die Bildung ohgerer Spezies eine mdgliche Ursache fur
den zweiten, langsameren Desaktivierungsvorgandist wahrend der Reaktion gebildete
monomere Allyl-Spezies (Absorption bei 295 nm) esttgegen der Literatur nicht fur die
Desaktivierungsphanomene verantwortlich.

Keine der auf SZ gefundenen allylischen Spezieswt@mauf MnSZ nachgewiesen werden.
Jedoch desaktiviert MnSZ sehr schnell. Zwei BanderJV-vis Bereich von Spektren der
MnSZ-Katalysatoren werden beobachtet. Die fehléehdluordnung dieser Banden in der
Literatur konnte durch Simulation der Spektren kpert werden. Die Absorption bei 580 nm
ist auf Mri™, die bei 680 nm auf M zuriickzufiihren.






Isomérisation du n-butane sur la zircone sulfaiégestigation in situ par spectroscopie UV-vis-
NIR

par Carine Chan Thaw
Résumé court

Les phénoménes de désactivation des zircones érdfdZS) dopées ou non au manganese
(MnZS; 0,5 et 2,0 % en masse) au cours de la gfadtisomérisation da-butane sont étudiés, a
323 ou 373 K, tout au long d"une réaction (mesurestu) par spectroscopie a réflexion diffuse
dans I"ultraviolet visible et proche infra rougeMWis-NIR) et par I'analyse en ligne des gaz de
réaction par chromatographie en phase gazeuse.chgdyseurs « zircone sulfatée » se
désactivent en deux étapes distinctes & 373 K phase initiale trés rapide, et une seconde plus
lente.

L"étape initiale de la réaction est toujours eruksion, mais plusieurs travaux scientifiques sont
en faveur de la déshydrogénation oxydante (ODH)cdSient trés peu de sites actifs, et leur
acces peut étre bloqué quand certaines espéces gdsmrbeées.

Ce travail confirme le double caractére des preddé |"'ODH : I'eau et le buténe — leur effets
positif et négatif sur I'isomérisation dubutane. L activité du catalyseur dépend du degré
d"hydratation de ce dernier. Les conditions dasguelles (milieu gazeux et température) est
activée la ZS sont d’une grande importance. Deilegaexces, a la surface du catalyseur, peut
bloquer I"acces des réactifs aux sites actifs jirdiant ainsi |"activité de la ZS. Il est montré,
dans ce travail, que I"'eau formeée lors des premiieesires est responsable de la premiere étape
de désactivation.

Comme reporté dans la littérature, le butene estasnproduits de 'ODH. La protonation de ce
buténe par les sites actifs de Brgnsted conduat forination des ions carbéniusecbutyle /
groupes alkoxy adsorbés a la surface. Un mécartigmaéculaire faisant intervenir I"alkylation
de I'ion carbéniunsecbutyle avec une autre oléfine conduit & un régearent C-C. Les
oléfines, en grande quantité, peuvent aussi éeeden raisons de la désactivation du catalyseur.
Nous avons montré que l|"addition de propene auemiliéactionnel favorise la formation

d oligomeres. Le méme phénomene est aussi obsesgue de I'oxygene est ajouté au systeme.
Lors de la combustion, en présence d oxygene, sfEces carbonées adsorbées a la surface du
catalyseur, de |I"'eau, du dioxyde de carbone etadehéleur sont produits. Cette chaleur peut
favoriser la formation de polyméres. Des oligométesorbant a 370 et 450 nm ont été détectées
a la surface de la ZS. Il est prouvé dans ce trapm qu’il existe une corrélation entre leur
formation et la seconde étape de désactivatioradeSl Ces espéces sont donc d’excellentes
candidates pour expliquer la seconde phase dettéd@an du catalyseur. Il est mis en évidence
que les espéces monoénic allylique (absorbant a@9%létectées a la surface de la ZS, au cours
de la réaction d’isomérisation dubutane, ne sont pas responsables de la désamtiveiti
catalyseur, comme reporté dans la littérature, seitement des espéces spectatrices.

Ces especes ne sont pas détectées dans les sptivesde la MnZS bien que ce catalyseur se
désactive trés vite. Les spectres UV-vis de la MmE&trent deux bandes. Une attribution
erronée de ces bandes dans la littérature a pucétreggée grace a des calculs. La bande
d’absorption & 580 nm émane du Vet celle & 680 nm correspond a¥in






Sulfated zrconia deactivation during n-butane isomerization: an in situ UV-vis-NIR
spectroscopic study

by Carine Chan Thaw
Abstract

The deactivation phenomena duringoutane isomerization on sulfated zirconia (SZ) and
manganese-promoted sulfated zirconia (MnSZ, 0.8 wt% Mn) are investigated at 323 or
373 K by in gtu UV-vis-NIR diffuse reflectance spectroscopy and-lioe gas
chromatography.

Sulfated zirconia (SZ) catalysts are found to deatd in two steps at 373 K: a fast initial and
a slow second phase.

The well accepted mechanism for the initiation stéphe isomerization is the oxidative
dehydrogenation (ODH). SZ is an acid catalyst wihy few active sites. The access to these
sites can be blocked when some species are adsomikdeem.

This work confirms the duality effect of the protsiof ODH: water and butene - their
positive and negative effects arbutane isomerization. An appropriate hydratiorelesf SZ

is important for the activity of the catalyst. Thalse activation conditions (atmosphere and
temperature) play a major role. However, excesemat the catalyst surface (band at 1910
nm in the NIR range) can block the access of tlaetamt to the active sites and thus
diminishes the catalyst activity. In this workjstshown that the water formed during the first
few hours on stream is responsible for the firstotigation step.

As it has been reported in the literature, butenariother product of ODH and after its
protonation by the Brgnsted acid sites; sec-buybenium ions stabilized by alkoxy groups
are formed. The skeletal rearrangement can pratteedgh a bimolecular mechanism via an
alkylation of the secondary butyl carbenium ionhaanhother olefin. However, the presence of
olefin in high quantities can be another reasontha deactivation of the catalyst. The
addition of propene to the feed leads to the foimnadf oligomers. A similar effect on the
deactivation of the catalyst is observed when oryiggresent in the system. The addition of
oxygen to the feed leads to the combustion of ceabeous deposits with the formation of
water, carbon dioxide and heat. Moreover the haeat favour the formation of polymers.
Oligomers were detected on the catalyst surfact their absorption bands at 370 nm and
450 nm. The experiments showed that their formatmmesponds to the second phase in SZ
activity decline. These species are good candidadegxplain the second step of SZ
deactivation. Our study demonstrates that the munadlylic species (absorbing at 295 nm)
detected on the catalyst during reaction, are @plgctators, and not responsible for the
deactivation phenomena, as reported in the litezatu

These species were not detected in the UV-vis spemft MnSZ in spite of its severe
deactivation. However, two bands were observedénvisible range of MnSZ spectra. An
erroneous assignment of these bands in the literatould be corrected with the help of
calc3;u|ations. The absorption band at 580 nm afises Mn** and the one at 680 nm from
Mn®",






Isomérisation du n-butane sur la zircone sulfai@gestigation in situ par spectroscopie UV-
vis-NIR

Résume long

L’isomérisation des n-alcanes a chaine courte est une réaction importante dans
l'industrie pétroliere. En effet, grace a leur indice d’octane élevé, les hydrocarbures
branchés sont recherchés comme carburant, mais ils peuvent aussi servir de base a
d’autres produits chimiques. En effet, ces hydrocarbures branchés servent a la
production de composeés tels que le méthyle t-butyle éther (MTBE). L’isomérisation
de ces n-alcanes est donc une réaction trés intéressante. La réaction cible de ce
travail de thése est la réaction d’'isomérisation des n-alcanes et en particulier du n-
butane :

N-CiHio ————  i-C4Hyo

dont les données thermodynamiques dans les conditions standards (298 K et 101
kPa) sont les suivantes : enthalpie de réaction AH° = -7 kJ mol™, entropie de
réaction A,S°= 15 J K™ mol?, et enthalpie libre AG°= -2.3 kJ mol ™. La formation
d’isobutane est favorisée a basses températures (200 - 500 K). Un catalyseur actif
dans cette gamme de température doit donc étre trouve.

En phase liquide, I'ilsomérisation des alcanes est catalysée par des acides forts tels
que HF/SbFs, RSO3H/SbFs (R = CyHzn+1), CF3SO3H et HSO3F.

Les catalyseurs utilisés en phase homogéne, souffrent cependant de certains
désagréments : le coté corrosif du catalyseur résulte en la formation d’eau usée
acide et salée. Cette eau n’est ni facile a conserver ni a manipuler.

Ceci montre qu’il y a toujours des études scientifiques a réaliser pour trouver le
catalyseur idéal, qui ne représente aucun danger (comme ceux cités plus haut) pour
I'environnement.

Les catalyseurs a base d’alumine chlorée présentent a ce jour les meilleurs taux de
conversion et de sélectivité en isomeéres. L'inconvénient de ce systéeme catalytiqgue
est qu’il nécessite une chloration en continue et est sensible a des contaminants tels
que l'eau, les oxydes de carbone et les oxygénés. Les zéolites comme catalyseurs
peuvent étre régénérées et sont peu sensibles aux contaminants décrits
précédemment. Bien que les zéolites ne soient actives qu’a une température plus

élevée que celle utilisée pour les catalyseurs a base d’alumine chlorée, le taux de



conversion maximum est limité par I'équilibre chimique non favorable. Les zéolites
sont, de plus, moins sélectives que les catalyseurs a base d’alumine chlorée.

Les zircones sulfatées étant actives a une température inférieure a celle des zéolites
I’équilibre chimique est plus favorable, par ailleurs elles peuvent étre régénérées et
ne nécessitent pas une chloration en continue.

En 1962, Holm et Bailey ont découvert que le platine-zircone-sulfatée était actif pour
'isomérisation de squelette d’hydrocarbures ; et ils ont déposé un brevet appartenant
a Phillips Petroleum. En 1979 et 1980, il a été reporté que le n-butane peut
s’isomériser, a température ambiante, avec comme catalyseur la zircone sulfatée
(ZS). Comme il est extrémement difficile d'isomériser le n-butane, cette découverte a
amené de nombreux chercheurs a s’intéresser a cette nouvelle catégorie de
materiaux.

La ZS est un catalyseur acide solide qui contient habituellement 5 a 6 % massique
de SOg;. Idéalement, la ZS est composée de zircone ayant une structure
nanocristalline quadratique et de sulfates a sa surface. L’activité catalytique peut étre
multipliée par 10 ou 100 en ajoutant une petite quantité de métaux de transition ou
du manganése qui a un effet positif sur I'activité de la ZS.

Dopée, ou pas, la ZS est active a basse température (e.g. 323 K). Malheureusement,
elle se désactive, et cette désactivation peut étre trés rapide, dans le sens ou elle a
lieu des les premiéres heures de la réaction. La désactivation d’'un catalyseur peut
s’expliquer d’'une maniére générale par la formation de composés de surface stables
empéchant ainsi l'accés aux sites actifs. Ces composés, especes stables de
surface, peuvent étre des composés (hydro)carbonés, mais aussi de I'eau, dans le
cas des catalyseurs acides solides. Ces composés (hydro)carbonés et I'eau peuvent
étre soit des produits de réaction mais aussi provenir de certains contaminants que
la phase gaz peut contenir. Des modifications structurales, morphologiques et
chimiques seraient une cause plausible de la désactivation.

L’objectif de ce travail est de comprendre la ou les raisons pour lesquelles la ZS se
désactive si vite au cours de la réaction d’isomeérisation du n-butane. Afin de détecter
non seulement de possibles modifications du catalyseur, mais aussi la présence
d’espéces de surface, il est primordial d’étudier le catalyseur tout au long d’'une
réaction (mesures in situ). La spectroscopie a réflexion diffuse dans [l'ultraviolet-
visible et proche-infra-rouge (UV-vis-NIR) est une technique remarquable. En effet, il

est possible d’identifier les modifications de la structure électronique du catalyseur en



étudiant les transferts de charges et les transitions d-d. Il est aussi possible
d'observer les éventuelles formations d'espéces de surface comme des
hydrocarbures saturés en analysant leur transition électronique et d’analyser la
formation d’adsorbats tels que I'eau. Les modifications des groupements fonctionnels
de surface peuvent étre détectées par les modes de combinaisons des énergies
vibrationnelles ou des transitions interdites qui se produisent. Les causes de la
désactivation sont analysées en corrélant les données catalytiques et
spectroscopiques.

Pour élucider si la désactivation observée est spécifique a un systéme catalytique ou
est généralisable a ces matériaux, une comparaison a été faite entre les catalyseurs
ZS non dopée ou dopée au manganese.

La régénération du catalyseur a été réalisée par des traitements sous oxygene a
haute température car nous supposons que la présence de dépobts (hydro)carbonés
doit étre brulée dans ces conditions.

Tout au long de ce travalil, le catalyseur a été activé sous flux d'O, a 723 K. Les
conditions de réactions ont été réalisées a 373 K sous flux continu d’'un mélange
gazeux a 5 kPa n-butane dilué dans du gaz inerte.

Selon les conditions expérimentales ci dessus, la ZS se désactive rapidement (60%
de désactivation) dans les premiéres heures de la réaction; et elle continue plus
lentement ce processus conduisant encore a 10 % de désactivation les 10 heures
suivantes. Durant les premiéres heures (premiére phase de désactivation), I'eau est
formée et est retenue a la surface. Ce qui est en accord avec la littérature. Apres
plusieurs heures, la concentration de I'eau en surface reste stable. On peut établir
une corrélation entre la formation de I'eau et la rapide décroissance initiale de la
vitesse d’isomérisation. L'empoisonnement des sites acides de Lewis lors de la
production de l'eau est une explication possible, ce qui est confirmé par nos
résultats. Nous avons clairement montré que I'eau se trouve étre responsable de la
désactivation rapide en début de réaction.

En plus de la formation de I'eau produite par déshydrogénation oxydante du réactif
(ODH), dautres espéces absorbant a 295, 370 et 450 nm, sont formées
continuellement en fonction du temps (deuxieme phase de la désactivation). Dans
les publications, cette désactivation est attribuée a la présence de cations allyliques

(absorbant a 295 nm). Leur formation peut étre attribuée a la présence de certaines



impuretés (oléfines) dans le mélange réactionnel. Cependant, ce travail de thése
montre clairement que I'absence de ces espéces n’empéche en rien la désactivation
a long terme de la ZS. Grace a nos résultats expérimentaux, nous pouvons donc
conclure que ces cations allyliques ne sont pas responsables de la désactivation du
catalyseur, mais sont seulement des spectateurs. D’autres especes insaturées,
doivent donc expliquer cette désactivation a long terme de la ZS au cours de la
réaction d’isomérisation. En effet, quand ces espéeces poly-insaturées, absorbant a
370 et 450nm, sont formées et donc détectées, la ZS se désactive plus vite que si
elles étaient absentes. La formation de ces especes hautement conjuguées
nécessite des réactions produisant de plus longues chaines carbonées (au moins
sept atomes de carbone) suivies par une déshydrogénation. L'isomérisation du n-
butane résulte en partie d’'un meécanisme bimoleculaire. En effet, propane et
pentanes sont détectés comme produits dérivés de réaction que des especes Cg
doivent étre formées par intermittence a la surface. Il est possible de favoriser la
formation de ces espéces poly-insaturées lorsque des impuretés comme des alcenes
ou oxygene sont présentes dans le mélange réactionnel. Les alcénes participent
dans les réactions d’alkylation qu'il est possible d’envisager que les alcénes
favorisent l'allongement des chaines carbonées. L'oxygéne, comme réactif de la
déshydrogénation oxydante, peut de facon directe contribuer a la formation
d’especes poly-insaturées. L'oxygene, indirectement, conduit a la combustion de
dépdts carbonés a la surface du catalyseur. De la chaleur est ainsi produite et peut
initier des réactions d’oligomérisation et de déshydrogénation. Lors d’une oxydation a
température programmeée, de I'eau et du CO, ont pu étre détectés a 333 K. En nous
basant sur nos résultats, nous arrivons a la conclusion que ces especes poly-
insaturées contrairement aux especes mono-oléfiniques (qui sont rappelons le
seulement des spectatrices) sont des poisons pour la ZS lors de 'isomérisation du n-
butane.

Nous avons mis en évidence que l'eau et les espéces poly-insaturées sont
responsables de la désactivation, en deux étapes, de la ZS. Il est cependant
nécessaire de décrire aussi le rbéle double de l'eau et des oléfines dans
'isomérisation du n-butane par la ZS pour comprendre sa désactivation.

Le role de I'eau est sujet a controverse car |'eau est un élément vital dans la phase
d’initiation de I'isomérisation du n-butane. Malheureusement, une quantité excessive

d”eau peut entrainer 'empoisonnement du catalyseur. Certains groupes scientifiques



proposent qu'un catalyseur actif doit contenir des sites actifs de Bregnsted et de
Lewis, dans un rapport 2 :1 respectivement. L obtention de ce rapport n"est possible
que si une certaine quantité d’eau est présente dans le catalyseur.

L activité catalytique de la ZS non dopée dépend donc de la maniére dont le
catalyseur est activé et dans quelles conditions.

En plus de jouer un réle important dans |'obtention d'une ZS active dans
I'isomérisation du n-butane a basse température, I'eau est aussi un produit de
réaction (par ODH). L'eau formée durant la phase d’initiation du mécanisme
réactionnel s’adsorbe a la surface du catalyseur. L"acces aux sites actifs est ainsi
bloqué. C est la raison pour laquelle I'eau, élément majeur dans la phase dinitiation,
se trouve étre aussi un poison pour I'isomérisation du n-butane.

La ZS contient trés peu de ces sites redox actifs (5 % de S,0;%) qui produisent
I"acidité du catalyseur. Cette acidité permet de catalyser I'isomérisation du n-butane
a basses températures.

L"étape initiale de cette réaction est donc la déshydrogénation oxydante du butane
ou le buténe, I'eau et le SO, sont les produits de réaction. Le butene formé conduit
aux ions carbénium secondaires avec les sites acides de Brgnsted. Les ions
carbénium sont stabilisés sous forme de groupes alkoxy, des intermédiaires de
réaction. Cependant, ce groupe alkoxy peut aussi continuer a réagir et former par la
suite d"autres produits qui bloqueront I"acceés des sites actifs de la ZS ; conduisant
ainsi a la désactivation du catalyseur. Introduire des oléfines, a haute concentration
dans le systeme catalytique, induit a la formation d’autres espéces de surface telles
que les oligoméres. Les oligomeres, détectées dans la partie UV-vis des spectres
par les deux bandes a 370 et 450 nm, bloquent donc l'acces aux sites actifs,
entrainant ainsi la désactivation de la ZS. Nous observons la méme corrélation entre
la désactivation du catalyseur et la formation d"espéces poly-insaturées quand la
réaction d’isomérisation du n-butane a lieu en présence d oxygene dans le mélange
réactionnel. Dans ce dernier cas, les espéces intermédiaires, les groupes alkoxy,
peuvent initier des réactions secondaires ; résultant ainsi a la formation de nouvelles

especes. Ces espéces peuvent causer la désactivation de la ZS.

Dans le cas ou la ZS est dopée au manganeése (MnSZ), ce catalyseur se désactive
eégalement ; et cette désactivation est méme plus rapide que celle observée dans le

cas de la ZS. Au cours de la réaction d'isomérisation du n-C, sur la MnSZ, I'eau se



forme aussi lors des premieres heures. A la différence de la ZS, aucune espece
insaturée n’est détectée dans la région UV-vis des spectres. De plus, le manganése
n“est pas réduit de maniere significative, pour lui attribuer la désactivation de la
MnSZ.

Nous devons cependant faire remarquer que les spectres UV-vis de la MnSZ sont
différents de ceux de la ZS. En effet, les spectres de la MnSZ illustrent non
seulement (i) le transfert de charge « ligand métal » dans la région 300 - 400 nm des
spectres ; mais aussi (ii) les transitions d-d que nous observons par des bandes a
580 et 680 nm. La couleur de la MnSZ s”explique par ces transitions d-d. Il est trouvé
que le milieu gazeux, dans lequel le catalyseur est activé, influence le degré
d’oxydation du manganése. Le nombre de bandes d’absorption dans les spectres
UV-vis dépend du gaz utilisé pour activer le catalyseur. Dans un milieu inerte et
oxydant, deux bandes sont observées. Dans un milieu réducteur, seule une bande
d"absorption & 580 nm est observée dans les spectres. En opposition avec la
littérature, ces bandes ne peuvent pas appartenir seulement appartenir au Mn*". Ces
bandes doivent représenter deux differentes espéces du manganese. En nous
basant sur nos résultats expérimentaux, hous pouvons supposer que la bande a 580
nm est due au Mn*" alors que la bande & 680 nm est due au Mn®*.

Afin de confirmer ces hypothéses et en se basant sur les spectres expérimentaux de
la MnSZ, nous avons demandé au Professeur Sophia Klokishner de réaliser des
calculs théoriques afin d’interpréter nos résultats. Le catalyseur MnSZ a été activé
sous flux d"hélium. Nous avons basé les calculs sur un modéle ou les ions Mn** dans
le réseau de la zircone induisent la création de lacunes d’oxygene afin de

compenser la perte de charge. Ceci entraine ainsi le déplacement 7, et 1, des

atomes d oxygéne en direction de ces lacunes ; et la symétrie du complexe Mn** est
supposeée étre trigonale. Enfin, pour ce modele, nous avons négligé la contribution
des transitions d-d des cations Zr**. Quand les ions Mn** se substituent aux ions
Zr**, la position des 8 atomes d oxygéne (ligands) entourant le Mn** reste inchangée.
C’est en se basant sur ce modele et en utilisant un ensemble de paramétres pour
illustrer les déplacements 77, et 77,des ions oxygéne gque nous pouvons exactement
conclure que la bande d’absorption & 580 nm appartient au Mn** alors que celle a
680 nm appartient au Mn**. Selon la littérature, le Mn?* devrait étre présent dans ce



matériau. Il est cependant impossible d’observer les transitions d-d du Mn?* car les
transitions de spin sont interdites.

Au cours de la réaction d’isomérisation du n-butane a 373 K, le MnZS perd plus de
95 % de son activité catalytique apres 16h de réaction; alors que le degré
d’oxydation du manganese est au plus réduit de 20%. La réduction du manganése
ne peut pas étre la raison de la désactivation du MnZS. De plus, aucune des
espéeces détectées dans les spectres UV-vis de la ZS ne sont observées sur le
MnSZ.






SQulfated zrconia deactivation during n-butane isomerization: an in situ UV-vis-NIR
spectroscopic study

Long summary

One of the most important reactions in petroleum chemistry is the skeletal
isomerization of short chain alkanes. Branched alkanes are desirable as fuels
because of their high octane number. These isoproducts are also used in the
production of gasoline components such as methyl t-butyl ether (MTBE), or as
intermediates for more valuable hydrocarbons. The skeletal isomerization reaction is
challenging. The target reaction of the present work is the isomerization of n-butane:
N-CsHipo ————> i-C4Hypo

with the following thermodynamic data under standard conditions (298 K and 101
kPa): reaction enthalpy AH°= -7 kJ mol *, reaction entropy A,S°= 15 J K * mol™?, and
Gibbs free energy AG° = -2.3 kJ mol™. The isobutane formation requires a
temperature range of 200 to 500 K. A catalyst active at this temperature should be
found.

In liquid phase, alkane isomerizations are catalyzed by strong acids such as
HF/SbFs, RSO3H/SbFs (R = C,H2n+1), CF3SO3H and HSO3F. These homogeneous
catalysts, however, suffer the following disadvantages: the acids are corrosive and
cause handling and disposal problems.

The need for environmentally friendly production within the chemical industry is
universally acknowledged, thus the use of heterogeneous catalysts (which have the
potential to be recycled and avoid the aforementioned disadvantages) is an attractive
alternative. Chlorided alumina based catalysts currently have the highest
iIsomerization activity and yield available. However, they need a constant organic
chloride co-feed, they cannot be regenerated and are sensitive to contaminants such
as water, carbon oxides and oxygenates. Zeolitic isomerization catalysts are able to
be regenerated and relatively contaminant tolerant. However, zeolitic catalysts are
only active at much higher temperatures than chlorided alumina catalysts, thus the
maximum conversion is limited by the unfavourable equilibrium position. Yields are
also lower for the zeolitic catalysts than for the chlorided alumina catalysts as they
are less selective. Sulfated zirconia based catalysts are active at lower temperatures

than zeolitic catalysts (thus under more favourable equilibrium conditions); they can



be regenerated and do not require a chlorided co-feed or caustic scrubbing unlike the
chlorided alumina catalyst.

In 1962, Holm and Bailey discovered that platinum-doped sulfated zirconia is active
for skeletal isomerization and filed a patent assigned to Phillips Petroleum. In 1979
and 1980, it was claimed that sulfated zirconia (SZ) is active for the isomerization of
n-butane at room temperature. Because butane is extremely difficult to isomerize,
this discovery led to the current great interest in this class of materials.

SZ is a solid acid catalyst and typically contains 5-6 wt % SOs;. The desirable SZ
consists of zirconia in a tetragonal nanocrystalline structure with sulfate on the
surface. It has also been shown that it is possible to increase the catalytic activity by
1 or 2 orders of magnitude by adding small amounts of certain metal cations; e.g.
manganese has a promoting effect on SZ catalysts.

Non-promoted and promoted SZ are active at low temperatures (e.g. 323 K), but
suffer from deactivation, which can be very rapid, i.e. it occurs in the first few hours
on stream. Catalyst deactivation is often due to formation of stable surface
compounds, which block access to active sites. These stable surface species can be
carbonaceous deposits or, in case of solid acid catalysts, water. They can be side
products of the reaction or can arise from contaminants in the feed gases.
Deactivation can also be caused by the structural, morphological or chemical

transformation of the catalyst.

The aim of this work is to understand the reason(s) for the rapid deactivation of
sulfated zirconia catalysts during alkane isomerization. In order to detect a change in
the catalyst, or the presence of surface species, the sample needs to be investigated
while the catalytic reaction is proceeding (in situ measurement). Diffuse reflectance
ultraviolet-visible near-infra-red (UV-vis-NIR) spectroscopy is a powerful technique
because (i) changes in the electronic structure of the catalyst can be identified
through analysis of charge transfer or d-d transitions, (ii) formation of unsaturated
hydrocarbon surface species can be followed via observation of their electronic
transitions, and (iii) changes to surface functional groups or formation of adsorbates
(water for example) can be detected through vibrational combination and overtone
modes. The causes of deactivation are identified by correlating the catalytic and

spectroscopic data.



To elucidate whether the observed deactivation behavior is specific for a particular
catalyst, or valid for the entire class of SZ materials, unpromoted and manganese-
promoted SZ catalysts are being compared.

Regeneration of the catalyst is attempted by oxidative treatment at high temperature,

assuming the presence of carbonaceous deposits, which can be burnt.

In the course of this thesis, the catalyst was activated at 723 K in O,. The reaction
was conducted at 373 K in 5 kPa n-butane diluted in No.

For the unpromoted sulfated zirconia, the catalyst rapidly lost activity (60 % with a
continuous flow of n-butane) within the first few hours on stream and then continued
to deactivate slowly (10 %).

During the first few hours (first deactivation stage), water is formed and retained on
the surface, consistent with literature reports. After a few hours, the water
concentration on the surface is stable. A correlation can be drawn between the trend
of water formation detected and the rapid decrease in the rate of isomerization.
Poisoning of Lewis acid sites through the water produced is a possible explanation
and most of the results are consistent with this observation.

Besides the water formation by oxidative dehydrogenation (ODH), other species
(absorbing at 295, 370 and 450 nm) are observed. The band at 295 nm is frequently
observed while the bands at 370 and 450 nm are occasionally formed. These
species are continuously formed with time on stream and are considered to be
candidates for causing the long-term deactivation. It was previously reported in the
literature that the deactivation of the catalyst is to be due to formation of monoenic
allylic species absorbing at a band position of 295 nm. In this work, it was found that
their formation is linked to the presence of some impurities (alkenes) in the feed.
However, the present work clearly shows that the absence of these species does not
prevent the catalyst from longer term deactivation. It is thus concluded that the
monoenic allylic species are only spectators in the loss of activity of the catalyst.
Other species thus must be responsible for the long term deactivation of SZ during
the reaction. Indeed, when the polyunsaturated species absorbing at 370 and 450
nm are detected during n-butane isomerization, SZ deactivates faster than without
these species. The formation of these highly conjugated species requires reactions
producing longer chains (at least seven carbon atoms) followed by dehydrogenation.

The skeletal isomerization of n-butane occurs at least in part through a bimolecular



mechanism as propane and pentanes are detected as byproducts, and hence Cg
species must be formed intermittently on the surface. The presence of alkenes or
oxygen impurities in the feed was found to promote the formation of the
polyunsaturated species. Alkenes are partners in alkylation reactions and it is thus
conceivable that they promote further chain growth. Oxygen can directly engage in
the formation of polyunsaturated species as a reactant in oxidative dehydrogenation,
and indirectly through combustion, the heat of which can initiate oligomerization and
dehydrogenation reactions. Evidence for the latter assumption arises from a
temperature programmed oxidation experiment, in which H,O and CO, could be
detected at 333 K. Based on all the results, it can be concluded that polyunsaturated
species are most likely the poison for the catalyst during n-butane isomerization,
rather than the monoenic allylic species which are only spectators.

Rather than showing that water and polyunsaturated species are two distinct reasons
for SZ deactivation; this work also describes the dual role of water and olefins for n-
butane isomerization on sulfated zirconia which has to be considered for
understanding SZ deactivation.

The role of water is debated, as water (i) is a vital component in the initiation part of
the n-butane isomerization, but (ii) can act as a poison when it is in excess. Some
groups explained that an active catalyst should contain a ratio of Brgnsted to Lewis
acid sites, 2:1 respectively. This ratio could be achieved in the presence of a certain
amount of water. The activity of unpromoted sulfated zirconia catalyst depends thus
on the way in which the catalyst is activated and under which conditions. Besides
being an important component for an active catalyst in the n-butane isomerization on
SZ at low temperature, water is also a product of alkane activation via ODH. The
water formed during the initiation step of n-butane isomerization adsorbs on the
surface of the catalyst. The access to the active sites can thus be blocked. For this
reason, water which is a vital component in the initiation step was revealed to act as
poison during the skeletal isomerization.

Sulfated zirconia which, according to the literature, contains few redox active sites
(S,0,*) provides the acidity to catalyze the n-butane isomerization at low
temperatures. This reaction is initiated by the oxidative dehydrogenation of n-butane
to butene, water and SO,. The formed butene forms sec-carbenium ions with
Brognsted acid sites and isomerizes via carbenium ions that are stabilized in the form

of alkoxy group intermediates. However, the alkoxy group can also react further to



form side products blocking the access to the active sites of SZ; and leading to the
deactivation of the catalyst. Introducing higher concentrations of olefin in the reaction
chamber induced the formation of additional surface species, including oligomers.
The oligomers detected in the UV-vis range of the spectra at 370 and 450 nm
blocked the access to the active sites and deactivated sulfated zirconia catalyst.
Similar correlation between the catalyst deactivation and the formation of highly
conjugated species was observed in the case of O, addition to the feed. In this case
again, the intermediate species, alkoxy groups, can undergo side reactions and
produce species which can also cause the deactivation of the catalyst.

Manganese promoted sulfated zirconia (MnSZ), deactivates even faster than SZ.
Based on the NIR spectra, the same observation of the water formation during the
first few hours on stream can be drawn for the manganese-promoted and
unpromoted-sulfated zirconia.

The UV-vis spectra of the manganese promoted sulfated zirconia are different from
the spectra of unpromoted SZ. The spectra are different because (i) ligand to metal
charge transfer occurs in the wavelength range 300 - 400 nm and (ii) manganese d-d
transitions are observed at band positions 580 and 680 nm. The latter justifies that
MnSZ is a colored catalyst. The activation atmosphere was found to influence the
oxidation state of manganese. The number of absorption bands in the UV-vis range
of the spectra of MnSZ depends on the activation atmosphere. In inert or oxidizing
atmosphere, two bands were observed. In reducing atmosphere, one absorption
band at 580 nm is observed in the spectra. In contrast to the literature, these bands
cannot belong to only one species, Mn®*". These bands must represent two different
species. Based on the experimental results it can be assumed that the band at 580
nm belongs to Mn**, while the band at 680 nm is due to Mn**.

To verify the assignments of these bands, calculations were performed and
interpreted by Prof. Sophia Klokishner based on the obtained spectroscopic data of
MnSZ activated with He (the course of this work). Furthermore, the calculations were
based on a model where Mn** ions in the zirconia lattice induce the generation of

oxygen vacancies for charge compensation leading to the displacements 2, and 7,

of the oxygen atoms towards the oxygen vacancies; and the symmetry of the Mn*"*
complex is assumed to be trigonal. Moreover, the d-d transitions of zr¥* were
excluded for our calculations. When Mn** ions substitute Zr** ions, the position of 8

oxygen ligands surrounding the Mn*" is assumed not to be changed. Based on this



model and using two sets of parameters for the O% displacements, it is clearly shown
that the absorption band at 580 nm belongs to Mn** and the one at 680 nm to Mn®".
Mn?* should be also present in these materials according to the literature, however,
the d-d transitions of the Mn?" ions are not observable because they are spin
forbidden.

During the n-butane isomerization at 373 K, SZ loses more than 95 % of its activity
within 16 hours while the manganese is not reduced by more than 20 % of its initial
oxidation state. Manganese reduction is thus not responsible for the deactivation of
manganese-promoted sulfated zirconia. Furthermore, none of the unsaturated
species, formed in the case of unpromoted sulfated zirconia, are detected in the UV-

vis range of the spectra during reaction over manganese promoted sulfated zirconia.



Abbreviations

Abbreviations

SHZ Sulfated hydrous zirconia

Sz Sulfated zirconia

MnSZ Manganese sulfated zirconia
PtSZ Platinum sulfated zirconia

RuSz Ruthenium sulfated zirconia

t tetragonal

m monoclinic

wt.% weight percent

vol.% volume percent

UV-vis-NIR Ultraviolet-visible-near infra red
DRS Diffuse Reflectance Spectroscopy
DRA Diffuse Reflectance Attachment
KM Kubelka Munk function

TOS Time on stream

R % Reflectance

T Temperature

GC Gas chromatography

FID Flame ionisation detector

TCD Thermal conductivity detector

RF Response factor

GC-MS Gas chromatography-mass spectrometer
XANES X-ray absorption near edge structure

ODH Oxidative Dehydrogenation
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Chapter 1: Introduction

1.1. Introduction

Skeletal isomerization of linear short chain allame an important reaction in petroleum
chemistry. Because of their high octane numbemdired alkanes improve the combustion
properties and are desirable as fuels. Alternatjviley can be further converted to other
chemicals. Isobutane, which has a research octam&er of 100.4 is not added directly to
gasoline but used for the production of alkylate-@fter dehydrogenation — for the synthesis
of ethers like methyt-butyl ether (MTBE)®. The isomerization of the reactant molecule of
interest in this thesisp-butane, has the following thermodynamic data unstandard
conditions (298 K and 101 kPa): reaction enth@ipy® = -7 kJ mof, reaction entropp,S° =

15 J K mol™, and Gibbs free energyG® = -2.3 kJ mot.

Isomerization oh-butane:

N-CiHio ——— i-C4Hypo

Low temperatures (200 — 500 K) are desirablenfbutane isomerisation, as the equilibrium
is shifted towards the desired product (branch&edra). This required low temperature can
be seen in Figure 1 - 1 which represents the égiuin composition for butane as function of
temperaturé

100

The alkane isomerization is also

80 catalyzed in liquid phase by using
© strong acids such as HF/SbF
S 60
= RSGH/Sbk (R = GH2n+1), CRSOH
8
S 40 and HSQF*. However, these acids are
L not as friendly as they cause corrosion,

handling and disposal problems;

0

200 300 400 500 600 700 separation of the catalyst from the
Temperature / K i
product is also a source of problems.
Figure 1 - 1. Equilibrium compostion for n-

butane/isobutane isomerization as a function of ENvironmentally friendly heterogeneous
temperature (the temperature dependence of the

reaction enthalpy was neglected) catalysts are thus subject of attention.

For several years the alkane
isomerization reaction has been industrially penfed using platinum on chlorided alumira
(393-453 K) or zeolites (533 K) in presence of iH the feed to achieve stable catalytic
operation. However, for the former catalysts, atiomous supply of chlorinated compounds
is needed and for the zeolite-based catalyst, wiichnvironmentally friendly, a higher

temperature is requirdHence, there is an ongoing search for bettetysisa In 1962, Holm
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and Bailey discovered that platinum-doped sulfated zirconsa active for skeletal
iIsomerization and filed a patent assigned to PisilPetroleum. It was only in 1979 and 1980,
when Hino and Arafs claimed sulfated zirconia (SZ) is active for ikemerization of-
butane at room temperature, that the catalyst dmewe attention. Because butane is
extremely difficult to isomerize, this discoverydléo the current great interest in this class of
materials

As the role of platinum and hydrogen is not cleathie stabilization process, SZ was selected
for this thesis as an example to identify the reasor deactivation in absence of platinum
and hydrogen in the feed. The suspected reasonkeéativation are several, but hydrocarbon
deposits®***?and water® adsorbed on the surface have been most frequenipsed.

1.2. Sulfated zir conia deactivation

Isobutane formation is favored at low temperat@wel@own in Figure 1 - 1 at which SZ is an
active catalyst. SZ can be promoted with differeansition metal catio$and this leads to
an increase in the catalytic activity of the casallyy 1 or 2 orders of magnitudeLangeet
al. reported that the effect of promotion on the maximactivity follows the trend

Mn > Fe>> Co>> Ni> Zn.

However these catalysts suffer from deactivatiosrasvn in Figure 1 - 2.

L 1ps0] 2% MnsZ, 323K Several reasons have been proposed to
- d - . - - - -

2 1000 explain this loss in activity: (i) carbonaceous
S 1

S ol deposits®*+213 (i) surface poisoning by
S o

IS wateP 13181718 (iiiy reduction of the sulfate

. ° SZ,373K

£ % ° ' . . .

g el \ group”® and HS formatior®, (iv) change in

B 0% . .

g the surface phase of zirconia from tetragonal
& 0 4 8 12 16

Time on stream / hours to monoclinié* and (v) reductioff of zr**

to Zr** but so far this is only speculation as
Figure 1 - 2: Typical reaction profile of SZ and

MnSZ. Reaction conditions: both catalysts were N0 proof has been found for this reduction.

activated under O, at 723 K for 30 minutes. . 23 .
Reaction under 5 kPa n-butane diluted in N, at For promoted SZ, Milleet al™ explained

373K for SZ and 323K for MnSZ. the deactivation by the reduction of the Fe
promoter in the Fe-containing SZ. However,
Yamamotoet al?* refuted the idea that Fe has been reducenttytane as no changes in the
Fe valence was observed. For the Mn promoted SZ&rumdbutane exposure, no direct

correlation has been found between the deactivatointhe catalytic performance.
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1.2.1. Carbonaceous deposits

The alkane isomerization on the solid acid catafy&twas first believed to proceed via
carbocation-like intermediatés in analogy to the isomerization of alkanes inuikt

superacids. Many authéfé’#

classified SZ as superacid on the base of theasiiigations
using Hammett indicators. The carbenium ion isfthal product® of a protolytic activation
of a C-H bond via formation of a carbonium ion wéttpentacoordinated carbon atom, which
releases K However, this mechanism is subject for controyensthe case of SZ which is
proved not to be a superatid®but a strong acid. Investigation into the actdssivas carried
out by using probe molecules such as pyridine a@da@d most of the time these studies
were combined with IR; and it resulted that thed@giof the sulfated zirconia is linked to
either its Brgnsted or Lewis acid sites.

The carbenium ion has been proposed to be formed)bgctivation via direct hydride
abstraction by Lewis acid sités> (ii) protonation on Bransted acfdsites of alkenes
impurities that the feed might contain and (iii)idetive dehydrogenatidn of the alkane
implying that the alkenes are generated duringrédaetion but not provided by the feed
(Figure 1 - 3). The alkenes can then be dehydrdgdnaecause of the strong acidity of the
catalyst that the formation of oligomers, polymamnsl aromatics compounds can be imagined.
They are adsorbed on the catalyst surface andlackifg the active sites; resulting thus in
the decrease of the catalytic activity.

Up to now, the skeletal rearrangement of alkanestils under debate. Different reports
proposed this rearrangement can proceed throughnimolecular (intramolecular or

monomolecular) or / and a bimolecular (intermolacumechanism. Gariet al®

performed
some experiments on sulfated zirconia and platimuemoted sulfated zirconia withCy-
butane and*C,-methyl-2-propane. The isotope distribution in theoducts shows an
intramolecular rearrangement. In contrast, Adestval®” showed, using doubféC-labelled
n-Cs (**CHs-"2CH,-*?CH,-*CHs) on sulfated zirconia and by studying the reacpooducts
(reaction at 403 K) with a mass spectrometer, tiiatreactant isomerizes via a bimolecular

mechanism, in which agintermediate is involved.
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Figure 1 - 3: M echanism of n-butane isomerization with three proposed possibilitiesfor theinitiation step

Chenet al'® first reported the deactivation of the SZ undédmutane (9 kPa) isomerization at
523 K as a result of hydrocarbon deposits on thiase. Their UV-vis spectra obtained at the
end of the reaction show an intense band at 292hamnthey ascribed to allylic species.
Spielbaueret al'! performed a similar reaction (8.5 kR&C4 in He) on SZ in a temperature
range of 393 - 473 K. After the reaction, using Mi¥-diffuse reflectance spectroscopy
measurement, they obtained three bands at 306ar8@00 nm. They assigned the first band
position to allylic cations; the one at 366 and 400 are ascribed to polyenylic cations and
aromatic compounds. Based on gOBexchanged solid acid H-USY and isobutane at 373 K

study, Sommeet al

observed a band at 292 nm that they ascribeddomsntenyl cations,
and later after several cycles, they also obsethedormation of polyenylic and aromatic
ions. Up to now, only one papéreported the formation of surface deposits duiingitu
UV-vis diffuse reflectance spectroscopy (DRS) oé thbutane isomerization on sulfated
zirconia, and they are consistent with the previauthors which impute the deactivation of
the SZ to the formation of allylic species. Theigssient of the species observed after
butane isomerization on SZ, are for the most padeld on investigations of propene
adsorption on zeolitic materials. Three bands enrdinge 290-330, 350-380 and 430-460 nm
are developed and assigned to mono-, di- and titecgrbenium ion¥*04+42

However, the correlations between the informatibtamed by the spectroscopic data and the

activity of the catalyst during the reaction amited.
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Besides the hydrocarbon deposits on the surfadbdeotatalyst, which is one of the most
reported reasons for deactivation, water adsorbati@surface of the catalyst is also reported

to be responsible for the deactivafivtf’ 843

1.2.2. Water

The role of water is debated, as water (i) is alvibmponent in the initiation part of time
butane isomerization, but (ii) can act as a poisben it is in excess. Several reports were
published to explain the role of water in alkanemerization on SZ at low temperature.
Several groups support the idea that the carbemums formed through butane oxidative
dehydrogenatioi****4*4¢(ODH). Then-butane ODH (Figure 1 - 3) produces water and
butenes. Besides being a product ofrésgctiort’, water is also initially present the catalyst
which is hydrophilic, and is also reported to bpassible poison for the active sitésThus,
the activation atmosphere (He of, KD,, H,) and temperatufé*®are important parameters for
the degree of surface hydration of the cat&ly8eand for the catalyst activity respectively.

For instance, Gonzalezt al*® claimed that a water concentration of Zfol g*is optimal

while Song and Kyd¥ reported a best catalytic performance on SZ at/#0fl g™. A

decrease in the water content of the activatedysataesults in a decrease of Brgnsted acidity
and an increase in Lewis acidity. Sohgxplained that an active catalyst should contain a
ratio Brgnsted to Lewis acid sites 2:1. This ratold be achieved in presence of water. The
reaction ofn-butane isomerization on sulfated zirconia is thiependent on the level of
hydration of the catalyst.

Werr?, Dumesic®!"*8and Sontf reported the positive effect of water on the iitin part of

the reaction. Dumesiet al*®!’

showed the importance of the water content byiugryhe
temperature of calcination; and by adding succefsia certain amount of water (74
umol g™ H,0) until a maximum catalytic activity (5256mol g *h™isobutane) was reached
duringn-butane isomerization (10 kPa at 423 K).

However, Dumesi¢*"*®and Song and Kyd@also claimed the negative effect of adding too
much water on the catalyst: a small amount of wiadésra promotional effect on the catalytic
activity of the Sz (7%mol g™ of water to obtain the maximum activity), but agthér
amounts the water acts as a poison of the cataB@melli et af®. speculated, without
showing any data corroborating this assumptiort, tthe partial transformation of Lewis into
Bragnsted acidity in the presence of water can @xphe deactivation of sulfated zirconia. In

2004, the activity response of the SZ catalysetalfcontaining water during a pilot plant test
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was described in an abstract by UOP PECrhe addition of 30 wt-ppm water results in a
significant performance loss at 436 K. Howevers therformance lossan be minimized by
simply raising the reactor temperature (450 K) fanally, when the dry feed is re-introduced,

the performance is fully recovered. éfi al*®

reported an in-situ IR investigation ofbutane
iIsomerization on SZ at 373 K. Formation of wateohserved with the increase in intensity of
the band at 1600 chmwith time on stream, which is ascribed to watefod®ation.
Additionally the IR band at 3580 ¢hcorresponding to the OH stretching vibration aftev,
alsoincreased in intensity. The water was formed onigirgy the induction period and once
the steady state had been reached, the rate ahatation of water was significantly slower.
These authors concluded, based on their datantbatane isomerization was initiated by
ODH. Kloseet al*® also reported adsorbed water on the catalystcidaring the induction
period of then-butane isomerization on SZ; and this water is ity a product of
oxidative dehydrogenation.

Up to now in the literature, there is not a directrelation between the actual water content

and the catalytic performance of SZ.

1.2.3. Reduction of sulfate

The reduction of sulfate takes place during th&gation through ODH. Once the carbenium
ion is generated, an infinite number of skeletairierization cycles is possible. The reduction
of sulfate cannot be thus the reason of deactwatio

The ODH pathway was recently supported betal*® . They could detect the three products
of oxidative dehydrogenation during reactionrebutane isomerization, which are butene
(from n-butane temperature programmed reaction spectrgisctgpmation of water (byn
situ IR spectroscopy) and reduction of sulfate (by ritedly desorbing the various sulfur
species). At high reaction temperature, 523 K, rduthen-butane isomerization on SZ, Ng
and Hovart’ detected hydrogen sulfide in the reactor prodasttyy bubbling the gas through
a solution of Cd(@CCH3), and analyzing via GC-MS. This hydrogen sulfide hssfrom a
sulfate loss which then reduces the acidity ofdhtalyst (Brgnsted sites) during the initiation
step. However, Kloseet al® investigated the deactivated manganese promottaitesii
zirconia, MnSZ, after exposure to 5 kRdutane at 323 K. After regeneration in of the
deactivated MnSZ, they did not find any evidencsufur loss; meaning here that the reason

of deactivation can not be sulfur loss.
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1.2.4. Phase change

Zirconia is a polymorphous material: monoclinidragonal and cubic. The monoclinic phase
which is stable at room temperature transforms tht® tetragonal phase at 1443 K. The
tetragonal phase can then be transformed intoubie phase at 2643 ¥.The tetragonal and
cubic phases can be stabilised at room temperdiyréhe addition of various dopants
(including sulfate® and also crystallite size effects (by < 30 nm dizeystalsj’
Metastable cubic and tetragonal sulfated zircomaa&tive isomerization catalysts, whereas
monoclinic sulfated zirconia has been reportedednactive® or 4-5 times less active than
tetragonal zirconf§. Morterra et al®® reported that the sulfated cubic (yttria-stabifize
zirconia is even more active than the tetragomabnia. The desirable SZ consists of zirconia
in a tetragonal nanocrystalline strucfiir€ with sulfate on the surface. Phase changes of
zirconia can lead to the deactivation of the cataly

12 claimed that the SZ deactivation is due to a serfzhase change from tetragonal to

Lieta
monoclinic. They established a correlation betwidendeactivation of SZ catalysts after
butane isomerization at 453 K with the zirconia ggh@hange observed by recording UV

Raman spectra.

1.2.5. Reduction of Zr*

The reacting hydrocarbons can act as reducer.nitbeaassumed that they reduced’Zo

Zr¥*. However it is difficult® to reduce Z¥ to zr*".

1.2.6. Reduction of promoter

The faster deactivation and the drastic loss incdialytic activity of manganese promoted
sulfated zirconia than the one observed with the promoted catalyst, is not understood. It is
accepted that butane is activated through ODH e giater and butenes together with the
reduction of the catalyst. Millett af®. suggested the deactivation of the Fe promoteisSZ
due to the reduction of the promoter; results efuly Yamamotd. Data for the changes in
the promoter valence as a consequence of a pdtemid are controversial.

The role of activation atmosphere was observed bggSand Kydd. The activation
atmosphere, He or air, did not affect the actieityhe unpromoted SZ; while activation in air
resulted in a higher activity of the iron manganpsemoted sulfated zirconia than activation

1% believe that the activation of the Fe-Mn promasatfated zirconia at high

in He. Wanet a
temperature in air generates a rather labile battnee oxy species. These resulting oxy

species could then play a role in providing anahibxidative dehydrogenation afbutane to
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butene at room temperature (303 K). Jengofal®® reported that duringx situexperiments
(1% n-butane in N at 338 K) with Mn-promoted SZ samples activatedrmynnitrogen at

723 K, Mn was reduced. The same autfforsported the results of an situ XANES study

of Mn in promoted SZ catalysts. Here it was fotinat Mn in 2 wt% MnSZ catalysts does
not act as a stoichiometric redox-active initiatar e.g., an oxidative dehydrogenation
reaction. Furthermore, they showed that a hightanea directly prior to reaction correlates
with a higher maximum conversion. It was also shawat the average valence of Mn
depends on the presence of sulfate in the catalyst.

Manganese is not reduced during the reaction ahészation but manganese promoted
sulfated zirconia deactivates. Other reasons nhust éxist to explain the deactivation of this

promoted catalyst.

1.3. Scientific aims and strategy

SZ deactivates within few hours on stream, andldss in activity is reported to be mainly
due to unsaturated species deposited on the dasaifface. Additionally, water adsorbed on
the surface of the catalyst is also reported t@aet poison in this reaction.

This work has the objective to contribute to thelenstanding of the deactivation process by
studying the carbonaceous deposits and water famaluring the reaction of-butane
iIsomerization on SZ. For this purpose, manganesengied and non promoted sulfated
zirconia were prepared and characterized follovengocedure validated by a previous PhD

dissertation from the grofip

1.3.1. Selection of samples

SZ is an attractive catalyst forbutane isomerization at low temperatures. The mar rate
of isobutane can be improved by promoting SZ withnganese. As the manganese-
promoted and unpromoted sulfated zirconia, MnSZ @Addeactivate; their activity can be

stabilized by adding some modifiers to SZ, Pt andilke, and hydrogen to the feed.

1.3.2. Selection of reactants

For the present worky-butane which is in gas phase was studied aseisy to handle; but
the mechanism is complicated to study. The mechenfsr the longer chain hydrocarbams
hexane anah-heptane are better understood. These hydrocamseres thus chosen to study

the deactivation kinetic.
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1.3.3. Sdlection of methods

Understanding how the activity and selectivity ko tatalyst in a catalytic reaction depend on
its structural and electronic properties is onéhefmajor goals in catalysis research. This can
be achieved by studying catalytic materialsitb\gsitu spectroscopy in combination with gas
chromatography (GC).

Spectroscopy in the ultraviolet (UV), visible (vighd near-infrared (NIR) region of the
electromagnetic spectrum is often called electrospectroscopy because electrons are
transferred from low energyH{ghestOccupiedM olecularOrbital -HOMO) to high energy
(L owestUnoccupiedViolecularOrbital-LUMO) when the material is irradiated byHig This
electron transfer occurs in (i) transition metah icomplexesd-d transitions and ligand to
metal or metal to ligand charge transfer transgt)pand (ii) inorganic or organic molecules
(mainly n - 1 and 1 - T¢* transitions). This electron transfer in the U\swange is
responsible for the colour of matter. In the NIRga it is additionally possible to study the
vibrational transitions of species. Thus, UV-viesposcopy is a method used for several
applications.

Solutions and gases are investigated by transmisgpectroscopy, which is quite difficult
with powders and solids, due to problems with ligittattering phenomena. Because
transmission can be low with powders and the saréddhe powders is matt (dull, scattering
surfaces); the reflected light is studied. Theusi#f reflected light can be collected by the so-
called Diffuse Reflectance Spectroscopy technique.

UV—-vis—NIR spectra contain information on the cgdalitself via the electronic and
vibrational transitions of the species presentdation state and coordination can be obtained
from d-d and charge transfer transitions; dispersion opetpd oxidic or metallic species
can be estimated; and the band gap of semiconductor be determined. The nature of
functional surface groups can be deduced from omertand combination modes of their
vibrations. Also, surface adsorbates — probestaats; products, intermediates, side products
— can be detected; if they contain chromophoriaigror vibrational pattern with pronounced
overtone and combination modes. Unsaturated spesf@gsh contain carbon-carbon double
bonds, can be highly conjugated so that aromatwmspounds can be forme&everal
research groups adsorbed propene on a zeoliteeaoded the formation of allylic spectés
polyenylic cations and aromatic compoutid® explain the deactivation of the catalyst.
Moreover, water, which can be detected in the NiRge by its vibrations, is also reported to

be a reason for the deactivation of the catalygragosed by Comelét al*®,
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As we are interested in the deactivation procesmglun-butane isomerization on SZ by
possible formation of unsaturated species or waltév;vis NIR spectroscopy is the
appropriate method.

It is known that some of the surface species orc#talyst are very reactive and can be easily
transformed when are exposed to air. Thereforg, hlage to be studied in situ; so in situ UV-
vis-NIR spectroscopy is applied in the present work

In addition to the spectroscopy, the catalytic penfance of the catalyst was investigated by
analyzing the effluent gas via online GC. This meéthwas used to detect the reaction
products and to study their formation with timesbtream.

A direct correlation can thus be drawn betweensingace changes and the activity of the

catalyst.

1.3.4. Prevention of deactivation and stabilization: an exploratory study

The activity of SZ can be stabilized by adding adifier, platinum, to the catalyst. The
presence of hydrogen in the feed with a Pt prom@&d(PtSZ) catalyst is essential to
maintain the catalytic activit§. Besides platinum, ruthenium is alternatively yseetause,
different from platinum which can isomerizealkane&®’® it will not contribute to the
product formation as it does not catalyze alkanemerization (it has hydrocracking
properties). Moreover, for economical reasons, Bind cheaper than Pt, it is interesting to
investigate also RuSZ in the short alkane isomgdaa Furthermore, Hino and Aratd?
claimed that ruthenium promoted sulfated zircorfiu$%Z) is a highly active superacid
catalyst for the isomerization of butane to isohataith He as carrier gas. In our case, RuSZ

deactivates so the kinetics of the deactivatianvsstigated.
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Chapter 2: Synthesis and characterization

2.1. Synthesis of Sulfated Zirconia Catalysts

2.1.1. Characteristicsand drying procedure

Different routes of preparation of the sulfatectaitia are reported in the literatbi@nd they
can be generalized as follows: (i) Precipitatioa Wydrolysis of zirconium salt solutions
followed by sulfation. Ex. ZrOGl or ZrO(NG;),; (i) sol-gel synthesis from organic
precursors and (iii) thermal decomposition of zmicon sulfate. SZ, obtained by calcination
after sulfation, is a solid acid catalyst and tgflic contains 5-6 wt % S sulfate which
increases the Lewis acid sites, thus the activiitthe SZ. Many models - the tridentagnd
bidentaté monosulfate, and the tetradentate pyrosififateave been proposed for the sulfate
structure. Thus, the target in the preparationeafithe catalyst is to obtain a tetragonal ZrO
which is metastable and stabilized at room tempegdiy addition of sulfate.

A commercially available starting material (prearjs sulfated hydrous zirconia (MEL
Chemicals XZO 682/01), served as the raw matefials material has a particle size of
15um, contains water and, according to the manufacthaes the approximate stoichiometry
ZrO, * 2.5 H,0O (ZrO, content 70-80 wt %). This sulfated hydrous zireofiSHZ”) contains
(NH4)2SO, equal to a S@content of 5-6 wt% on Zr For further use, a portion of 20 g of
the precursor was dried (drying oven) at 383 KZbrh and cooled to room temperature in a

desiccator. During this drying procedure, the makdost 17-18 % of its weight.

2.1.2. Preparation of Mn-promoted sulfated hydrous zirconia

Dried SHZ was used and Mn(N@was employed as the promoter source. For theiaddit

the promoter, 0.5 and 2.0 wt% Mn, the incipientrvess method was chosen, as described
elsewherg®. Mn (Il) nitrate was dissolved in just as much evads necessary to wet the
required amount of support. This solution was théded drop-wise under vigorous stirring to
the dried precursor. The resulting powder was drédroom temperature before the

calcination procedure.

2.1.3. Calcination of non-promoted and promoted sulfated hydrous zir conia

The sulfated hydrous zirconia or the Mn-promotelfiased hydrous zirconia was loaded in a
quartz boat with a volume of 17.1 mL and 2 mm thiclls. The boat was completely filled
with about 20-25 g of precursor and was placed &9 mm |.D. quartz tube, which turn

was placed into a tubular furnace (Heraeus RO 4/25)
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The un-promoted starting material was calcined3fér at 823 K while the promoted sample
was calcined at 923 K (3 K/min ramp) in a flow dd2mL/min synthetic air to obtain
sulfated zirconia (SZ) or manganese-promoted mdfairconia (MnSZ).

2.1.4. Preparation of Pt/Ru-promoted sulfated zirconia (PtSZ and RuSZ)

The incipient wetness method was used to add 0% ®t or Ru to calcined SZ.

H,PtCk. 6 HO and RuCJ were used as promoter sources. Each promoteresaonra powder
form, was diluted to obtain an aqueous solutio @ft% Pt or Ru. Only the required amount
of metal was added drop-wise to the dried and m&dtiSZ under gentle stirring before the

calcination and reduction treatment.

2.1.5. Calcination and reduction of the Pt- and Ru-promoted sulfated zir conia

PtSZ or RuSZ were obtained by a calcination fooGrk at 573 (5 K/min ramp) in a flow of
synthetic air, theiwooled to room temperature under helium, beforagbbeated in hydrogen
at 573 K for 3 hours. The total flow of each atnto=e was 40 mL/min. The catalyst was
loaded in a Pyrex tube of 34 cm length and 28.4immar diameter. The tube was then placed

in a tubular furnace.
2.2. Characterization

2.2.1. X-ray diffraction (XRD)
The X-ray diffraction (XRD) measurements were perfed on a STOE STADI P
transmission diffractometer equipped with a primérgusing Ge (111) monochromator (Cu
Ka; radiation A = 1.542A) and position sensitive detector.
Scattered monochromatic X-rays are diffracted atiogrto Bragg's law:

M = 2d si®
where n is the order of reflection (usually assumi¢dA is the wavelength of Cu dg
radiation, d is the lattice spacing, éh&ragg’s angle at which diffraction occurs.
From the diffractograms shown in Figure 2 - 1 @b de seen that the catalysts contain mainly
the tetragonal phase (SZ has about 2 wt% my&rd MnSZ with 2 wt% Mn loading has less
than 1 wt% m-ZrQ values determined by Rietveld fit), which corresgs to the desired

phasé and is required for the reaction of isomerization.
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It is known from the literature that besides
/ T ——SzZ(823K) promoting the activity by 1 to 2 orders of
MnSZ (0.5 wt% Mn)
MnSZ (2wt% Mn) magnitude, Mn stabiliz&sthe tetragonal
phase (t-ZrQ of the ZrQ. Only the 0.5

wt% Mn loading leads to a small amount

600

of monoclinic phase (c.a. 5 wt%, green
diffractogram) which means that the
loading of Mn was not high enough to
0 20 40 60 80 100

20 completely stabilize the tetragonal phase

of ZrO..
Figure 2 - 1: X-ray diffractograms of promoted and
unpromoted SZ

2.2.2. Surface area by nitrogen adsor ption

Porosity and surface area influence the propeatielsperformance of catalysts strongly.

The Brunauer-Emmett-Teller (B.E.T) equation is tm®st commonly used analysis of
adsorption data to determine catalyst surface aBIaE surface areas were measured after an
outgasing procedure in vacuo at 523 K for 3 h,gisifQuantachrome Autosorb apparatus and

a multipoint method.

Catalysts e (K) Surface area (frg?)
SZ 823 150

0.5 MnSzZ 923 103

2.0 MnSZ 923 101

0.5 PtSZ 823 and 573 131

0.5 RuSZz 823 and 573 134

Table 2 - 1: Specific surface area of promoted and unpromoted SZ. 0.5 PtSZ and 0.5 RuSZ were calcined
twice and heated in a hydrogen flow

The surface areas values in Table 2 - 1 are censistith the values found by KloséThe
Mn-promoted sulfated zirconia has a lower surfaea @éhan the non-promoted SZ because of

the higher calcination temperattite
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2.2.3. Sulfate content by ICP-AES
ICP-AES stands for Inductively Coupled Plasma —mitoEmission Spectrometry. ICP-AES

is a type of emission spectroscopy that uses plasmaroduce excited atoms that emit
electromagnetic radiation at a wavelength charetiiof a particular element. The intensity
of this emission is indicative of the concentratadrihe element within the sample.

In our case this technique gives the sulfur, Steranthat can be converted to sulfur trioxide
SG; content (wt%). The order of magnitude of the delfaontent usually corresponds to
several wt% S@in the final catalyst. The most common calcinatiemperature ranges from
823 to 923 K. The typical sulfur content of SZ fisd range of 0.8 — 3 wt¥hto obtain an
active material. In this study, as Table 2 - 2 shothie necessary 3@ontent is achieved.
These values show the loss of ;S&dter calcination (before calcination the $S€ntent is

about 5-6 wt%) and afterbutane isomerization.

Catalysts Composition of the Catalysts - Content in %

S SQ Mn Pt C

Sz fresh 1.53 3.82 - - -
After reaction <0.20 <0.5 - - <0.30

MnSZ fresh 1.81 4.52 0.48 - -
(0.5 wt% Mn)| After reaction 1.70 4.25 0.48 - <0.30

MnSZ fresh 1.92 4.80 1.85 - -
2 wt% Mn After reaction 1.86 4.65 1.83 - <0.30

PtSZ fresh 1.46 3.65 - 0.59 -
(0.5 wt% Pt) | After reaction 2.57* 6.42* - 0.60 No data

Table 2 - 2: Composition of different catalysts before and after 18 h on stream n-butane isomerization (5
kPa) in N, at 373 K. The valueswith * are not under stood.

2.3. Conclusions

The synthesized catalysts were characterized andesults obtained are consistent with the
literatur€. The diffractograms prove that the SZ catalysts muetastable as they consist
mainly of the tetragonal zirconia phase. For maegry it was believed that the tetragonal
phase is necessary for the catalytic activity efghlfated zirconia in-butane isomerizatidn

more recent work revealed that monoclinic and c@#ccan also be active in this reaction
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The surface areas are consistent with those obtainefar in the group and the sulfate

contents are in the optimal range for a good cttaperformance of S2.
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Chapter 3: Apparatus testing and validation

3.1. Motivation

Unless special measures are taken, sulfated zacateactivates duringn-butane
isomerization. Of the many reasons claimed for dbactivation, the formation of surface
deposits (“coke”) is most commonly reported andribture of the coke (allylic cations) was
investigated by Cheet al. after the end of the reaction with UV-vis spestmpy. A second
speculated reason of deactivation is the formatibmdsorbates, namely watemwhich is
detected by NIR spectroscopy. However, there anedeperiments in the literatuté that
connect the reaction profile consisting of induestiperiod, maximum conversion and
deactivation of the catalyst to spectroscopic adii@ined in situ. To overcome this lack of
correlation, and investigate the deactivation ef ¢atalyst, chromatograms and spectroscopic
data are recorded simultaneously duringputane isomerization on non-promoted and

promoted sulfated zirconia.

3.2. System requirements and apparatus

The reaction of interest is the isomerizatiomdfutane at low temperatures (323 and 373 K)
after activation of the catalyst at 723 K. The teashould then be able to operate in the
range temperature from 303 to 723 K to allowsitu activation. As the activation and

reaction atmospheres can vary, a gas delivery mystgth activation and reaction parts, is
required. The spectroscopic data are recordedaniarkin Elmer spectrometer, Lambda 950.
The analysis of products of reaction, on line, reggua gas chromatograph (GC), which can

separate and detect the different hydrocarbonst(alk@anes and alkenes) and their isomers.

3.2.1. Experimental set-up

Figure 3 - 1 shows a scheme of the whole set-uptwtonsists of a gas dosing systemiran

situ cell combined with a spectrometer and an instrurteeanalyze the gas product. Most of
the tubing is made from stainless steel (Dockweilé8” x 0.56 mm) apart for the tubing

carrying the product of reaction to the on line G@alysis, which is a copper line
(Dockweiler, 1/8”"x 0.71 mm). The lines carrying the gases first sortactor and then to the
GC are heated at 313 K to prevent condensatiommisof the compounds. For activation
and for reaction, nitrogen, helium, oxygen and bgen (all 99.999% purity) are provided by
Westfalen. The feed which is composed of 5 vai%utane (99.95% purity from Messer
Griesheim, Westfalen or Air Liquide) in nitrogerelium or hydrogen, was either pre-mixed

industrially or self-mixed in the laboratory. Therde variety of gas providers is explained by
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the different contracts that the Max Planck Societtablished in the course of this thesis.
Seven three-way valves (Parker) allow the choicevéen the different activation and
reaction atmospheres, whereas two four-way valV@€I( Valco Instruments) allow the
activation of the catalysts while the feed strearanalyzed by the GC. To remove particulate

matter, all gases flow through filters (Swageloku™m) before they reach the mass flow
controllers (Bronkhorsty\p = 2bars). Six check-valves (5-10 PSI) prevent any backflofw
the gases. In the tubing connecting itheaitu cell and the GC, a filter (2: m) and for some

experiments a check-valve (Swagelok, 1 PSI) areeplao prevent the presence of any

particles in the analyzing system and backflowad tp then situ cell.

Pre-treatment Reaction
Olzz |02 N,/He
H. %F Feed
¥ Calibration
S
| MFC 1| | MFC 2| | MFC 3| | MFC 4” MFC 5|
\ /
[\
exhaust |
Reactor cell in
b‘(} & lambda 950
*— MS
GC Mass Spectrometer
Gas Chromatography
Particle filter X Check-valve xd 3-Way-valve
@® Gas mixture ‘ 4-Way-valve ><q 2-Way-valve

Figure 3 - 1: Scheme of the experimental set-up
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3.2.2. In situ Diffuse Reflectance Spectroscopy (DRYS)

3.2.2.1. The spectrometer

In situ diffuse reflectance UV—vis—NIR spectroscopy wasfggened using a PerkinElmer
Lambda 950 spectrometer equipped with a Harrick Praying MeMtiDRP-P72 accessory
and HVC-VUV reaction chamber (Figure 3 -2). The mamponents of the Lambda 950 are
the light sources, the double monochromator andd#tectors. The excited,Dnolecules
from the deuterium lamp are dissociated into ercdideatoms; which emit strongig the UV
(200-400 nm). The tungsten-halogen lamp emits gtyobetween 320 and 2500 nm (the
visible and NIR ranges). Two sets of holographiatiggs can be differentiated: 1440

lines/nm for the UV-vis and 360 lines/nm for theRNI A photomultiplier is used for

detection of the radiation in the UV-vis range (2@H50 nm) and a PbS detector is used in the
NIR range (860- 2500 nm).

Figure 3 -2 : Photo of the spectrometer Lambda 950 (sample compartment) including the diffuse
reflectance attachment (Praying Mantis'™) and the reaction chamber (on theright).

3.2.2.2. Diffuse reflectance attachment

The optical configuration of the Harrick Praying Mia™ diffuse reflectance attachmé&nt
(DRA) is shown in Figure 3 - 3. The DRA incorpomsatevo 6:1 90° off-axis ellipsoidal
mirrors (M3 and M4), which are arranged with a caonnfiocal point S. Mirrors M1 and M2
transfer the spectrometer beam to the first ofehmsrors, M3. This ellipsoid mirror focuses

the beam
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Defector

Figure 3 - 3: Optical configuration of the DRA

3.2.2.5. Thereaction chamber

on the sample while the ellipsoid M4
collects the diffusely reflected radiation
from the sample. This radiation is then
directed by mirrors M5 and M6 towards the
detector.

In addition to the DRA, the equipment incorporatesreaction chambér(HVC-VUV)

constructed of chemically resistant 316 stainléssl swhich can be heated up to 873 K.

Orientation slot

Cooling
water

Figure 3 - 4: reaction chamber (HVC-VUV)

This reaction chamber (Figure 3 - 4) features
() a sample holder that is part of a

temperature-controlled sample stage, (i) a
removable dome and (iii) three gas ports for
flowing gas through the sample. The sample is
loaded on a wire mesh in the sample holder.
Thus the gas can flow through the sample and
the reactor can be assimilated to a fixed-bed
reactor.

The sample stage incorporates a cartridge
heater and K-type thermocouple. Furthermore,

the stage is thermally isolated from the outer

chamber. The reaction chamber includes two quaitmaws and a glass observation

window. These windows are mounted in the removakdénless steel dome using o-ring
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seals. A water-cooling jacket is provided to cohtle temperature (set at 313 K for this

work) of the outer chamber and windows during Heghperature operation.

3.2.2.6. The temperature controller

As described earlier, the catalysts are activaté@3a K and the reaction takes place at 323 or
373 K. A temperature controller is then necessarintrease and decrease the temperature
with a defined rate. As there is a difference betwthe temperatures recorded by the K-type
thermocouple placed on the bottom of the reacti@ntber and the actual temperature on the
surface of the catalyst, some corrections (Tablel} were applied to achieve the desired
temperature. These set temperatures were obtayetdrbducing a thermocouple from one
of the exhaust gas ports through the sample, S&hwhas loaded in the sample holder; and
then the thermocouple was slightly bent to readh ghrface of the catalyst. The values
measured by the additional thermocouple were coedpar the values obtained by the K-type
thermocouple placed on the bottom of the reactioantber. Some literature reported the

correction applied to achieve the correspondingetatemperature.

Target temperature (K)Set temperature (K))
323 323
373 423
423 473
473 523
523 573
573* 673-698*
673* 843-853*
723 823

Table 3 - 1: Corrections applied to the set temperature (sample cup) to reach thetarget temperature
(sample surface) for the activation or thereaction processes. The values highlighted in yellow are taken
from Gao et al.®

By using a Harrick DRS cell (HVC-DR2) with a DRAaGet al.? studied the oxidation of
propane over zirconia-supported vanadium oxide lysita They reported a difference
between the temperature of the sample cup, ma@aioand the temperature recorded at the
surface of the sample powder. They explained thigation in temperature by the fact that the
sample cup has an excellent thermal conductivityabsmall heat capacity; thus the sample

cup heats up faster than the sample that it cantéthen the YOs content (%) or the gas
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mixture was changed, the set temperature to réeckatget temperature of 573 K, which is
varying between 673 and 698 K, had to be adaptedy $ample surface temperature of 673 K
a temperature of 843-853 K at the sample cup wesssary. However, in our case the values
applied to the set temperature to reach the tamgaperature are not similar to the one
obtained by Gaet al. as shown in Table 3 - 1.

3.3. Data acquisition and spectra analysis

3.3.1. Product analysis by gas chromatography

For a better understanding of the changes occudummng the reaction of isomerization, the
catalytic performance is correlated with spectrpscaata. For this purpose, the effluent gas
from thein situ cell is analyzed on-line by GC. A Varian 3800 G@swequipped with a
Chrompack capillary column (PLOT Fused Silica tyges a length of 27.5 m and an inside
diameter of 0.32 mm. The components injected oht dolumn are separated and thus
detected as they exit the GC column. The thermatiactivity (TCD) and mainly the flame-
ionization (FID) detectors were used for the préseork.

3.3.1.1. Diffusion limitations

This part of the work has the aim to evaluate fiffusion limitations during the reaction of
n-butane isomerization on SZ at 373 K.

The residence time of the

ST hydrocarbons on the catalyst could
0.4- | not be kept constant by varying

the amount of the catalyst; thus
0.3 ]

the flow was varying from 20 to

1

Normalized Conversion in isobutane (%)

O 80 mL min’ 1
0290 60mLmin* 1 80 mL min~ and all conversions
40 mL min
20 mL min™* ; 0,
014 © (260 mL min® i to isobutane (%) were corrected to
% (2) 40 mL min™ . 1
Y )20 mLmin® the one obtained at 40 mL rifin

0-0 T T T T T T T T
0 10 20 30 40 50 60 70 80

e Figure 3 - 5 shows at low flow
Feed flow (mL min™)

film diffusion; thus the choice of

Figure 3 - 5: Variation of conversion toi-C4 vs. the feed flow. the flow at 40 mL mift.
(2) standsfor thereproducibility at one flow. SZ was activated

in O, at 723 K for 30 minutes. Reaction conditions. 5 kPa n-

butanein nitrogen on SZ at 373 K.
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3.3.1.2. GC calibration

During the reaction ofi-butane isomerization on SZ at 373 K, the main pecbof reaction is
isobutane. The side products are propane, iso+per@ad pentane. The column used for this
work is able to separate light alkar@sto Cs and light alkenes. To identify the products of
reaction, calibration using standard mixtures igried out. The gas mixtures N17
(Concentration in Vol % of 100 ppm for each compah@nd N18 (1000 ppm) are used for
the light alkanes (Figure 3 -6 left); and thesetors consist of Cll C;Hg, C3Hg, i-C4H10, N-
C4H10, GHi2 and GH14 and N. The standard gas mixtures N19 (100 ppm) and NROQ
ppm) are used to determine the alkenes retentioa tinder the method used to heat the
column (start for 5 minutes at 373 K, followed byaap of 20 K mift to reach 478 K which

is held for 5 minutes). The alkenes (Figure 3 ¢ghit)i standard gas mixture consists gHg;
CoH,, GiHg, 1-C4Hg, cis-C4Hg and trans-C4Hg and N. The method used for heating the
column for the reaction of interest was optimizedéparate the isobutane to thleutane and
does not separate,ld, from GH, and the @ olefin isomers as well which have with this
method similar retention time values to tdutane; a longer waiting time at 373 K would
have helped to differentiate the retention time€#i, and GH,. Thus the butenes can not be
separated from the iso andn-butane. The most recent response factors

Concentrationin ppm

(RF =
Peak area

) of each component with helium as carrier gasgatbered in

the following table (Table 3 - 2).

0.007 . .
0.005 - . e
0.006 1 CH, 4 cis-C,H,
CaHu trans-C‘,HS
0.004 - '
__ 0.005 n-C,H,, R C,H, +CH, i-C,H,
2 =
g €
E 0.004 £ 0.0034 oH
g ICAHln ? 3 6
& 0.003 = |
£ CH, g 0.002
0.002- CH,
0.001 - e
CH
0.001 4 L .
L 0.000 . ; = . :
0.000 T T T T T T T 0 2 4 6 8 10 12 14 16
0 2 4 6 8 10 12 14 16

Time / min
Time / min

Figure 3 -6 : Chromatogram of the gas mixture N17 (100 ppm) on the left and the gas mixture N19 (100
ppm) on theright
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Components Concentrationdpm) | Retention timerin) | Response Factopgm mv* min™)

CH, 100 2.35 0.02893
1000 0.02882

CzoHs 100 2.98 0.01436
1000 0.01461

CsHs 100 5.13 0.00983
1000 0.00982

i-C4H10 100 8.11 0.00701
1000 0.00674

n-C4H10 100 8.75 0.00681
1000 0.00697

CsHi2 100 115 0.0055
1000 0.00573

CsH14 100 14.4 0.00457
1000 0.00511

Table 3 - 2: Last response factors calculated from the alkanes standard mixtures N17 (Concentration in
Vol % of 100 ppm for each component) and N18 (1000 ppm) from Air Liquide

Components Concentrationdpm) | Retention timerin) | Response Factopgm mv* min™)
CoH2 100 2.79 0.00824
CoHy4 1000 0.00782
CsHe 100 4.82 0.00955

1000 0.00967

i-C4Hs 100 8.38 0.00736
cis-C4Hg 1000 0.00732
trans-C4Hs 100 8.78 0.00686
1000 0.00680

100 8.95 0.00655

1000 0.00682

Table 3 - 3: Response factors calculated from the alkenes standard mixtures N19 (Concentration in Vol
% of 100 ppm for each component) and N20 (1000 ppm) from Air Liquide.
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The response factors are reevaluated several amee# should be mentioned that the carrier
gas changed from He (28-04-2005) tp (i7-05-2006 to 12-10-2007) and later to He (02-04-
2008) again. With the change in the carrier gasfi to He, the flow can fluctuate thus the

response factor values as well, as shown in Tabk ®ith isobutane as reference

Date iso-butane n-butane
28-04-2005 0.0054 (He) 0.0051
17-05-2006 0.0033 0.0031
18-05-2006 0.0033 0.0030
08-08-2007 0.0037 0.0028
02-04-2008 0.0070 (He) 0.0068

Table 3 - 4: Response factorswithin months, yearswith the standard gas mixture N17 (100 ppm) from Air
Liquide

3.3.1.3. Bypass measurements

During this work, different starting gases wereduse obtain the feed of 5 ¥%butane in N

or He. All the gases fulfilled the required spesation g-butane purity of 99.95 %) and were
at the time, the best purities available on theketar

The bypass measurements of the different gas-neixtare investigated (Figure 3 - 7). In one
of the gas-mixtures, the chromatograms of the kg/pmasasurements show the presence of
propane in the feed. Propane, less reactive théaanéuis also a product of reaction, so
propane cannot thus have a decisive influencedarcéitalytic performance of SZ.

The bypass measurement of the gas-mixture fromeLowhtains an unidentified species at
retention time 9.8 min. The peak area of this sggeoeeds to be verified during the reaction
so that it can be stated if these species reattteooatalyst.

The olefins (-butene,cis-butene andrans-butene) have a retention time very close to the
main reactant-butane. It could not be completely excluded that different gas-mixtures
were exempt of few ppm of olefins.

Additionally, it was impossible to discriminate semppm of oxygen in the feed as nitrogen
was used as carrier gas for most of this thesisenMielium was used as carrier gas no
oxygen had been detected by TCD. Neverthelessastimpossible to exclude some traces of

oxygen in any of the gas mixtures.
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In conclusion, chromatography with FID and the rodtlused to separate to compounds
revealed the presence of propane and unidentibegoounds in some gas-mixtures; and did

not discriminate the presence of olefins ad oxyigehe feed composition.

0.0060 7— 5 , , ; ; 0.0060 T T T . . .
Linde n-butane Unchanged Westfalen n-butane
during reaction]
0.0058 ; E
0.0055 4 i i-butane
_ 0.0056 E
i-butane @
£ 0.0050 _ @
=] o
> \ > 0.0054 g
propane
L N propene propane ‘_,_\ -butons Cbutene
0.0045 1 T tflqsr;?;,te(lﬁg T cis-butene
ans-ulene 0.0052+ mﬂ)p;nne" / trans-butene ]
0.0040 T T T T T T T 0.00504 . ,” ”,” .
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time / min Time / min
0.0060 — : : : 0.006 —— T T T T
Self-mixed Self-mixed n-butane
n-butane o
0.0055{Messer g 0.0051Air Liquide T
0.0050 4 0.004 i
) » 0.003 E
S 0.0045 B 2
> s
i-butane| ibutene 0.002+ i-butene 1
0.0040 cis-butene . _ N
trans-butene 0.001 i-butane 12::&:2.1
propane . k| d
0.00354 propene - pmp%l:gpane
T” 0.000 H H || .
0.0030 . . . . . . . T T T T T T T
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14
Time / min Time / min

Figure 3 - 7: Chromatograms of bypass measur ements of 5 kPa n-butanein N, with a total flow of 40
mL/min. The alkanes and their positionsarein blue, while the alkenes and their corresponding positions
areinred

3.3.1.4. Rate of isomerization

The rate of isomerization inmmol g™ h™ for 5 % n-butane feed was obtained from the

following equation showing the different modifiaatis applied to obtain the working unit:

x 60

Flow
Rate inzmol g™ h™= ——%-x1000xC,, x
Vmol mcat
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Figure 3 -8: Reproducibility of the catalytic activity of an

activated sulfated zirconia in O,, under 5 kPa n-butane
self-mixed and diluted in He or nitrogen at 373 K.

where Flow in the velocity of the feed is inL min™, Vo the molar volume of a ideal gas at

293 K corresponding to 24 L mbICi_Q the concentration in ppm of produced isobutane, and

m.,, the mass of the catalyst in g. The numbers 100068rabrrespond to the conversion L to
mL and mol tqumol ; and to the conversion minutes to hours respdygtive

Several experiments of isomerization with a selkedi feed have a rate of about
150zmol h™ g™ The catalytic activity of SZ, in the course ofsthwork shows thus a relevant

reproducibility as shown in Figure 3 -8.

3.3.2. The spectrometer settings

The spectroscopic data are recorded by using a UM & 5-2 Software which guides the
user through methods development and the analysiesalts. The method, including the
settings used for all the experiments, is showhable 3 - 5.
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Section Parameter Settings
D, lamp On
Tungsten lamp On
Method Settings Scan from 2500 nm
Scanto 250 nm
Data Interval 1 nm
Lamps change D, lamp to tungsten lamp 319.20 nm
Monochromator Change point 860.80 nm
Cycles Number of cycles 25-120
Cycle time As fast as possible
Common Beam MaskSource Fixed
(CBM) Value 90 %
Slits UV-vis mode Fixed
NIR mode Servo §lit adjusts according tp
the wavelength
UV-vis width 2.50 nm
NIR width 2nm
Data Settings UV-vis Gain Auto
NIR Gain 3
UV-vis Response 0.20s
NIR Response 0.20 s
Beam Selection Sample Beam Front
Common Beam Depolarizer Enable
(CBD)
Attenuators Reference beam attenuator 10 %
Sample beam attenuator 100 %
Detector Settings Mode % R
Detector change point 860.80 nm

Table 3 - 5: Spectrometer settings used for each experiment

3.3.3. Reference measur ement (Background correction)

For the experiments a defined atmosphere is redjiarel the sample is placed in a cell.
Therefore, a correction not only for the opticaigmnents of the spectrometer, but also for
reflection and absorption on the windows becomesssary. The diffuse reflectance of a
sample of interest is always measured relative whide standard. Several references exist
and to cover the whole studied spectroscopic rgBg&Q, for example does not cover the
NIR range). Spectralon® (Labsphere), a polytetmatiethylene-based standqfITFE), was
chosen. The reference measurement, called “auto@dso called background correction) for
the UV WinLab 5-2 software provided with the spenteter, is performed with the

Spectralon® standard in the sample position (cal/byethe removable dome).

30



Chapter 3: Apparatus testing and validation

3.3.4. Spectrarepresentation and conversion

During the experiment, the spectra are recordegfiectance. As the sample is loaded in a
cell of 3.15 mm height (and 6.2 mm diameter), thtakyst can be considered as “infinitely
thick”- all light is either reflected or absorbed light is transmitted- and that the reflection is
related to an apparent absorption (K) and an appaeattering coefficient (S) via the
Kubelka Munk (KM) equation. The Kubelka—Munk furmti (dimensionless) is the
counterpart in reflection spectroscopy of what thiesorbance function represents in
transmission spectroscopy.

K _@1-p,)°

=F -
s~ 2o, (Peo)

Where p., is the reflectance at infinite sample thicknesd B(p.) is the Kubelka-Munk or
remission functionF(p.,) gives the correct values when considering boundases:

For a non-absorbing sample, ike- 0, all light should be reflected, and indegd- 1. For a
non-scattering sample, i.8- 0, no light should be reflected, and indged- 0.

If the absorption coefficienK is small andS does not vary withc, the Kubelka-Munk

function becomes proportional to the concentration:

K _ kC
F(pw)=?D?

F(p,) will be written F(R) in the experimental part.

Because of this proportionality between the KM fimc and the concentratian it is of great
interest for this work to convert the data recordedeflectance to the KM function. The
conversion into the KM function is only possible evhthe data in reflectance do not exceed
100%. Spectralon® is by far the best white standardthe energy range used in the
experiments; however, some artefacts can arisagltine activation or reaction procedure of
an experiment, and the reflectance may exceed 10Bigare 3 -9, top left). These artefacts
can be explained by the white standard, Spectraloviich is used several times and may
lose reflectance; or due to some changes of soms pé the spectrometer during the
experiment. To record one spectrum, some changes ticthe spectrometer such as (i) lamp
switch from the deuterium lamp in the UV regimethe tungsten halogen lamp for the vis-
NIR range at 309 nm; (ii) monochromator change fidktvis to NIR gratings at 860 nm;
(i) detector change from photomultiplier to Pb$tettor, and (iv) filter change (usually
several throughout the whole wavelength range). @dmtion of the specimen, particularly

the height, in the optical accessory can vary ftbm background correction to the sample
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measurement, as the cell has to be removed froDR#& Thus, a change in the beam path

can produce y-offsets of sections of the spectgmngerating steps or spikes at wavelengths

where optical elements are switched. In order toved the data into the KM function, the

reflectance data are normalized (Figure 3 -9, igipty. The normalization factor varies from

1.1 to 1.45 in order to adjust the maximum valuereflectance (mainly in the NIR range) to

around 100 %.
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Figure3-9: Thetwo plots on the bottom represent the conversion in Kubelka Munk function. Except for
the spectrum corresponding to the activated SZ (dotted line), all spectra are difference spectra obtained
through the subtraction of the spectrum of the activated catalyst. Reaction conditions. SZ was activated at
723 K in O, for 30 min and cooled down to reaction temperaturein O,. 5 kPa n-butanein N, on SZ at 323

K.

Figure 3 - 10 shows the spectra of activated SD4nwhich correspond to the catalytic

activities in Figure 3 -8. Apart from the spectrummagenta which was not normalized as the
reflectance data did not exceed 100 %, the thieer gpectra were normalized. Thus the three
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normalized spectra overlap while the non-normalizedshifted from the others. An

overlapping of the spectra is thus possible whersfgiectra are normalized.
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Figure 3 - 10: Spectra reproducibility of activated SZ in O,.
These spectra correspond to the catalytic activities plotted
in Figure 3 -8. The spectrum in magenta represents the
Kubelka Munk data of a non-normalized reflectance data
astheinitial reflectance was not exceeding 100 %.

During the reaction of isomerization,
new species can be formed and a deep
investigation of the evolution of these
species is recommended. For a better
understanding of what occurs on the
surface of the catalyst after the
contact to the feed, the spectrum of
the activated catalyst (spectrum
recorded at the reaction temperature,
after activation in oxygen) is drawn in
a dotted line whereas the spectra
corresponding to the reaction part are

in full line in the plots. Moreover, the

development of the species on the surface can telated with time on stream by plotting

the maximum of the bands intensity of each speciruthe KM function vs. time on stream.

The evolution of species at different band posgjo295, 1406 and 1916 nm is then drawn

together with the activity of the catalyst vs. tioe stream (Figure 3 -11).
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Figure 3 -11: Catalytic activity versustime on stream. The general trend of the formation of each species
at different wavelength is plotted also in the same plot. Conditions: Activation at 723 K in O, for 30
minutes. Reaction under 5 kPa n-butanein N, on SZ at 323 K.

3.4. Conclusions

In order to correlate the deactivation of the gestatiuringn-butane isomerization on sulfated

zirconia to the spectroscopic data, a combinatiba gas delivery system, a spectrometer
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equipped with a diffuse reflectance attachment.eaction chamber with a temperature
controller and a gas chromatograph is compulsory.

The set temperature corresponding to the temperatuthe sample cup was necessary to
make sure that the temperature on the sample sugdhe one necessary for the experiment.
Because of the artefacts described previouslywadkethe spectra recorded in reflectance

were normalized to allow the conversion into théb&llka Munk function.
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Chapter 4: Activation of promoted and non-promatelated zirconia catalysts

4. 1. Motivation

Sulfated zirconia (SZ) can be used for the isoma&ae ofn-butane at low temperature, after
being activated under inert or oxidizing atmosphére

The role of activation temperature and atmospleod importance in the performance of this
catalyst in the reaction of interest. Song and Ryegorted how vital water is in the activity
of SZ. By activating the catalyst in oxidizing atsphiere at various temperatures in the range

423 — 773 K, they optimized the water content t6 2fnol g for the most active catalyst.

1.#°who also claimed that minor amounts of

They are thus in agreement with Dumesti@l
water promote the catalyst activity and excessakwdiminishes it. Song and Kydd disagree
with Morterraet al.°, Keoghet al.” and Comelliet al.® who mentioned a poisoning effect of
water on SZ catalyst. The role of the activatiom@dphere was investigated by Song and
Kydd®.

A reducing activation atmosphere is required wh&nisSmodified with Pt. Pt modified SZ
needs to be pre-reduced at a temperature thatnddexceed 573 K to avoid the reduction of
SO into § or H,S and to obtain an active catalyst. A poisoninga&fbf sulfur species for
Pt was described by Wamegal.*° and Menoret al.*".

In addition to the role played by the sulfate cont¢he zirconia phase and the water content
on the performance of SZ in tmebutane isomerization. The activity of the catalyah be
increased by promoting SZ with different transitioretal cation¥. Langeet al.*? reported
that the effect of promotion on the maximum acyivdllows the trend

Mn > Fe>> Co>> Ni> Zn. The promoters increase ttieviy, but they do not increase the
measurable acidity of the cataff’st*'> The activation atmosphere, He or air, did néecif
the activity of the unpromoted SZ; while activationair resulted in a higher activity of the
iron- and manganese-promoted sulfated zirconia #uivation in He. Waret al.*® believe
that the activation of the Fe-Mn promoted sulfatactonia at high temperature in air
generates a rather labile, but reactive, iron @eces. These resulting iron oxy species could
then take part in the oxidative dehydrogenation-bitane to butene which is the initial step
for the isobutane formation. Oxidative dehydrogemats assumed to be one of the initiatial
steps im-butane isomerizatidfy'8192°

Manganese promoted sulfated zirconia also sufiens fdeactivation. This fast and drastic
loss in the catalytic activity in the presence afnganese is not understood. Jengofal*:.
reported that duringx situ X-ray absorption near edge spectroscopy (XANE®earments
(1% n-butane in N at 338 K), Mn, which is in the majority incorpoedtin the ZrQ lattice?,
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Chapter 4: Activation of promoted and non-promatelated zirconia catalysts

was reduced after activation (in dry nitrogen aB K) of Mn-promoted SZ samples. The
same authofé reported the results of am situ XANES study of Mn in promoted SZ
catalysts. Here it was found that Mn in 2 wt% Mn$2talysts does not act as a
stoichiometric redox-active initiator ire.g., an oxidative dehydrogenation reaction.
Furthermore, they showed that a higher valencecttijrgrior to reaction correlates with a
higher maximum conversion. It was also shown thatdverage valence of Mn depends on
the presence of sulfate in the catalyst.

This chapter aims to interpret the spectra of maege- promoted and unpromoted sulfated
zirconia catalysts before and after activation iffecent atmospheres. The effect of the
activation atmosphere on the water content on #gt@lyst surface and the electronic state of

manganese are investigated.
4. 2. Catalyst behaviour during activation

4.2.1. Sulfated zirconia

4.2.1.1. Oxidizing atmosphere

Non-promoted sulfated zirconia was activated fomda at 723 K in 40 mL/min of ®and
with a ramp of 5 K/min. The catalyst was cooledhe reaction temperature, 323 or 373 K,
under Q flow (Figure 4 - 1) or He flow (Figure 4 - 2); oooled under ©flow followed by a
purge in inert gas ( Figure 4 - 3) before startimgreaction of isomerization.
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Figure 4 - 1. SZ activated in 40 mL/min Q at 723 K for 30 min with 5 K/min ramp. The spectraof the
fresh SZ at 323 K (black), at 723 K (blue) and aftecooling in O, at 373 K are shown in reflectance (left)
and in the Kubelka Munk function (UV-vis region in the middle and NIR region on the right)
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4.00

0.3

1000, /He ] \OZIHE 0 He
by \
| 3.75 “ - Fresh SZ at 323 K
3.50 “ ]
‘ 0.24
3.25| 4
o Sz at 723 K | . |
B T .00 | g
Activated SZ LI SZ at 723 K Z T
in He at 373 K 064 |l i
40

-

Activated SZ 019 Activated Sz

Fresh SZ at 323 K .
in He at 373 K i in He at 373 K

0.4 4

204 SZat723 K

=

0.2+ Fresh SZ at 323 K

0.0

500 1000 1500 2000 2500 300 400 500 600 700 800 800 1200 1600 2000 2400
Wavelength / nm Wavelength / nm Wavelength / nm

Figure 4 - 2: SZ activated in 40 mL/min Q at 723 K for 30 min with 5 K/min ramp. SZ is coold to
reaction temperature under He flow. The spectra othe fresh SZ at 323 K (black), at 723 K (blue) and
after cooling in O, at 373 K are shown in reflectance (left) and in th Kubelka Munk function (UV-vis
region in the middle and NIR region on the right)

The activation under £alone, or followed by a helium purge at high aafiion temperature
or at reaction temperature resulted in more th@8 % losé* of the water (band at 1915 nm)
adsorbed initially on the catalyst. The band at5l#4én is ascribed to an overtone of OH
stretching vibrations. Moreover, it should be spedithat water started desorbing only at
473 K (spectra not shown).

The high absorption in the UV range is not the bgap of zirconia which is at 240 nm (5.07
eV).
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Figure 4 - 3: SZ activated in 40 mL/min Q at 723 K for 30 min with 5 K/min ramp. SZ is coold to
reaction temperature under O, flow and then purged under He for 40 min before sirting the reaction.
The spectra of the fresh SZ at 323 K (black), at BK (blue) and after cooling in Q at 373 K are shown in
reflectance (left) and in the Kubelka Munk function (UV-vis region in the middle and NIR region on the
right)

The gases, §He, N and H, used for this work have a purity of 99.995%. Timert gases
were dried by using oxy- and hydrosorb cartridgdpl{agas - purifier @free and HO-free
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from Air Liquide) before entering the correspondimgss flow controller. However, it was
not possible to achieve a completely water-frearenment as shown in Figure 4 - 4. During

the purge in He, a small amount of water was adgbdn the surface of the catalyst.

These results show that water that

0.0004 T T
was accumulated on the surface of
0.0003 1 the catalyst during storage is
g o00n Purge, 40 min in He removed. Indeed, during storage, SZ,
o e 20 min i e which is highly hydrophilic, was
0.00014 Pyrge. 10 minin He assumed to reach equilibrium in the
Activated SZ in O,
o i} L water content. A catalyst active in
S 1800 1950 2000 n-butane isomerization will be

Wavelength / nm

obtained if this water is partially

Figure 4 - 4: Evolution of surface water concentrabn under removed, as described by Song and
the He purge. Additional plot to Figure 4 - 3.
Kydd®,

4.2.1.2. Reducing atmosphere

Activation of SZ under biflow required lower temperature to avoid the reitucof sulfaté®
to &, known as a poison for the catalyst. Thus, SZ agivated at 523 K for 120 minutes

before it was cooled to the reaction temperature.
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Figure 4 - 5: SZ activated in 40 mL/min H at 523 K for 120 min with 5 K/min ramp. The specta of the
fresh SZ at 323 K (black), at 523 K (blue) and aftecooling in H, at 373 K are shown in reflectance (left)
and in the Kubelka Munk function (UV-vis region in the middle and NIR region on the right)

Figure 4 - 5 shows that during the activation un@eiuctive atmosphere a band at 400 nm

was appearing in the UV-vis region (Figure 4 - $ha middle).
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Fosteret al.>> performed some plane wave density functional thealculations of oxygen
vacancies and interstitial oxygen atoms in monaxtmrconia. They showed a singly charged
oxygen vacancy Yat an energy level of 3.33 eV corresponding to 1380

The NIR region showed a higher intensity of thecbahwater at 1915 nm, implying that the
activation temperature was not enough to removeertian 95 % of water, as was the case
under Q atmosphere. This high concentration of water enstirface could play a role in the

activity of SZ forn-butane isomerization at 373 K (Section 5.1.4.3).
4.2.2. Manganese promoted sulfated zirconia

4.2.2.1. Oxidizing atmosphere

Manganese-promoted sulfated zirconia was activateter Q flow from 323 K to 723 K
(final temperature kept for 30 minutes, ramp 5 Krand cooled under Qo the reaction
temperature. Three absorption bands were obsetvpds#tions 300-400, 580 and 680 nm
(Figure 4 - 6 middle). Furthermore, fewer OH gro(p405 nm) than on SZ were observed

because of the higher calcination temperature
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Figure 4 - 6: MnSZ (0.5 wt% Mn) activated in 40 mLmin O, at 723 K for 30 min with 5 K/min ramp. The
spectra of the fresh MnSZ at 323 K (black), at 72K (red) and after cooling in O, at 373 K are shown in
reflectance (left) and in the Kubelka Munk function (UV-vis region the middle and NIR region on the
right).

With increasing temperature, the intensity of tlaadat 580 nm increased without changing
position. The band at 680 nm decreased during ¢hértg phase; and increased again during
the cooling to 373 K. However, like the band at 580, the band at 680 nm did not change
position, only the intensity of the band variedc&temperature behaviour is characteristic of
d-d transitions (decrease in the intensity and no géan the band position with temperature

increasé’). These observations allow the assumption thab#mel at 580 nm and at 680 nm
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arise fromd-d transitions: at the same time, the band in thgea00-400 nm increased in
intensity and shifted to lower energies. This bamdhe UV range originates from ligand-
metal charge transfer (an electron from the lig@fdwas transferred to the metal Mn
where n can be 2, 3 or 4).

The fact that the intensity of the band at 680 reureased at higher temperature and further
increased at lower temperatures is due to a chemgee oxidation state of the manganese
cation. With increasing temperature, the manganasen at 680 nm is oxidized to the cation
responsible for the band at 580 nm; resulting thAushift of the charge transfer to lower
energies. The bands at 580 and 680 nm were asdrilikd literatur€”**to d-d transitions of
Mn®*.

4.2.2.2. |nert atmosphere

The activation in inert atmosphere at 723 K forn3@utes, with increasing temperature, led
to a decrease in the intensity of the band in #mege of 300-400 nm with a shift to higher
energies (Figure 4 - 7).
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Figure 4 - 7: Activation of manganese (2 wt%) promted sulfated zirconia under 20 mL/min He. In full

line the fresh catalyst at 323 K and in dash-dot fie the catalyst at 723 K. On the left only the sp&a

before and after activation are shown. On the right the evolution of the spectra with increasing
temperature is shown.

In the temperature range 323 - 373 K, the banthenvisible part of the spectra showed two
specific maxima at 580 and 680 nm. With increademperature, the intensities of these
maxima decreased, but not concurrently. Indeed, ctimnges (namely, the decrease in
intensity) of the maximum at 580 nm were large, lbgs drastic than the changes occurring
with the band at 680 nm (almost no band observedigit temperature). The different

temperature behaviour of these bands led to thargd#son that these two bands belonged to

different species. The spectra in the UV range (3000 nm) underwent changes as well, as
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shown in Figure 4 - 7. With increasing temperattie,intensity of this maximum decreased,
and simultaneously its position shifted to higheergies. It can be seen that at T = 323 K
(blue line) the maximum was observed at 323 nm|enddi 723 K (dotted line) the maximum

occurred at 300 nm.

4.2.2.3. Reducing atmosphere

Similar conditions to the one used for SZ were i@opto the activation of Mn promoted

sulfated zirconia. After activation in Hlike with SZ, the catalyst contained more water
adsorbed than the catalyst after activation in@nly the band at 580 nm was observed in the
visible range; meaning here that only one type of Mexisted in the catalyst. No changes
were observed in the intensity of this band; and tould be explained by the reductive

atmosphere (Figure 4 - 8). The band at 680 nmrsady weak on a fresh manganese-
promoted sulfated zirconia (0.5 wt% Mn); the effeftthe manganese content can be an

explanation for the absence of the species redplerfsir this band.
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Figure 4 - 8: MnSZ (0.5 wt% Mn) activated in 40 mLmin H, at 523 K for 120 min with 5 K/min ramp.
The spectra of the fresh MnSZ at 323 K (black), a723 K (blue) and after cooling in B at 373 K are
shown in reflectance (left) and in the Kubelka Munkfunction (UV-vis region in the middle and NIR
region on the right).

From the beginning of the activation, the Mn washat lowest oxidation state and could not
be reduced further (M was excluded because itsd transitions are spin forbidden).
Moreover, the intensity of the charge transferhia UV range decreased without any shift to
lower or higher energy. The results confirmed thatcharge transfer occured always with the
same manganese cation.

The assignments of the bands at 580 and 680 nrheiriteraturé’?® are not satisfying.
Indeed, these bands were both ascribed t3*Mmt the spectra obtained during heating in
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oxidizing, inert and reducing atmosphere show th@ two bands do not change
concomitantly and thus originate mostly from twdfatent species. To have a better
understanding of which manganese cations were wi$en the visible range; theoretical
calculations were performed and interpreted by .P&dphia Klokishner based on the

spectroscopic data of MnSZ activated under He nbthin the course of this work.

4. 3. Interpretation of UV-vis spectra of Mn-promoted sulfated zirconia

The activation of the MnSZ (2 wt% Mn) took place imert atmosphere (He) and the
following calculations were based on the activatiescribed in 4.2.2.2.
The spectroscopic data of the MnSZ show bands @tas8l 680 nm in the UV-vis range.

|.2" ascribed these bands to the transition of MA* or Mn®* with the precision

Kijlstra et al
that thed-d transition of MA* are spin forbidden and are by consequence verk.wea
Lopez et al.”® ascribed these additional bands observed in thespettra to M# d-d
transitions.

Some observations can be made on the interactspomsible for the shape of thel bands:
(i) the opticald-d bands are very broad and the width of these bafdse order of 19-
6x10° cm™; (ii) the d-d bands in a crystal field are considerably broatan the lines in the
atomic spectra; (iii) the interaction dfelectrons with the crystal field or molecular &bons

are responsible for the width of tded bands.

4.3.1. Shape of the band arising from d-d transitions

An octahedral metal complex Miconstitutes of a central ion and adjacent ligands.

The interaction of the ion electrons with the ligand, whose position gary, constitutes the
electron vibrational interaction. This interacticgpresents the change in the energy of the
cluster due to the displacements of the ligands.

The full symmetric vibration of the Mlcomplex, Q, can be written:
1
Q:7E09ﬂ9+W‘ﬁ+%‘%)

The electron vibrational interaction is definedHyy =v (F )Q where

V(h:(6Vé;R)

] is the vibronic parameter,
R=Ry
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between the electron of the metal ion and the
ligand; Ze the charge of the ligand;the electron
charge; rthe electron coordinate andi the
position vector of the ligand, .

The Hamiltonian of the coupled electron-
vibrational system can be written after two steps

of adiabatic approximation: (i) the kinetic energy

of the ligands is neglected because the ligandbeaey ions and (ii) the vibronic interaction

is averaged over all possible positions of thetedac

U (Q)=E +v, Q+ X Q’
E, is the energy of an electron in a static crystltfivith the corresponding wave-function
W.; v,is the vibronic parameter for the state;, Q represents the averaged energies of the

interaction of the electron with the vibratiQy r]T Q?is the potential energy of vibrations.

UQ) U2(0)
U,(Q)-excited state
adiabatic potential
E,EhQ,|
i(0)
: U,(Q)-ground state
adiabatic potential
0 o 0

o
NINES

0 )

-

Q>0:>0,>0 >0.>0,>0),

Figure 4 - 10: Origin of the d-d transitions. Series of transitions at differentQ to form the absorption d-d

band andQ = 27 is the frequency of the absorbed photon

The adiabatic potentiald,(Q) andU,(Q) for a two levels scheme are shown in

Figure 4 - 10.
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In case of the light absorption, the electronidestzhanges rapidly. During this electronic
transition in the course of the photon absorptibe, ligands have no time to change their
positionsin accordance with the Frank-Condon principle.

From this principle, it follows that only verticdtansitions are allowed. Instead of one
transition, a series of transitions at differ€ntontribute to the formation of the absorptabn

d band.

The shape-function of the absorption band is ddflmethe following equation:

3 3 _ 2
F(Q)=d A exp| - " w(Q-0,)
2k, T (v, -v,)? 2mk, T (v, -v,)?

Vili—Vv,)

wherenQ_ =E, -E +
nw

anddn:ng (r)dW¥, (r)dristhedipole
moment.

Thus, (i) the absorption band described by the temudor F(Q) represents a Gaussian
curve; (ii) the band which has a maximum intensity@t= Q _can be observed only if the
transition is dipole allowed, i.ed,, # 0; the shape of the band and the position of the

maximum depend on the vibronic parameteysnd v, , on the temperature T and on the

energy gap E, - E;) between the electronic levels in the crystaldfiélhe intensity of the

band decreases with temperature ris€& €9 ) ~i.

N3

4.3.2. Charge transfer bands

Charge transfer bands arise as a direct conseqoé@aceelectron transfer under absorption of
light. Actually this absorption occurs when an #iec is transferred from an orbital primarily
on the ligand to one primarily on the metal, oreviersa. For the compounds under
examination in the present thesis, charge trankigand to Metal bands (LMCT) are
observed. Besides the ligand — metal charge gamsinds the metal-ligand charge transfer
can also take place and give rise to light absomptirhe charge transfer transitions occur
commonly at higher energies than the crystal fiedaisitions. If the metal is easily oxidized
and the ligand is simply reduced or vice-versa,dharge transfer may occurs at quite low
energies. The intervalent transitions, when, urai#ion of light, an electron is transferred
from one metal ion to another, are known as well are observed in complexes containing
transition metal or lanthanide ions with differentidation degrees. A colour visible to the

human eye usually characterizes this transfer.
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4.3.3. Hypothesis

The model was based on the following assumptiamgparted by the experimental da&:
the latest results obtained by Giulio Lolli [onggiwork] showed that, in the low temperature
range (from 128 K to 283 K) under vacuum (1 mb#g, maximum of the band at 580 nm did
not change the position with increasing temperatAtethe same time the intensity of the
maximum of this band decreased with the temperaisegFigure 4 - 11). These observations
allowed us to assume that the bands at 580 nm 88dn arise frond-d transitions as
described in 4.2.2.1. In our case, we have excluthedd-d transition of Zf* for the
calculations. The Zf ion belongs to thedigroup. The crystal field for the ions of thd 4
group is much stronger than that for thei@ns. Therefore, the-d transitions of Z¥ ion are
strongly shifted to the “blue” side, in the rangeB20-380 nm of the spectr&hus, this band
strongly overlaps with the oxygen-manganese chaegesfer bands. Insofar as tdal band

of Zr** is narrow in comparison with the charge transfends, thisd-d band cannot be
distinguished from the charge transfer babjlThe band, in the range 300-400 nm in the UV
region, is shifted to higher energies. This barglltse from a ligand-metal charge transfer
(LMCT). LMCT requires more energy when the diffezenin oxidation state between the
ligand and the metal is higher. This shift of tlenth to higher energy means that the charge
transfer occurs with increasing temperature maielyveen & and Mrf*; so that the number
of Mn** ions is increased. The correlation of the bantt shih the decrease of the intensity
of the band at 680 nm gives an additional confiramathat the latter belongs to Nfions
which are reduced at higher temperatures td*Mt) In favour of the assumption that the
band at 680 nm belongs to Rrwhile the band at 580 nm originates from fJrSugancet
al.?° described a stronger crystal field for the*{tthan for the MA* ion; thus the cation Mt

will be localized at higher energies than the®fn
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Energy [eV]
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Figure 4 - 11: MnSZ (0.5 wt% Mn) at low temperature (283 to 128 K) and under vacuum (1 mbar) in the
UV-Vis range. Evolution of the band at 580 nm

4.3.4. The Model

The Mrt* ions in the zirconia lattice induce the generatdroxygen vacancies for charge
compensation. Steéfe Ishizawd® and Azzon** described the oxygen vacancies close to
the manganese cation. Based on these reports iasg@sned in this study that the oxygen
vacancies were also close to the Mn cation. Thesancies led to the displacement of the
nearest neighbours of the impurity ion (Mn cation).
On the basis of the experimental data (XAS,
Oxygen ion EXAFS, XRD, neutron-diffraction studies,
. EPR, optical spectra) it was possible to
predict the number of vacancies in the
<100> nearest surroundings of the impurity ion, the

number of its nearest neighbour oxygen ions,

vacancy < ") as well as the directions of the oxygen ions
displacements, and finally the symmetry of

Figure 4 - 12: Oxygen ion displacements the nearest surrounding of the impurity

along the < 100 > directions towards the

vacancy ion0313233 Mn3* In the earlier pap@t with

the aid of neutron-diffraction measurements,
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it was shown that the presence of oxygen vacamaases oxygen ion displacements along
the <100> directions towards the vacancies (Figuré?2).

Recently, on the basis of the data obtained fronglsi crystal X-ray diffraction using
synchrotron radiation and EXAFS for yttrium dopedbic stabilized zirconid, it was
suggested that the nearest surroundings>6fcgnsists of 6 oxygen ions, 2 missing oxygen
ions were connected by the body diagonal of the ¢Egure 4 - 13).

Azzoniet al.3**® examined the EPR and optical spectra &f #r cubic stabilized zirconia. In
referenc&® the observed EPR and optical spectra of" &ere interpreted in the framework
of a model that considered a six-fold coordinatetl.Z'he local rearrangements of the anions
were modelled as <100> displacememt&ndn, of the two terns of oxygen towards each of
the two vacancies (see Figure 4 - 13). Based osetlxperiments and findings, it was
assumed in this model that the nearest™Mwirrounding in Zr@also consisted of 6 oxygen

ions, which were shifted towards the 2 oxygen vain(Figure 4 - 13).

N2
O— Oxygen ion

‘ Mn3*

n {
M @ Vacancy

Figure 4 - 13: Structural model of a metal Mri* centre in zirconia, showing the different displacments of
the two terns of oxygen atoms towards the oxygen gancies.

In this model the distances between the centrai’Non and the two terns of oxygen ions

were equal to:
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a)® a2 a)® a2
= -—| +— andR, = —— | +—,
i J(” 2) g AT J(” 2] >

wherea is the cube edge angand,, are the displacements of oxygen ions shown inrEigu

4 - 13. The symmetry of the Mhcomplex was supposed to be trigonal (because ef th
directions of the oxygen iordisplacements) and it was described by the pomimG,. In

the trigonal ligand surroundings, the ground stdtthe Mri* ion is the’E™ term, while the
excited states were the tern&? and®A,, arising from the splitting of the cubfd-term
(Figure 4 - 14) by the crystal field. The indice$ &hd “2” were introduced just to label the
two different levels that transform according t@ tireducible representation E of theg,C
point group. The total absorption band of the*Mon originated from the optical transitions
*EW -%E®, °EW - *Ay (Figure 4 - 14).

5

* A1 In correspondence with the neutron-
diffraction measurement$ the simulation
of the absorption spectra of the flrions

SE@ .
— was performed foy,, 77, values satisfying

the inequalities;, <05 A, n,<05 A

5E 1

From the calculations carried out for this
. . work, it was found that the position and the
Figure 4 - 14: Energy levels of the M# ion in the

trigonal ligand surroundings and the optical shape of the M absorption band at 680
transitions contributing to the formation of the ] _
absorption band at 680 nm. nm could be satisfactorily reproduced for

two sets ofrp, andz, parameters:
a)n, = 016A, n, =04 A
b) 7, = 015A, n, =02 A
with a= 257A% being the cube edge (see Figure 4 - 13).
When Mr"™ substituted Z¥, no changes in the number of oxygen ligands soding the
Mn** were supposed. Thus, for Krions, the ligand surrounding was assumed to coos&

oxygen ions. The modelling of the oxygen surrougdiof the MAA* ions was performed in

the following way:
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> From X-ray data, the distances of 8 oxygen iong tharound the Zf ion in
tetragonal stabilized zirconia were taken. Thestadceswvere calculated from the
structural data taken in the paper from Lutte?otti
01:r=2.366 A, 02:r=2.083 A, 03:r=2.366@4: r =2.083 A, O5: r =2.083 A,
06:r=2.366A,07:r=2.083A,08:r=2.366 A
The radius of Z¥ ion is equal to R4+ = 0.82 &° whereas the radius of thé'@n is
1.36 A. Thus, the mean distance between theseischd8 A. The radius of the Mh
ion is much smaller than that ofZrion, namely Rina:= 0.52 A, and thus the mean
distance MA*— O is to be 1.88 A.
> Under the assumption that the substitution 8f By Mn** only changed the distances
between the metal ion and oxygen ions it was ptestibwrite the following relations
where the values are given in angstrom A
1.88/2.18 =x/2.366
1.88/2.18 =y /2.083
For the complex MHOg the following distances were obtained: O1: r 4280 O2: r = 1.796
A ,03:r=2.04A 04:r=1.796 A, O5:r=1.796@6: r =2.04 A, O7: r = 1.796 A, 0O8:
r=2.04 A. It should be mentioned that the valokethe angles¥ and ¢ for the ligands were
taken as the same as for the compléX@y. The geometrical structure of the Mamplex

is shown in Figure 4 - 15.

O

Mn**

O

Figure 4 - 15: Geometrical structure of the Mi* complex
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The symmetry of the MfiOs complex is very low. And the crystal field splitse ground
cubic *Ty(t,%e) state into three levels (Figure 4 - 16). Theesaituation took place with the
first excited*T, (t,°e) state. In such a way, the band arising fron*"Mmas formed by 6
transitions [between the ground level that origisafrom the*T; (t,°e) state and 6 excited
levels: two from the stat(t,%e), three from the staf@(t,%e) and the levelA,(t,®), which

was orbitally degenerate and cannot be split lpwasymmetry crystal field].

A,

4-1-2

4
Tl 7y

Figure 4 - 16: Energy levels of the MffOg complex and 6 optical transitions, which form theabsorption
band of the Mn** ions

For this work, the spectra of MNnSZ containing 2 wa®#dvin were simulated. The simulation

was carried out with two sets of parameterand;, . The first set of parameters used for the

simulation wasz;, = 016 A ,n, =04 Aa = 2.57 A. First it was calculated microscopigall

(electron-vibrational interaction and all above tn@mmed electronic states of the impurity
manganese ions were taken into account in the délieak model),the partial absorption
spectra arising from Mfi and Mri* ions thanks to the first set of parametgrandn; for the
Mn®* ions and the calculated bond lengths*M@*. Then, from the fitting of the total
calculated spectrum arising from Rrand Mi* to the experimental spectrum, with the result
that, at 373 K, the relative concentrations of'Vend Mri* are calculated in the ratio,

Xmna+! Xmnz+= 0.90

The corresponding experimental and theoreticaltepace shown in Figure 4 - 17.
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450 500 550 600 650 700 750 800
Wavelength / nm

Figure 4 - 17: Apparent absorption spectra in the isible range, black line — experimental data
(T = 373 K), Red line — theoretical curve calculatbwith /7, = 016A, 77, = 04 A and Xyna+/ Xwinz+ = 0.90.

In the blue line the partial contribution of the Mn*" species to the total spectra is shown and in theegn
line the partial contribution of the Mn** species to the total spectra is shown.

Upon heating to 523 K, the shape of the apparesbrabon spectrum in the visible range
changed appreciably, as the band arising froni"Nnd Mri* became broader. The fitting of
the spectrum showed that the intensity ofditeband arising from the Mfionsexceeds that
arising from the Mr®* ions. At 523 K, the relative concentration wagX / Xuns+ = 1.06
(Figure 4 - 18).

450 500 550 600 650 /00 /50 800
Wavelength / nm

Figure 4 - 18: Apparent absorption spectra in the isible range, black line — experimental data
(T =523 K), Red line — theoretical curve calculattwith 77, = 016A, no = 04 A and X/ Xynas = 1.06.

In the blue line the partial contribution of the Mn*" species to the total spectra is shown and in theegn
line the partial contribution of the Mn** species to the total spectra is shown.
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Thus, the number of M#i became higher than that of Ririons. This trend continued when

the temperature was further increased to 623 Ku(Eig - 19). The ratiopgs+/ Xuns+ reached
the value 1.18.

450 500 550 600 650 700 750 800
Wavelength / nm

Figure 4 - 19: Apparent absorption spectra in the isible range, black line — experimental data
(T = 623 K), Red line — theoretical curve/}, = 016A, 772 = 04 A and Xyna+/ Xwna+ = 1.18. In the blue line

the partial contribution of the Mn“** species to the total spectra is shown and in theegn line the partial
contribution of the Mn>* species to the total spectra is shown.

With a further increase in temperature, the raf@sX/ Xuns+ Of relative concentrations
continued increasing and, from the fitting of tlacalated curve to the experimental curve at
723 K, the value pna+/ Xunz+ = 1.44 was obtained (Figure 4 - 20).

450 500 550 600 650 700 750 800
Wavelength / nm
Figure 4 - 20: Apparent absorption spectra in the isible range, black line — experimental data (T = Z3K)

Red line — theoretical curve calculated with/), = 016A, no = 04 A and Xynas/ Xunss = 1.44. In the blue

line the partial contribution of the Mn** species to the total spectra is shown and in theegn line the
partial contribution of the Mn ** species to the total spectra is shown.
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The Xuns+/ Xunsz+ vValues obtained for different temperatures wereduigther for the
determination of the relative concentrationgox , Xuns+ and Xans+ of Mn?*, Mn®** and MrA*
ions, respectively, in the catalyst at differemhpeeratures. For this purpose a system of three
equations was solved. The general form of thisesysif equations was as follows:

2 Xmnz++ 3 Xvnz++ 4 Xuna+ = @

Xmn2++ Xmna++ Xmna+ = 1 (1)

Xmna+ Xmnz+ = f

The first equation represented the mean valeacef Mn ions in the catalysiThe second
equation represented the normalization conditam, finally the third equation characterized
the ratio of Mri* and Mrf* species. In each case, the vafueas obtained from the fitting of
the calculated spectrum in the visible range todteerved one. For the determination of the
values X2+, Xvn3+ Xun4+ from the system of equations (ihe mean valencey, at different
temperatures was taken from the papfer samples MnSZ20 (20 stands for the amount of
catalyst in gram calcined at once in syntheticad the loading of Mn was 2 wt%) activated
in helium.

This a value varied with the experimental conditions &icl the apparent absorption spectra
had been measured. The valugsX, Xunz+ Xuns+ determined using the mean valenggfor

the sample MnSZ20 are given in Table 4 - 1.

For T = 373 K the system of equations had the formyg.x+3 Xunz++4 Xvna+ = 2.73, Xin2+ +
Xmnz++ Xmna+ = 1, X¥una+/ Xmnz+ = 0.90

The values obtained for the relative concentraobbeach cation wereyxz+ = 0.51, Xunz+ =
0.26 and ¥n4+ = 0.23.

T,K a XMn2+ XMn3+ XMn4+

373 2.73 0.51 0.26 0.23
523 2.62 0.59 0.20 0.21
623 2.58 0.63 0.17 0.20
723 2.53 0.67 0.13 0.20

Table 4 - 1: Relative concentrations g+ , Xunz+ Xvna+ determined using the experimental data on the
average valenceg, for the MnSZ20 in He and the calculated apparent lsorption spectra in the visible

range in the case of77, = 016A, 72 = 04A

Similar systems of equations were compiled andesbfer temperatureb=523, 623 and

54



Chapter 4: Activation of promoted and non-promatelated zirconia catalysts

723 K. The corresponding relative concentratiogg:X, Xvns+ Xwvna+ are given in Table 4 - 1
Similar calculations of the band shapes in theblasirange and then of the relative
concentrations g2+, Xuwnz+ and Xunz+ were performed in the case of the displacements

n, = 015A, n, =02 A, which also provided the correct position of th*" band for

a= 257A . However, for this set of parameters, the dstaflthe description of the spectra
calculation, as well as the details of the solutdrequations (1), are dropped and only the

obtained results are summarized in Table 4 - 2.

T, K a XMna+/ Xmn3+ XMn2+ XMn3+ XMna-+

373 2.73 0.92 0.51 0.26 0.23
523 2.62 1.06 0.59 0.20 0.21
623 2.58 1.18 0.63 0.17 0.20
723 2.53 1.38 0.66 0.14 0.20

Table 4 - 2: Relative concentrations o+ , Xwnz+, Xuna+ determined using the experimental data on the
average valenceg, for the MnSZ20 in He and the calculated apparent lsorption spectra in the visible

range in the case of; = 015A, 7, =02 A

The figures with the experimental and calculategcsja are not shown for tlsecond set of
parameterss, = 015A, n,=02 A. Table 4 - 2 also contains the ratigmx/ Xwnz+

determined from the comparison of the calculatetiexperimental spectra.

4.3.5. Conclusions for the theoretical calculations
First of all it should be underlined that for th&ot sets of the parametergand 75, the

obtained relative concentrationg%: Xwns+ Xmna+ Were in good agreement for sample
MnSZ20. The analysis of the data given in Tables dlso showed that, with an increase
temperature:
> The relative concentrationy. of Mn?* ions increased from 0.51 to 0.67 for the
sample; and this was in accordance with the tenyrerebehaviour of the charge
transfer band. The edge of the charge transfer bhifigd to shorter wavelengths and
higher energies, indicating an increase in the rermbMrf* ions.
> The relative concentration of Mhions decreased from 0.26 to 0.13 in the sample
used in this work; that also did not contradict € band behaviour and it was in
agreement with the decrease of the intensity ofdtdeband at 680 nm, which was
assigned to M.
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> The relative concentration of Mhions decreased very slightly for both sample$ién t
range of temperature from 373 to 723 K. This resoltld be explained as follows: the
helium stream did not change the structure of thegen surrounding of the Mh

ions. It did not remove the oxygen ions.

4.4. Conclusions

This Chapter showed how different the spectra of&d MnSZ were according to the
activation atmosphere; and how decisive this atttimgprocedure was in later the activity of
the catalysts (Section 5). The activation helpedetuce the high concentration of water
which was assumed to be one of the reasons of idamh. Furthermore, the model

developed in this work fits the obtained spectrdl ewed explains why our assignments differ
from the literatur€?® The bands at position 580 and 680 nm, which \@sceibed to M’ in

the literature, can now be assigned!- transitions of MA" and Mrt*, respectively.
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5.1 SZ as catalyst fon-butane isomerization

Sulfated zirconia (SZ) is a highly active catalfgst skeletaln-butane isomerizatidrf® at low
temperatures; and as a matter of fact SZ alwaysrsufom severe deactivation with time on
stream, within very short initial time periods. o, many studies were carried out to try to
understand the reason for the high catalytic agtilut also why SZ deactivates that fast.
Carbenium-type ions species have been proposedetantermediates in tha-butane
isomerization. However, the formation of this specis under discussion. Several groups
support the idea that the carbenium ion is formddough butane oxidative
dehydrogenatictt®’#(ODH). Then-butane ODH produces water and butene. The latter a
easily protonated to carbenium ions, and thus s&Esweaction chain carriers.

Water is one product of th®@DH® and is speculated to act as a poison in ritfitane
isomerization on S%.

An alternative and the most reported explanationdedctivation in this reaction is the
accumulation of hydrocarbon deposits on the catalysace.

Ahmadet al*’. performed arin situ UV-vis diffuse reflectance spectroscopic studyirmyn-
butane isomerization on sulfated zirconia. Theyidied the surface deposits and correlated
their temporal evolution with the catalytic perfante of SZ for the first time.

For the present work, we have also used diffuskeateince UV-vis-NIR spectroscopy to
monitor, in Situ, the catalyst surface during the activation of tlagalyst and tha-butane
isomerization on SZ at 373 K. To correlate the gdsshanges in the spectra and the activity
of the catalyst, the effluent gases were analye@® online.

The goal of this Chapter is to relate, on the baSiNIR and UV-vis spectrand online GC
data, the evolution of water and carbon-contairdlegosits on the catalyst surface to the
activity of the catalyst with time on stream. Watan be seen in the NIR range through a
combination mode (deformation and stretching) aydrdécarbon deposits (unsaturated) can
be detected and studied via their absorption bantdee UV-vis range.

Furthermore, it will be explained how decisive feed composition is for the formation of
the unsaturated species absorbing at 295 nm; spexsponsible, according to the literature,

for the deactivation of the SZ durimgbutane isomerization.
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5.2 Experimental conditions

5.2.1. Activation

The catalyst of interest, SZ, was activated fom@@utes at 723 K in 40mL min"O, and
cooled to the reaction temperature, 323 or 37hKQuiflow or O, followed by a purge in He.
More details were described in the previous chagsse Section 4, Activation and

Interpretation of the UV-vis spectra of Mn-promotdfated zirconia).

5.2.2. Reaction conditions

The reactant mixture was 5 kRabutane in inert gas (Nor He) with a total flow of
40mL min™. It was sent through the catalyst bed. The readiiok place at two different
temperatures; 323 K and 373 K. In the course o thork, the importance of the feed
composition will be demonstrated. According to #pecifications of the-butane and after
dilution, up to 2500 ppm of impurities could be g#at in the feed. No cartridges were used
to purify n-butane before entering the mass flow controlleswelver, the inert gases were
dried by using oxy- and hydrosorb cartridges (Alpdea- purifier @-free and HO-free from

Air Liquide) before entering the corresponding mié®s controller.

5.3 Results after activation of SZin @

5.3.1 Catalytic activities overview

The reaction profile of the-butane isomerization on non-promoted SZ consiste@n
induction period, a maximum of rate of isomerizatand a deactivation of the catalyst. These
three stages of the catalytic activity were obsgrfi@ the reaction carried out at 323 K
whereas at 373 K, the induction period was not iMesk most probably because of the lack
of time resolution in the gas phase analysis. Tdtalgtic profile started with a decline from
the very beginning of the activity and the true maxm was missing as shown in Figure 5 -
1. The gas mixtures provided by different gas sepplshould not influence the catalytic

performance.
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Figure 5 - 1: Rate of isomerization vs. time on s.am. Reaction conditions: 5 kPan-butane in N, on SZ
(both using the industrial mixture from Linde) at 323 K (left) and at 373 K (right) with a total flow of 40
mL/min. The catalyst was activated under Qflow at 723 K for 30 min.

Figure 5 - 2 shows the catalytic performance ofuSiag 5 kPan-butane in Nfrom different

gas providers.
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Figure 5 - 2: Rate of isomerization vs. time on seam. Overview of the activity on the left and zooron the
“steady state” on the right side with” artifact. The catalysts were all activated for 30 rim in O, at 723 K.
Reaction conditions: 5 kPan-butane in N, on SZ by varying the gas providers at 373 K. Thexperiments
performed with Linde and Westfalen are industrial mixtures whereas the one performed with Messer
Griesheim and Air Liquide are obtained by diluting pure n-butane with N, in the laboratory.

The left plot shows a similar general trend for tlaalytic performance of SZ at 373 K with

all gas mixtures from the different gas providerhe catalytic activity started with a fast

decline for the first 2 hours, followed by a comstalight loss during the “steady state”. A

zoom on the steady state part of the catalyticoperdnce, Figure 5 - 2 right, showed that the

experiments performed by using Messer Griesheim(ggfmixed, in green) and Linde gas

(industrial, in blue) as feed presented a simrand within hours (same weak decline and rate

of isomerization after 17 hours on stream of 1a&w0l g™ h™). Whereas, a stronger
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deactivation and a lower rate of 89 - 1@#ol g™ h™after 17 hours for the experiments

using Air Liquide gas (orange) and Westfalen gad)(were observed respectively.

The trend of the activity followed an exponentialcdy (Figure 5 - 3) corresponding to the

X X

equatiorr = S el + S e 2, where r is the rate of isomerizationgmol gt h™, S, and $
the number of active sites responsible for the &irel second deactivation phase respectively;

and § (0.89 h £ 0.25) angd (23.75 h £ 4.27) are the time constant in hours.
The experiments with self-mixed feed,

T using either pure n-butane from

N

o

S
1

Messer Griesheim or Air Liquide,

P2DOF  =599.12079
= 077911

300- - showed a different trend of the

0 0
028333

AL 16570212 i

0 089411 402512

E R catalytic activity (Figure 5 - 4 left): a

200

faster decline in activity was observed

100 o with the experiment performed with
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Figure 5 - 3: Fitting of the activity profile of 5 kPa n- putane isomerization on SZ at 373 K

butane in nitrogen (Linde gas mixture) isomerizatiom on

SZ at 373 K. using Air Liquide as gas provider was

carried out either with He or N

diluent gas.
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Figure 5 - 4: Rate of isomerization vs. time on stam. The catalysts were all activated at 723 K f@0 min
in O,. The reaction was performed under 5 kPan-butane in He on SZ by varying the gas providers -
Messer Griesheimand Air Liquide - at 373 K (left). On the right plot, the catalytc performance of the SZ
is shown under a self-mixed gas from Air Liquide usg He or N, as diluent.
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The results showed, in Figure 5 - 4 right, a corablar deactivation process whatever the
diluent was. It was clear from the catalytic ddtattsome minor difference existed between

then-butane gas-mixtures.
5.3.2 Spectroscopic data observation and correlatiovith the activity

5.3.2.1 NIRregion

The spectroscopic data were recorded in paralléi Whie activity of the catalyst during
butane isomerization on SZ. In this part of thekyohe attention will be focussed mainly on
the NIR range of the spectra. The NIR range redetde vibrations of species adsorbed on
the surface of the catalyst. The spectra were decbm reflectance and were converted into
the Kubelka Munk function because of the proposlidy which exists between the KM
function and the concentration. After the activataf the catalyst in € bands at 1423 nm
and 1914 nm already existed in the catalyst spettteaband at 1423 nm was more intense

than the one at 1914 nm at 373 K in(Bigure 5 - 5 spectrum in violet).

0.20 T T T 0.20

fresh Sz at 323 Kin O,

0.16 B 0.164

0.124 fresh SZ at323Kin O,

0.08- \ activated SZ at 373 K

activated SZ at 373 K
0041 7 0047 at723Kin O]
/v/\\ at723Kin O, 2
0.00 I — 0.004—— - i,,,,,7477¥—:
T T T T
1350 1400 1450 1500 1550 1850 1900 1950 2000 2050 2100
Wavelength / nm

0.124

F(R)TOS
F(R)1os

0.084

Wavelength / nm

Figure 5 - 5: Species adsorbed at band positions 410 nm (left) and ~1920 nm (right) on the surfacefa
fresh SZ (blue), at 723 K in Q, of the activated SZ at 373 K (violet) and afteristeen hours on stream
(orange) for a reaction temperature of 373 K. Condions: Activation in O, at 723 K for 30 minutes and
reaction under 5 kPan-C, (industrial mixture) at 373 K on SZ.

After one hour contact of the catalyst with thedfethe band at 1914 nm quickly grew and
was more intense (Figure 5 - 6, spectrum in greBmd. maximum intensity of each spectrum
at 1423 and 1914 nm and the rate of isomerizatiepltted versus time on stream

(Figure 5 - 7).
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Figure 5 - 6: Left: band at 1420 nm, Right: band at1914 nm. Conditions: Activation in G at 723 K for 30
minutes and reaction under 5 kPan-C4 in N, at 373 K on SZ. Total flow of 40 mL/min with the Linde gas

mixture.
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Figure 5 - 7: Activity and evolution of the speciesat
band position 1423 and 1914 nm versus time on
stream. Complete Figure 5 - 6. Conditions: Activatn
in O, at 723 K for 30 minutes and reaction under 5 kPa
n-C, in N, at 373 K on SZ. Total flow of 40 mL/min
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During the first few (2-4) hours on stream

the growth of the bands at 1423 and

1914 nm was fast, then the growth slowed
down; and the intensity of the band at
1423 nm was twice weaker than the
intensity of the band at 1914 nm.

The fast growth of the band at 1914 nm
correlated, perfectly, to the drastic initial

loss of activity as shown in Figure 5 - 8.

Similar results on the formation of the band at4l8in during the-butane isomerization

(5 kPa in N, at 373 K) were observed independent of the orafithe gas-mixture. The

evolution of the spectra during reaction and theesponding activity can be seen in the

Appendix UV-vis of this work (Fig 1 and Fig 2).
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For all gas mixtures used, the species of

interest was formed fast during the first
4004 ©

two hours on stream; and then the growth

w

o

o
1

o 1 of this species slowed down. Moreover,
the formation of the species absorbing at
o & o 1420 nm with time on stream, like the

[y

o

o
1

formation of the species absorbing at
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N
o
o
©
()

o

2 4 & & 10 12 . 1914 nm, was similar for all experiments

Maximum intensity of regardless of the gas mixtures used. After
os F(R), at 1914 nm

ctivated

F(R)
sixteen hours on stream, the 1420 nm /

Figure 5 - 8: Complementary plot of the experiment 1915 nm intensity ratio was 0.37 for
described in Figure 5 - 7 Linde, 0.36 for Westfalen and 0.30 for
Messer Griesheim gas mixtures. Considering ther éacs that exist when the maximum in
intensity was plotted versus time on stream, tHi20Iam / 1915 nm intensity ratio was similar

for the three different gas mixtures.

It should be mentioned that for this work only angarison in the evolution of the species at
band position 1914 nm was drawn. For a few experimyenormalization of the spectra in

reflectance in the NIR range was compulsory to eonthe data into KM. The KM function

is strongly dependent on the reflectance, so thabdmthanges in the reflectance led to major
changes in the KM function. The growth of the batidl914 nm could be analyzed only
qualitatively and not quantitatively. Neverthelesst results showed that the initial loss in the
activity of SZ correlated to the formation of theesies absorbing at 1914 nm during the first

few hours on stream.

5.3.2.2 UV-visregion

Similar to the catalytic activity, the spectrosappiata from experiments carried out with

different sources of gas mixtures (industrial miggior self-mixed) showed some differences.
The spectra during the reaction showed, in the Vvrange: (i) no bands, (ii) one band at
295 nm (Figure 5 - 9) and (iii) three bands at 2Z9H) and 450 nm (Figure 5 - 10). The three
cases reflected three gas mixtures with the saewfgations.

In the case when bands were detected in the UVarige, as soon as the catalyst was in
contact with the feed, a band at 295 nm (Figur®%ight and Figure 5 - 10 left) was formed

and continued to grow with time on stream.
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Figure 5 - 9: UV-vis spectra. The left plot showsamformation of bands with time on stream. The rightplot
shows the formation of one band at 295 nm with timen stream. Activation: 30 minutes at 723 K in @
Reaction conditions: 5 kPan-butane in N, on SZ at 373 K during 16 hours on stream.
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Figure 5 - 10: UV-vis spectra. Formation of three Bnds in time on stream at 295 nm (left), 370 and
450 nm (right). Activation: 30 minutes at 723 K inO,. Reaction conditions: 5 kPan-butane in N, on SZ at
373 K during 16 hours on stream.

In the absence of absorbing species in the

500 1 T T T T T T

3 C UV-vis range, the SZ deactivated and the
:;400" 1 activity profile (Figure 5 - 11) was similar to
%300- . 1 the one obtained when the band at 295 nm
é 200 '.\M B ] was formed with time on stream (Figure 5 -
g 100 ] 12 left).

g . When only the band at 295 nm was detected,

0 2 4 6 8 10 12 14 16 18

s the formation of the species responsible for

_ o _ ~ this band was almost linear with time on
Figure 5 - 11: Activity of SZ in absence of bandsi

the UV-vis range. Activation: 30 minutes at 723 K stream (Figure 5 - 12 left). It is thus possible
in O,. Reaction conditions: 5 kPan-butane in N, on

SZ at 373 K during 16 hours on stream. to conclude that the species at 295 nm cannot

65



Chapter 5: Sulfated zirconia

explain the fast initial deactivation of SZ; thespeecies are only spectators.
When three types of species were detected in thevzigVange, the formation of the species
characteristic of the band at 295 nm could be dsesdrin two steps: a fast formation within

the first four hours on stream was followed byan&r growth within the next fourteen hours.
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Figure 5 - 12: The rate of isomerization is plottedversus the time on stream. On the same graph, the
maximum intensity in KM (corrected by subtracting the activated Sz) of the bands in the UV-vis rangesi
plotted. On the left plot only the species at 295m (left) were detected while on the right plot in ddition

to the species at 295 nm , the one at 370 nm (righwere also detected within 16 hours. Activation: @
minutes at 723 K in Q. Reaction conditions: 5 kPan-butane in N, on SZ at 373 K during 16 hours on
stream.

In addition to the band at 295 nm, which grew — mitewas present during the reaction —
from the beginning of the reaction, two bands 4t &dd 450 nm started to grow after 7 hours
on stream (Figure 5 - 12 right). It should be mamdid that the second phase in the formation
of the band at 295 nm did not decrease as theiaad@itbands grew. Moreover, when the
bands at 370 and 450 nm were detected, the raderakrization decreased continuously. The
activity profile was thus different from the oneselbved in absence of any bands or only in
presence of the band at 295 nm. This again shaat$hb species absorbing at 295 nm are not
responsible for the catalyst deactivation.

In one gas mixture, propane was detected. The peopaak area obtained during reaction
was larger than the one of the bypass measurethentt is impossible to say if the amount
of propane present in the feed reacted. Moreolierperformance (rate of isomerization) of
SZ was equivalent independent of the presence bohpropane in the feed. In the case
where propane was not present in the feed for tifferent gas mixtures, the spectra in the
UV-vis range were not identical. For one gas mitunly one band at 295 nm was forming
during the reaction whereas with the other gas uméxthree bands were observed. Propane
cannot thus have a decisive influence on the faonaif the bands in the UV-vis range and
in the catalytic performance of SZ.
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The bypass measurement of the one gas mixture shawenidentified species at retention
time 9.8 min. The peak area of this species dicchahge during the reaction so that it can be
stated that these species never reacted.

Regarding these results, it can be concluded b®aspecies at 295 nm are spectators in the

deactivation of SZ.
5.4 Assignments of the bands

5.4.1 NIR region

The adsorbate responsible for the band at ~ 1915snwater (combination mode of OH
stretching and deformation, 5185 ¢n+ 3590 + 1595 as reported already in previous
literaturé®'3. The second band of interest at 1420 nm origin&iem the overtone of the
stretching vibration of OH.

By performingin situ IR spectroscopy during-butane isomerization at 373 K, kt al.°
showed an increase in the intensity of the OH vibnaat 3580 cnt; in parallel with the
increase in intensity of the water deformation bahd600 crit with time on stream. This
band at 1600 cth had been identified to be caused by the waterraefiion vibration
through exposing SZ to 4. Kloseet al.® also observed, bands at 1425 rn7020 cm® and
1920 nm=5210 cnt* in the NIR region, which arise from the overtoriet® OH stretching

vibration and a combination of;B stretching and deformation modes, respectively.

5.4.2 UV-vis region

The pronounced band at 295 nm in our experimenyssuggest a7 — 77 transition of allylic
cations. Alkyl group as substituent causes a shifgpically + 5 nnt®, which is not enough to
properly identify the chain length of our allylipecies.

In the literature, the deactivation of the SZ dgrmbutane isomerization was reported as
being a result of the formation of allylic specigBhen et al.** studied then-butane
isomerization (9 kPa-C4 in Np) on SZ at 523 K; and performed a UV-vis studyh& sample
after hours of time on stream. Th@ssitu study showed an intense band near 292 nm only on
the deactivated catalyst. They assigned this baadiyiic species which then block the active
sites. Spielbauest al.*® studied also this reaction (8.5 k&, in He) on SZ in a temperature
range of 393 - 473 K. After 90 minutes contact vt feed at 473 K, the sample was placed

in the optical cell for the UV-vis diffuse refleciee spectroscopy measurement. Following
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Chen’s arguments, they suggested that the absorpind at 306 nm (corresponding to the
292 nm in Cheret al.**) may be assigned to allylic cations.

Additionally to the formation of the species absogbat 295 nm, they observed also the
formation of two further bands at 366 and 400 nrhicv were characteristic of polyenylic
cations®*” and aromatic compounds

Kiricsi et al.'® adsorbed propene on zeolites and observed aat@%5 nm in UV-vis spectra
which intensity increased with TOS and simultangotise position of the band shifted to
higher wavelengths. Following this idea, Chiappettal .'° studied the interaction of propene
with zeolites and reported a band at 310 nm foyliallmonoenic cations. Moreover,
increasing the temperature to 470 K, Kirtesilso observed the formation of new bands at
320, 380 and 430 nm. They were thus consistent pvighious work¥?° where bands in the
range 290-330, 350-380 and 430-460 nm were assignedno-, di- and trienylic carbenium
ions. By adsorbing propene at 373 - 473 K, butas@n?298 K and methanol at 473 K on
H-ZSM-5 zeolites, Demidoet al.>* showed that alkenyl carbenium ions were formeas€h
alkenyl carbenium ions have characteristic bandhénUV-vis spectra, namely at 290-310
nm (allyl), 350-380 nm (dienyl) and 430 - 450 nmieftyl carbenium ions). Paz# al.*
exposed H-Ferrierite zeolite to 1-butene in theperature range of 295 - 393 K and obtained
bands at 1580 cthand at 310 nm, which were ascribed to a monoehjt aarbocationic
species. They based their assignment on literatata of ions on zeolite surfaégsand in
solutiorf*?*and the fact that the band at 310 nm partiallypisared upon exposure to NH
which was presumed to neutralize the charge otllyéc cations. It is clear, based on their
investigations on zeolites, P4zassigned bands at 370 and 435 nm to dienic agmidrions;
and Forstér assigned the bands at 370-390 nm to dienic ad8&#80 nm to trienic allylic
cations, and suggested that initially formed momoepecies transformed to more highly
conjugated species. Somnetral.?® performed the reaction of isobutane as startinteriz
on D,;SO, at room temperature, and onexchanged solid acid H-USY zeolite at 373 K.
The UV spectrum of the 130, solution after 1 hour exposure to the feed showdntoad
band at 290 nm that they ascribed to a substitteldpentenyl cation. The cycloalkenyl ions
overcame an hydride shift, followed by ring enlangat via protonated cyclopropane;
deprotonation, hydride or deuteride transfer, ata@aaon and alkylation reactiomfter
numerous recirculation of the feed on the catalysy observed the formation of polyenyl
and aromatic ions (334, 385 and 435 nm) by follgatime UV visible spectra.
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The aromatic compounds were generated from thealkanyl ions by consecutive hydride
shift, deprotonation, hydride or deuteride transBmomatization and alkylations reactions
(Figure 5 - 13).

Monoenic allylic species 290-310 nm
Dienic allylic species 350-380 nm +
[ R,C CH <CH CH ) CR%
Trienic allylic species 430- 440nm "
Demidovet al.%* Spielbaueet al.™®

Rl ahe

~Jo
Ao Q=
wle

R
Q ;-:HJ’E Q +—|:4l- — el
+HY -
® @

Formation of aromatic compounds from cycloalkeoyls, Sommeet al.?°

Figure 5 - 13: Scheme of the different compounds vidh were assigned to be the reason for SZ
deactivation

The firstin situ UV-vis-NIR experiment on this reaction was repdrtey Ahmadet al.*.
They investigated the reaction ofbutane (5 kPa) at 358 and 378 K where they oldaine
a steady activity of 41 and 4ifmol g* h™ (isobutane formation). The spectra in the UV-vis
range showed the formation of unsaturated surfapesits indicated by the band at 310 nm
within the range of monoenic allylic cations. Mdrghly conjugated allylic cations (bands at
370 and 430 nm) became evident dumAgutane reaction at 523 K.

In our experiments, the band positions were toopecific to exclude the presence of
aromatic species on our samples; however, the ipasitmatched the data reported for
monoenic (295 nm), dienic (370 nm) and trienic (458) allylic cations extremely well
(Scheme showed in Figure 5 - 13). Propane and pestaere detected by GC validating the

bimolecular mechanism. The dehydrogenation of tregér hydrocarbons chain obtained

69



Chapter 5: Sulfated zirconia

through the bimolecular mechanism results in then&tion of dienic- and trienic- allylic
species. Table 5 - 1 gathers the different assigtsreported in the literature.

Catalyst Temp | Hydrocarbon | Bands/ | Assignments References
(K) nm
Zeolite 298 Propene 310 allylic monoenic cation  appietta’
NazZSM-5 | 298 Propene 295, 320| mono- Kiricsi®®
470 380 di-
430 trienylic carbenium
H, ZSM-5 | 373-473| Propene 290-310 allyl Demidov*
298 Butadiene 350-380 dienyl
> 473 Methanol 430-450 | trienyl
H- 295-393| 1-butene 310 monoenic Pazé*
Ferrierite 370 dienic
435 trienic allyl
carbocationic
SZ 523 9 kPa-C4in | 292 Allylic species Chén
N>
SZ 393-473| 8.5 kPaC, 306 Allylic cation Spielbauer’
in He 366 Polyenylic cations and
400 aromatic compounds
H-USY |373 isobutane 290 Cycloalkenyl — Sommef®
and monoenic allylic cation
D.SOy 334 Polyenyl and aromatic
385 ions
435
Sz 358- 5 kPan-C,in | 310 monoenic Ahmad*
523 He
523 370 dienic
430 trienic allylic cation
SZ 373 5 kP&-C4in | 295 This work
N> 370
450

Table 5 - 1: Different assignments for the bands ithe UV-vis range in the literature.

As it was impossible to distinguish clearly in awase the allylic species from the aromatic
compounds, the species absorbing light over 320wilinbe named as polyunsaturated
species. The extinction coefficients of allylic ioas are in the order of magnitude of
10*1.mol *.cm™2* and as with polyenes, the coefficients shouldease with conjugation (up

to a factor of 2 per additional double bd%d The spectra could thus be deceiving with

respect to the amount of dienic and trienic allgitions on the surface.
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5.5 Effect of oxygen or propene addition to the fek

Summary of the observations described above amndtsdsom the experiments:
(i) The initial loss of activity is due to the foation of water during the first few hours on
stream.

41.141521.26) 4 i not play a

(i) The band at 295 nm originated from monoenlylial specie
role in the trend of the deactivation. Whether ot they are formed, the rate of isomerization
was “quasi constant” within hours.

The monoenic allylic species absorbing at 295 nentlaen only spectators in the deactivation
process of the catalyst.

(iii) The second step of deactivation is faster wiiee polyunsaturated specieS*at 370
and 450 nm are detected with time on stream. Theyaod candidates to explain the loss of
activity of SZ.

From the experiments in this work, it was also fuhat the reaction atmosphere and the
feed composition plays an important role in thavigt of the catalyst and in the spectra
during reaction. The diverse species, monoenicpatglunsaturated species, detected in the
UV-vis range of the spectra during reaction caméi)resent in the fe&thand not detected by
GC, or (ii) be the consequence of some impurities the feed contains which react further
with the catalyst.

Li et al.® reported that it was possible to enhance the watactivity by adding a small
amount of @ to the feed. Lohitharmt al.?’ also increased the activity of the catalyst by
adding some amount of alkene to the feed. We igastd also the role of these two
compounds, @and olefins to understand their impact not onlytlom catalytic activity, but

also on the species formation on the catalyst serfa

5.5.1 Addition of oxygen to the feed

The following strategy was carried out to try tadarstand the effect of oxygen in the feed
duringn-butane isomerization (5 kPa from Air Liquide, déd in He) at 373 K on SZ:

la. Activation in @, 30 min at 723 K

1b. Cooling down in @to 373 K followed by 40 min purge with He

2. Reaction of 5 %-C,4 in He (18 h)

3. Reaction oh-butane in He in presence of 1.5 vol%.i@the feed (15 h)

4. Purge with He (4 h)
The number ascribed to each step of the experirmersed in Figure 5 - 14.
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After the activation of the catalyst i,Qhe tubing and the cell containing the SZ wagedr
with helium till no oxygen was detected by TCD loétGC. The reaction could then start. The
catalytic performance and the corresponding speobfmic data from every step of this
switching experiment are shown in Figure 5 - 14riby the n-butane isomerization on a
fresh activated SZ (Phase 2), unsaturated spebsestang at 297, 370 and 450 nm (higher
band intensity for the monoenic allylic specie2@f nm) developed with time on stream.
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Figure 5 - 14: The catalytic performance is plotted/ersus time on stream. On the same plot, the evaion
of the water (1911 nm) and hydrocarbon deposits arglotted. Conditions: Activation at 723 K for 30
minutes in O, followed by 40 minutes purge with He at 373 K. Cadiitions: (2) 5 kPa n-C, from Air

Liquide in He at 373 K. (3) addition of 1.5 vol. %0, to the feed at 373 K. (4) Purge with flow of He. &t all

treatments, a total flow of 40 mL/min is used.

The increase of the water concentration on theasarbf the catalyst slowed down after ten
hours on stream. The amount of adsorbed water wlasvely stable within the next ten
hours. The deactivation of SZ occurred in paraileh the growth of the band characteristic
of adsorbed water during the first 2-10 hours.

The addition of 1.5 vol. % £xo the feed (Phase 3) led to an enhancement aidingty over

a time period of three hours with a presence ofnduaction period. The amount of water
adsorbed on the surface increased as a directqoersee of the @addition to the feed. In
addition to the increase of the amount of wates,ldand ascribed to polyunsaturated species
at 370 nm grew fast (the intensity was nearly texe$ higher after eighteen hours on stream)

while the intensity of the band characteristic loé imonoenic species at 295 nm decreased
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slightly. After the reaction in the presence of gey in the feed, the system was purged with
helium flow (Phase 4) for four hours until litttebutane was detected by chromatography.
Then-butane peak area after the purge representethies®.02 % of the-butane peak area
at the end of the oxygen addition to the feed. Witihis purge, only a permanent slight
decrease in the amount of water and a negligibéengé in intensity of the band at 295 nm
characteristic of the monoenic allylic species waloserved. The amount of polyunsaturated
species absorbing at 370 nm remained constant.

In this work, the addition of ©to the feed influenced the catalytic activity piogly. The
latter increased and reached a maximum followed blow deactivation of the SZ catalyst.
These results were thus consistent with the lilegdtas shown in Table 5 - 2. let al.°
explained the high activity after oxygen additiorthie feed by the formation of very reactive
sulfate groups and the reoxidization of sulfiteug®. They assumed that the formation of
reactive sulfate groups led to an enhanced praatuaif olefins, which not only produced
more carbenium type intermediates but also alkgl#te existing carbenium ions, leading to
the longer chain species on the surface. This ageé brings us back to the double role of
olefins in then-butane isomerization. To prove and understanctb#ie effect of olefins on

the deactivation of SZ, we have performed additiexperiments.

TOS Rate (umol g™ h™) without & Rate (umol g™ h™) with O,
This work Lietal. This work Liet al.
After 7 h 147 68 87 79
After 16 h 74 65 no data 57

Table 5 - 2: Comparison of rate of isomerization whout or with the addition of 1.5 % O, to the feed.
Reaction conditions: 40 mL/min of 5 kPan-butane in helium at 373 K on SZ. Liet al.® used 20 mL/min of
5 kPan-butane in He at 373 K to performe their experiment

5.5.2 Addition of propene to the feed

In the literaturé’ it was reported that the addition of alkene toftwesl during the-butane (5
kPa + 1% Ar in a balance of He) isomerization on &2373 and 423 K had a positive
influence on the induction period of the activitg. our case, we performed the following
experiment.

la. Activation in @, 30 min at 723 K

1b. Cooling down in @to 373 K followed by 300 min purge with He
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2. Reaction of 5 %-C4 in He (25 h) at 373 K

3. Purge with He (5 h)

4. Reaction of 5 %-butane in He with 5000 ppm of propene in the fi@dxdh)
The number ascribed to each step of the experimersed also in Figure 5 - 15.
During the first reaction on the fresh catalystg&h2), in the UV-vis spectra, all the species
at 295, 370 and 450 nm were present after nindteers on stream (Figure 5 - 15). In the
NIR region the band ascribed to water was growmgtfree hours on stream before the
growth slowed down. Propene was then added toetbe (Phase 4) and the rate of isobutane
formation was enhanced by a factor of 1.5 in comsparto the one after 20 hours on stream
(end of Phase 2). Parallel to the enhancement efradte of isomerization, the amount of
polyunsaturated species at 370 and 450 nm increhsstically. The increase of the rate was
followed by a fast loss of activity, resulting ingqaiasi non-active catalyst. The amount of
monoenic allylic species also increased (one wwiig¢n propene was added to the feed but
was less pronounced than the increase of the anobpalyunsaturated species (4 units). The
presence of highly conjugated species can be tousglated to the decline of SZ activity.
Moreover, adding propene to the feed led to thdieof the water concentration (band at

1911 nm) on the catalyst surface.
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Figure 5 - 15: The catalytic performance is plotted/ersus time on stream. On the same plot, the evaion

of the water (1911 nm) and hydrocarbon deposits arglotted. Conditions: Activation at 723 K for 30
minutes in O, followed by 300 minutes purge in He at 373 K. Corntions: (2) 5 kPan-C, in He at 373 K
using a pure n-C,4 cylinder from Air Liquide. (3) Purge under flow of He (4) addition of 5000 ppm of
propene to the feed at 373 K. For all treatments, total flow of 40 mL/min is used.

The positive effect of olefins on the isomerizati@action was reported in the literattire

However, increasing the olefins concentration, Inelya molar ratio of 0.009 (corresponding

to a maximum rate of 57@mol g™ h™) for propene, only accelerated catalyst deactvati
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and decreased the isobutane selectivity. The sama&viour was observed in the experiments
reported here. This acceleration of the deactinaivas expected, as olefins also form coke

precursors.

5.5.3 Post reaction treatment: role of oxygen in SEegeneration

Deactivation of sulfated zirconia catalysts canaleided by doping the catalyst with Pt and
adding hydrogen to the feed. Alternatively, theabst can be regenerated. As carbonaceous
deposits on the catalyst surface are supposed tioebmain reason for its deactivation, their
removal should restore the activity of the cataly8terefore, the reactivation takes place
under an oxidizing atmosphere. And under a tempergirogram similar to the activation
procedure. Li and Gonzafézcompletely recovered the activity of sulfated airia used for
n-butane isomerization at 473 K by treatment ina&i723 K. Jacksdn reported a complete
recovery of the activity of an alumina-supportednadia catalyst aftern-butane

dehydrogenation. This regeneration was possiliecsh temperature under 2%/@r.

500 15 In this case, the catalyst was regenerated
wol [ under 40 mL/min @ at 723 K for 30

e T min. The activity of the catalyst under 5
™ :o Lt I kPan-butane in N at 373 K, was mainly
20049, 0, o %k xx ]

.
2333003021 on fresh activated SZ

recovered (Figure 5 - 16), specifically in
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*
*
-

the steady state; monoenic allylic

Rate of Isomerization [umol h™ g]
N
Max intensity at 295 nm in KM
before and after regenration

species were formed but in smaller

o
o

TOS /h amounts in comparison with the fresh

Figure 5 - 16: Catalytic activity before and after catalyst.

regeneration in oxidizing atmosphere (40 mL/min Q) at : _
723 K with a temperature ramp of 5 K/min; n-butane In Figure 5 - 17, two graphs, one for the

isomerization (5 kPa in N) at 373 K using Westfalen gas Jy/ range (left) and the second one for
mixture. Evolution of the species absorbing at 29%m

before and after regeneration (the maximum of the &and  the Vis range (right), show the evolution
intensity from spectra in Kubelka Munk function). _ _ _ _

of the allylic species during regeneration
of the deactivated catalyst. With increasing timegerature, the intensity of the bands at
295 nm decreased, whereas a constant increase aitémsity of the bands at 370 and 450
nm was observed. Similar to the experiment perfdrméh O, in the feed (See section
5.3.6.1), the transformation of monoenic allylicesigs to polyunsaturated species was
observed. Thus, in this case, the monoenic allgipecies were transformed to the

polyunsaturated species (isosbestic point in tleetsp). Furthermore, at 333 K,® and CQ
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were detected with the help of a mass spectromAtethis temperature, combustion of the
monoenic allylic species occurs and produces hEais heat favours the formation of
polymers.

In contrast to the other experimentputane was not supplied and the species absoding
295 nm were not formed anymore. Moreover, at higaemperature and in presence of @
was possible to remove the polyunsaturated sp&oesthe surface.
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Figure 5 - 17: Regeneration in oxidizing atmospheré0 mL/min O,) at 723 K with a temperature ramp of
5 K/min; after n-butane isomerization (5 kPa in N) at 373 K using Westfalen gas mixture

At 623 K (spectrum in red in Figure 5 - 17), thentbaat position 295 nm did not exist

anymore. As no allylic species were present orstivéace of the catalyst, the transformation
to polyunsaturated species cannot happen. UporkK62Be bands at 370 and 450 nm were
also not detected in the spectra. The polyunsa&irapecies are also removed from the
surface, and the initial catalytic activity was oeered. These results confirm the statement

that polyunsaturated species on the surface afdtadyst cause the deactivation of SZ.

5.5.4 Similarities with platinum modified H-mordenite zeolite

Investigating zeolites, Kiric¥, Demidov! and Paz&, observed bands at 290-310 nm, 350-
380 nm and 430 - 450 nm that they assigned to, alignyl and trienyl carbenium ions
respectively. The formation of these highly conjega species should be avoided by
promoting the zeolite with platinum and using hygko as diluent gas and not an inert one.
Supported by this idea, Tzolova-Miilleral.*, in the group, investigated platinum mordenite,
Pt-MOR, under 15 kPa-butane in Hor He at 623 K. The catalyst was reduced for 2 fiatir
623 K before starting reaction at the same tempegat

When the hydrocarbon was diluted with, ldfter several hours of reaction, none of theethre

bands described earlier were formed on the Pt-M@RJ the rate of isomerization

76



Chapter 5: Sulfated zirconia

(1900umol g™ h™) was stable (Figure 5 - 18 left). Switching to &ediluent gas (no longer
H>) led to the formation of the unsaturated spe@8%,(400 and 458 nm) and concomitantly
the rate of isomerization was rapidly decreased @l g™ h™or loss of 96%). Coming

back to H as diluent gas, only the band at 295 nm disapdeaieereas the two others at 400
and 458 nm remained (Figure 5 - 18 right). A sligidrease in the rate of isomerization

(240umol g™ h™) was observed, but the initial rate was not receve
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Figure 5 - 18: Catalytic activity (left) and evoluton of the different species in the UV-vis range {ght) by
switching H, to He. Reaction conditions: Self-mixed (Messer Gesheim gas) 15 kPa ai-C,4 in H, or He at
623 K on Pt-Mordenite.

The absence of any of these three species ungéow and their formation under helium
implied that under reductive atmosphere and ingmes of platinum, the formation of these
species could be avoided. However, coming backetiuative atmosphere only the allylic
species at 295 nm disappeared but not the spebseslbang at higher wavelength; in the
absence of the allylic species and the presenpelgiinsaturated species, the activity was not
recovered.

5.6 The roles of water and unsaturated species inhé isomerization

mechanism

5.6.1 Water

The present work has shown that the initial drdsses in the catalytic activity corresponds to
the formation of water. Water was formed only dgrthe first few hours (2-4) on stream.

After longer times on stream, the amount of watdecdted remained constant, meaning that
at this stage, water was not a product of reacimymore. The role of water is debated, as

water (i) is a vital component in the initiationrpaf the n-butane isomerization, but (ii) can

77



Chapter 5: Sulfated zirconia

act as a poison when it is in excess. Several tepegre published to explain the role of
water in alkane isomerization on SZ at low tempesmtWer', Dumesi¢®*® and Songf*°
reported the positive effect of water on the initia part of the reaction. The three groups
agree that a small amount of water on non-prom&g#>33*and Pt-doped SZ in the
reaction system enhances the catalytic activithefcatalysts. Sofigexplained that an active
catalyst should contain a ratio of Brgnsted to lseacid sites, 2:1 respectively. This ratio
could be achieved in the presence of certain amoiuwater. Dumesiet al.****showed the

importance of the water content by varying the terafure of calcination; and by adding

successively a certain amount of water (#ol g™ H,0) until a maximum catalytic activity

(5256 tmol g*h™) was reached during-butane isomerization (10 kPa at 423 K). W&n
al®! explained the enhancement of the catalytic agtivif Pt-doped SZ in the

hydroisomerization and hydrocrackingreheptane by the transformation of Lewis sites into
Brognsted sites. Besides being an important compgdoeran active catalyst in thebutane
iIsomerization on SZ at low temperature, water s a product of alkane activation via
ODH*®34 Li et al®. demonstrated that the gradual formation of waterSz, was primordial
for building up the active sites, which correspahtie the period of increasing activity in the
n-butane isomerization. The detection of water comdd the oxidative dehydrogenation
route”®® proposed as the initiation steprebutane isomerization. However, when the steady
state of the isomerization reaction had been rehdhe rate of accumulation of water was
significantly slowef. This phenomenon could be explained by the stipegurbation of
sulfate/SQ groups by the water form&d The activity of the catalyst could be recovergd b
SO; sulfation of crystalline zirconia materials. Netsless, water can also act as a
poisorf10123233343hacause the water adsorbed over the catalyst lthek access to the
active Lewis sites For this reason, an excessive catalyst hydrdeads to low catalytic
activity*>3335

A general statement cannot be made about the dwabtation state which gives the
maximum initial activity of the catalyst. Song aKgidd found that small amounts of water

had a positive effect, whereas larger amounts hadgative effect on the performance of

SZ%% the best performance was reported for 200 g™ of watef®. Gonzalezet al.*

claimed that a water concentration of /#80 g™*was optimal while Kloset al.? found that

small variations of the water content by 2.5-5%adly visible in the IR region, did not affect

the catalytic activity of the manganese promotdthtad zirconia (2 wt% Mn loading).
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5.6.1 Unsaturated species

In sulfated zirconia which contains few (5 ¥)yedox active sites, §8,°) provides the
acidity to catalyze the-butane isomerization at low temperatures. Thistrea is initiated by
the oxidative dehydrogenation wbutane to butene, water and £5°. The formed butene is
further protonated by the Brgnsted acid site ofased zirconia to form the carbenium idhs
As reported by Liet al.> the term carbenium ion is frequently used to descthe stable
surface intermediates; but they emphasized thaiglgroups and not carbenium ions are the
stable species in the ground state. The skeletalrarggement can proceed through
intramolecular or bimolecular mechanism. The biroolar mechanism takes place via the
alkylation of the secondary butyl carbenium ionhaginother olefin. It results in a secondary
or tertiary octylcarbenium ion, which is isomerizetd cracked, forming a smaller olefin. The
obtained olefin is re-adsorbed on a Brgnsted atdasd finally desorbs via hydride transfer
from n-butane. In this scenario, olefin — here butendayspa major role in the formation of
alkoxy groups, intermediate in the further skelesamerization.

However, the alkoxy groups can also react furtbeiotm side products blocking the access
to the active sites of SZ; and leads to the deaittim of the catalyst. The experiment where
propene was added to the feed led not only — aftencrease of the rate of isomerization — to
the drastic loss of activity but also to the forimatof more polyunsaturated on the catalyst
surface. The propene addition to the feed leadsirtber reactions in competition with the
bimolecular pathway. The higher concentration @fialin the reaction chamber induced a
various possible reactions, including oligomeriaatiThe oligomers detected in the UV-vis
range of the spectra at 370 and 450 nm blockedhtless to the active sites deactivating
sulfated zirconia. The same deactivation procesdalke place when the feed contains olefin
impurities, even not detected by the methods usélde course of this thesis. The presence of
olefins in some of the gas mixtures, used to perfthre experiments, unfortunately cannot be
discriminated and can explain why sulfated zircateactivates faster when absorption bands
of polyunsaturated species were detected in thevidVange of the spectra.

A similar correlation between the deactivation &melformation of highly conjugated species
was observed whembutane isomerisation was performed in presené®,0l this case, the
polyunsaturated species were the result of additibeat produced by the combustion of
hydrocarbon deposits.

The regeneration procedure of a deactivated sdlfateonia corroborates our interpretation.
With increasing temperature during the regeneraiior®,, polyunsaturated species were

formed while the amount of monoenic species deerkdsosbestic point in the spectra).
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Moreover, at higher regeneration temperature (al6@3K) it was possible to remove from
the catalyst surface both the monoenic allylic polyunsaturated species.

Among the three types of unsaturated species @etect the catalyst surface during reaction,
only a correlation between the polyunsaturatedispeand the loss of activity was proven. No
evidence correlating the catalyst deactivation #aformation of the monoenic species at
295 nm was found. The SZ performance was ideniicptesence or absence of these allylic
species. The comparison with thdoutane isomerization on Pt-MOR study validates tha
monoenic allylic species are only spectators ind@activation while the polyunsaturated

species play a role in this deactivation.
5.7 Effect of the temperature

5.7.1 NIR region and activity of SZ
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At lower reaction temperature (323 K),
with the same activation procedure and
the same feed, the growth of the bands
indicative of water and OH groups at
323 K followed the same scheme as at
373 K (Figure 5 - 19).

The formation of the species at 299 nm
and the accumulation of the adsorbates —

Figure 5 - 19: Temporal evolution of the species dands
position 299, 1423 and 1916 nm. Reaction conditions: 5
kPa n-C, in N, at 323 K on SZ. Total flow of 40 mL/min

water — were observed with a lower rate

with gas mixture from Linde.

hours on stream) as shown in Table 5 - 3.
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T [K] Rate [F(R)ros- F(Rctivated | [F(R)ros - F(Rhcivared * 107
[umol g* h] at 295 nm

3231 8 2 29 (at 1918 nm)

323-2 6 2.5 49 (at 1916 nm)

3731 87 38 20 (at 1914 nm)

373-2 123 2.5 11 (at 1912 nm)

Table 5 - 3: Rate of isomerization and maximum oftte intensity of the bands at 295 nm and 1915 nm aft
16 hours on stream. Reaction conditions: 5 kPa-C, in N, at 323 and 373 K on SZ with gas mixture from
Linde.

The intensity of adsorbed water at sixteen hourstogam was normalized to one (323-1 or
373-1 stands for the first experiment and 323-B371-2 and 323-3 or 373-3 stand for the
reproducibility). The trend in the water formatiaheach reaction temperature could thus be

evaluated as shown in Figure 5 - 20.
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Figure 5 - 20: Comparison of the catalytic performace at 323 K and 373 K of two experiments on SZ for
each reaction temperature with 5 kPan-C, in N, gas mixture from Linde. Normalization to 1 of the
maximum band intensity of adsorbed water after 16 ton stream vs. TOS for three experiments at each
temperature (right); included the four experimentsshowed on the left side.

At 373 K, the curve representing the water adsorhgthg the reaction had a steeper slope
during the induction period than that observedtfar reactions performed at 323 K; which
indicated that the formation of water was fastetha reaction temperature. As explained in
Section 4.2.1.1, water started desorbing at 47i&nlying that whatever the amount of water
adsorbed on the catalyst surface duringrieitane isomerization at 323 or 373 K remained
there. At these two reaction temperatures, watsorded on the catalyst was most probably a
product of reaction; but could also be presenthafeed and adsorbed on the surface of the

catalyst, which is highly hydrophilic.
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However, the normalization procedure of the spestra relevant, as the evaluation of water
formed during the reaction was not affected. Thim r@H/H,O (evolution of HO and OH
groups during the activation is shown in Appendhig 3 and Fig 4, respectively) calculated
for two experiments, 373 K - 1 and 323 K — 2 waifedent for the fresh SZ and the one
activated in @, as shown in Table 5 - 4. This difference in tagorvalue validated also that

water was removed from the SZ surface during thigatmon.

OH / H,0 Fresh Sz Activated SZ
373 K-1 0.3 2.3
323K-2 0.2 351

Table 5 - 4; OH/H,O ratio for n-butane (5 KPa) isomerization on SZ at 323 and 378 with gas mixture
from Linde. Activation in O, at 723 K for 30 minutes.

5.7.2 Is water a product of reaction or present inhe feed?

SZ was activated in oxygen at 723 K and most wateruld be removed after such a
treatment (See Section 4.2). Indeed, the specttura®aK in Appendix, Fig 3 did not show
the water band. However, upon cooling to the reactemperature, water was adsorbed on

the surface of the catalyst.
It cannot be excluded that a small amount of weterd be adsorbed from the gas phase on

the hydrophilic catalyst.
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Figure 5 - 21: Evolution of the adsorbed water on Bat 373 K during 40 min purge in He, after activaton
for 30 min at 723 K and cooling to 373 K in Q(left). The amount of water initially present in the fresh SZ,
adsorbed on the activated SZ during the purge at 3K in He and the evolution of water formation vs.
time on stream during then-butane isomerization, and the corresponding catatic performance are
showed in the right plot.
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It should moreover be mentioned that, for the sarperiment presented in Figure 5 - 21, the
TCD of the GC was used during the bypass measuteamehreaction; and no water was
detected. Nevertheless, the intensity of waterdsseed from the gas phase was far lower
than the intensity of water adsorbed on the catalydace after sixteen hours on stredime
intensity of water initially adsorbed on the freshtalyst surface without any oxidizing
treatment was not reached. Water could also be oalupt of reaction via oxidative
dehydrogenation, the suspected initiation steghefrhechanism, and could come in parallel
from the gas phase; however as shown in Figur@h the gas phase contribution could be

neglected.

5.7.3 UV-vis region and activity of SZ

Working at lower temperature (323 instead of 373 Wijh in this case the industrial Linde
gas mixture, led to some changes in the catalgrfopmance but also on the formation of
allylic species at position 295 nm, on the cataystace. Low temperatures are desirechfor
butane isomerization, as the equilibrium is shifi@aards the branched alkanes. However, a

too low temperature of reaction reduced the ratsaherization. Indeed, when the reaction

took place at 323 K, the maximum rate was almostim@s lower (12uzmol g™ h™against
408 ol g~ h™at 323 and 373 K respectively) and the steady sat¢ewas almost 20 times

lower (6 pmol g™ h™against 124umol g™ h™ after sixteen hours on stream at 323 and
373 K, respectively) than for the reaction (5 kPlautane in M) at 373 K (Figure 5 - 1). At a

reaction temperature of 323 K, a maximum value h&f intensity was obtained (1) after
sixteen hours on stream, whereas at 373 K, thermanri value was around 2, i.e. twice as
many allylic species were formed on the surfacthefSZ at higher temperature. More values
of the maximum in intensity after sixteen hourssbtream could be given from experiments
carried out several times, or using different gastunes (Table 5 - 5), or performed at

different reaction temperature (Table 5 - 6).

At 373 K Gas-mixtures from different gas providers
Linde Westfalen Air Liquide
Rate (umol g h™) 124 107 74
Maximum intensity at 295 nm 2 5 5.8
after 16 h on stream

Table 5 - 5: Evolution of the maximum intensity ofthe band at 295 nm formed during n-butane
isomerization on SZ with different gas mixtures ob kPan-butane in nitrogen
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At 323 K Reaction 1 Reaction 2 Reaction 3
Rate(umol g™ h™) 6 8 4
Maximum intensity at 295 1 1.9 2.4
nm after 16 h on stream

Table 5 - 6: Evolution of the maximum intensity ofthe band at 295 nm formed on SZ with gas mixture of
5 kPa n-butane in nitrogen (Linde). Reaction 1 to 3 represnts different experiments carried out at
different time under the same conditions

The data in Table 5 - 5 and Table 5 - 6 prove tfl@maximum intensity of the band at

295 nm is not directly correlated to the rate abmerization, but to the gas-mixture
composition. This observation could thus suppoet #ngument that the monoenic allylic
species, at 295 nm, are just spectator in the da#ion of the SZ. The formation of these
species is believed to be dependent on the gasimigbmposition used for the experiment of
isomerization.

We have seen that the formation of water varied whie reaction temperature, while the
formation of unsaturated species was due to thengesire. The role of the activation and
reaction atmosphere on the catalyst activity wellnow discussed.

5.8 Influence of activation and reaction atmospheren SZ activity

5.8.1 Effect of reaction atmosphere

SZ was activated following the usual procedure. ifeitane isomerization was carried out
at 373 K under flow of hydrogen (5 kebutane diluted in hydrogen to reach atmospheric
pressure). The catalytic performance was affectgdtie reaction atmosphere as the

maximum rate was 1@mol g™ h™ vs. 200 umol g™ h™" obtained for the same reaction but

with nitrogen as diluent and the puméutane provided from Messer Griesheim. However,

the deactivation of the catalyst was similar asi@een hours on stream, a loss of about 60 %
of the maximum rate was observed in both casesv§l30umol g™ h™) as shown in

Figure 5 - 22.
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Figure 5 - 22: Comparison of catalytic performancersersus time on stream. Activation: 30 min in Qat 723
K and a purge with N,. Reaction: 5 kPan-C, in H, at 373 K (yellow) and 5 kPan-C, in N, at 373 K (red).
Total flow of 40 mL/min.

Besides the low activity of the catalyst, the fotimia of unsaturated species was not detected
and the band of water grew for the first 2 houf®teethe growth slowed down and reached a
stable level (not shown here). The growth of theewaand the first two hours implies that
ODH occurred as initiation step; but the reducat®osphere of the reaction did not lead to a
performance comparable with the reaction in inartagphere. The unsaturated species were
not detected in the UV-vis region and this coulddxplained (i) by a gas-mixture which
would be cleaner that the others although all efrtHulfil the same specifications, or (ii) by
the presence of hydrogen in the feed. Hydrogerthepossibility to hydrogenate unsaturated

species which could be deposited on the surfatieeotatalyst blocking the active sites.

5.8.2 Effect of activation atmosphere

Figure 5 - 23 shows that activating SZ at 523 KHinfor 120 minutes led to more water
adsorbed on the SZ surface, compared to the anotnserved on SZ activated at 723 K for

thirty minutes in Q.
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Figure 5 - 24 shows that water was not

0.04

formed. The slight increase of the band

0.03- intensity could be explained by the

background shift that occurred while the

F(R)

0.02 1

detector changed from the NIR to the UV-

SZ activated in O,

0.01- 1 vis range. The absence of water formed

SZ activated in H,

during the reaction could be explained by

0.00

800 1200 1000 2000 2400 (i) the lower activation temperature than for

Wavelength / nm

the activation in @ which results in a

Figure 5 - 23: Comparison between SZ activated for .; : :
30 min at 723 K in G, (red) and SZ activated for 120 higher level of SZ hydration so that SZ is

min at 523 K in H, (blue). The spectra represent the not active (i) the lack of oxygen on the SZ
activated SZ at 373 K.
surface so that no ODH can happen.

Moreover, the catalytic activity was

relatively low considering a maximum rate of isoination of 12umol g™ h™.
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Figure 5 - 24: The evolution of adsorbed water orhe surface is plotted versus time on stream. Behantir
at the detector change (left) and activity with evintion of adsorbed water versus time on stream (rifgt).
Conditions: 5 kPan-C, in H, at 373 K after activation in H,. Total flow of 40 mL/min. Additional plot in
Appendix, Fig 5.

This low activity could be clarified by the actii@ procedure carried out for this
experiment. The reductive activation atmosphere #msl temperature applied to this
activation (523 K) were not appropriate to remdwe éxcess of water adsorbed on the surface
of the catalyst. As reported previously by \WWemDumesié®>* and Sontf*® the amount of
water initially adsorbed on the catalyst is of griwaportance for its activity. Moreover, as
described in 5.3.5.1, the reductive atmosphereeppd the reaction of isomerization was not

favourable for an active catalyst. Comparing thpeexnents described in 5.3.5.1 and 5.3.5.2,
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it was proved that the activation conditions of tagalyst play a major role in the initiation
step of the mechanisme. ODH during which HO is formed. Activation in @at 723 K led
to the growth of the water band during the reactienthe amount of water adsorbed on the

catalyst surface although,M/as used as diluent gas for the feed.

5.9 Conclusions for SZ

To have an active SZ catalyst in thdutane isomerization at low temperature, it isontgnt

to have the appropriate balance of the amount tévasorbed on the surface of the catalyst
and of the concentration of olefin in the gas phase

This Chapter has shown that when this appropriatlenice is not respected, the compounds
which are participating in the feasibility of thidative dehydrogenation of butane on
sulfated zirconia can also be responsible for tectivation of the catalyst.

Water was produced by ODH during the initiation g@aof the mechanism and was
accumulated on the SZ surface. The higher condentraf water on the surface led to the
initial drastic loss in activity of the catalyst.

Once butane is converted to butane via ODH onéahbiel sulphate species, it forrsec-butyl
carbenium ion / alkoxy group in the presence ofrBted acid sites. This carbenium ion /
alkoxy group which is necessary for the skeletaimerization step is demonstrated to act
additionally as poison at higher concentration.

Mono allylic and polyunsaturated species were okegbron SZ duringn-butane
isomerization. However, the role of these differgmécies could be distinguished. It has been
shown that the monoenic allylic species (band & 28n) are not responsible for SZ
deactivation as it was reported in the literattiney are spectators in the deactivation of SZ.
The more highly conjugated allylic species (band87® and 450 nm) most likely play the
role of a poison for the catalytic activity. Finglthe regeneration of the deactivated catalyst

was possible by removing these surface depositsri@dand high temperature.
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Chapter 6: Manganese- promoted sulfated zirconia

6.1 Manganese promoted-sulfated zir conia as catalyst

1¥2 and G&°, or

Severa groups studied the impact of adding main group metals such as A
transition metals like Pt*° to the SZ. First row transition metals®® in cationic form, in
particular, act as promoters in skeletal isomerization reactions. Among them, iron and
manganese were most intensely studied, as they were reported to enhance the activity” (1-2
order of magnitudes) and the presence of Fe or Mn oxides increased both the number and the
strength of SZ surface acid sites’. In the present work, manganese-promoted sulfated zirconia
was studied to (i) confirm the enhancement of the activity, (ii) compare the deactivation
procedure of the manganese promoted sulfated zirconia and (iii) to compare the surface
changes using UV-vis NIR spectra with those obtained with the non-promoted SZ (See

Chapter 4).
6.2 Experimental conditions

6.2.1. Activation

MnSZ was activated for 30 minutes at 723 K in 40 mL/min O, and cooled to reaction
temperature, 323 or 373 K, in O, flow or He. More details are given in the previous chapter
(see Section 4).

6.2.2. Reaction conditions

Similar conditions like for SZ were applied to MnSZ (Section 5.2.2). The reaction gas
consisting of 5 kPa n-butane in N, was obtained by using industrial gas mixtures or by using
the self-mixed one.

6.3 Results

6.3.1. Manganese loading of 0.5 wt%

6.3.1.1 Catalytic activities overview

During the n-butane isomerization at 323 K on manganese-promoted SZ, an increase in the
catalytic activity, as described elswhere®®, was observed. The MnSZ was active with a

maximum rate of isomerization at 323 K of 160 zmol g™ h™, independent of the gas mixture

used, vs. 12 zmol g™ h™ for the non-promoted SZ (Figure 6 - 1). A drastic loss in the activity

followed this maximum in rate and after sixteen hours on stream, the Mn-promoted SZ
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exhibited a rate of isomerization of 40 mol g™ h™vs. 6 mol g~ h™for the non-promoted

catalyst. Non-promoted SZ had a lower rate of

isomerization in comparison to MnSZ.

Nevertheless, after sixteen hours of reaction, the loss in activity for MnSZ was more
pronounced than for the SZ (75 % and 50 % for MnSZ and SZ respectively).
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Figure6 - 1: Catalytic data versustimeon stream. In the same plot evolution of adsorbed water (1915 nm)
and OH group (~1420 nm) by using industrial mixture (Left), or self-mixed feed (Right). Conditions:
Activation at 723 K in O, for 30 minutes. Reaction: 5 kPa n-C4in N, at 323 K on MnSZ (0.5 wt% Mn).

Total flow of 40 mL/min.

6.3.1.2 Spectroscopic data

The spectroscopic data were different to those obtained with non-promoted SZ. In the UV-vis

range, two bands characteristic (Figure 6 - 2) of charge transfer (300 nm) and d-d transition at

580 nm related to manganese were observed.
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Figure 6 - 2: Evolution with time on stream of the charge
transfer and d-d transitions. Conditions: Activation in 40
mL/min O, and reaction in 5 kPa n-C, in N, from gas
provider Linde at 323 K on MnSZ (0.5 wt% Mn) with a
total flow of 40 mL/min for 16 h of reaction.
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With this loading of manganese, the d-
d transition at 680 nm was not observed
implying thus that Mn cations were at
the highest oxidation state Mn™*.

These two phenomena were intensively
described in the Section 4.2.2. Similar
to SZ, formation of adsorbates on the
surface of the catalyst, namely water,
was also observed (Figure 6 - 1). With
the industrial gas mixtures, the increase
in water concentration was observed
during the first few (six) hours and then
slowed down and stayed at a constant
level for severa hours. With the self-
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mixed feed the amount of water formed was somehow constant, implying that water (i) was
constantly produced by ODH within sixteen hours on stream, (ii) was re-adsorbed from the
gas phase or (iii) manganese was reducing since the beginning of the reaction (in orange in
Figure 6 - 3). The second assumption was less likely as all experiments were performed with

similar conditions.
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Figure 6 - 3: Complete Figure 6 - 1. The evolution of the concentration of Mn*" cations during the n-
butane isomerization on MnSZ (0.5wt% Mn) at 323 K was shown in parallel with the formation of water.

The inert gas of dilution could contain some traces of water although cartridges were used to
dry the gas (see section 5.3.4.2) but not in that large concentration to justify the constant

growth of the water band during the reaction (Figure 6 - 3 right in blue).

To compare the trend of the water formation

1.0 , 388900 88 ¢ 6 3
o °o’ | during the n-butane isomerization performed
g ° °
¥ ool R | with the three different gas mixtures, the
g oaf ] concentration of water after fifteen hours on
= 2] o Industrial miure stream was normalized to 1 (Figure 6 - 4).

@ Industrial mixture (2) . . . )
004& Self-mixed ] Using the industrial gas mixtures led to a
0 2 8 12 16 - . . .
TOS /h similar trend in the water formation which

consisted in a growth of the water band the
Figure 6 - 4: Complete Figure 6 - 3 on the

evolution of water concentration adsorbed on first four hours followed by a stable level.
MnSZ (05 wt% Mn) at 323 K. Here the . .

concentration of water after 15 hours on stream However, with the self-mixed feed, the
was normalized to 1 for the experiments carried
out with the three different gas mixtures.

surface was more or less continuous and did not reach a stable level; and could neither explain

increase in water concentration on the catal yst

the fast loss in activity during the first two hours on stream or the second part of the

deactivation. Except with this case, concentration of water and OH groups adsorbed during
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reaction on MnSZ (0.5 wt% Mn), were comparable to that formed on SZ (Chapter 5).
Moreover, no formation of the bands ascribed to the unsaturated species, monoenic or
polyunsaturated species, were formed like it was the case with SZ (Chapter 5), but a faster
decline in the catalytic performance was noticed. These results could thus corroborate that
these unsaturated species were only spectators in the deactivation process and the role of
water was questionable. A further difference with SZ was also noticeable: the band at 1410
nm corresponding to the OH stretching vibration did show a growth during the first two hours

on stream before decreasing in intensity for the rest of the reaction.
6.3.2. Manganese loading of 2 wt%

6.3.2.1 Catalytic activities overview

At higher loading of Mn (2 wt %) the maximum rate of isomerization at 323 K was improved
(Figure 6 - 5) with respect to that obtained using 0.5 wt % Mn.
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Figure 6 - 5: Catalytic data versus time on stream. In the same plot evolution of adsorbed water
normalized to 1 after 15 h on stream, the evolution of the concentration in manganese cations Mn*" (at 561
nm) and Mn* (at 673 nm) is shown. The three different gas mixtures were used to carry out these
experiments. Reaction conditions: 5 kPa n-C4 in N, at 323 K on MnSZ (2 wt% Mn). Total flow of 40
mL/min.

The rapid decrease following the maximum rate of isomerization was, with a higher loading
in Mn, more drastic (loss of about 100 %) than that observed with 0.5 wt% Mn and much
faster and more pronounced than that observed with SZ. Manganese-promoted sulfated

zirconia (0.5 wt % Mn) showed the rate of isomerization of about 35-50 zmol g™ h™ after

sixteen hours on stream; whereas the 2 wt % MnSZ had around 14-35 zmol g™ h™.
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6.3.2.2 Spectroscopic data

The n-butane isomerization on MnSZ (2 wt% Mn) at 323 K showed a different increase of the
water formed and adsorbed on the surface (Figure 6 - 6), and the growth was different from
one feed to the other. The reactions performed with the feed using the industrial gas-mixtures
showed that the concentration of water adsorbed on the surface reached a stable level after

two and four hours on stream.

In case of the reaction performed with

1.0 o e a 8 o -
E o0 90308 ° - a self-mixed feed, the growth of the
5 08 L ° o8 :
z o ° ] water band was almost constant as a
oo o ] stable level of water adsorbed on the
s T surface was not reached after sixteen
= ]
~ @ Industrial mi . H .
8027 o Industial midure @) hours on stream. With this higher
] Self-mixed ) . .
004 ] loading of manganese, the monoenic
° * Tos/n 2 10 and polyunsaturated allylic species

were not formed, independently to the
Figure 6 - 6: Complete Figure 6 - 5 on the evolution of

water concentration adsorbed on MnSZ (2 wt% Mn) at feed used. Confirming the observation

323 K. Here the concentration of water aft_er 15 hours_on with MnSZ (05 wt% Mn), the
stream was normalized to 1 for the experiments carried

out with the three different gas mixtures. unsaturated species were not detected
in the presence of manganese and one could here confirm again the role of these species as a
spectator in the deactivation process. Some species that cannot be detected by the available
technique and conditions used in this work should be present and responsible for the loss in
activity.

6.3.2. Effect of thereaction temperature

The n-butane isomerization on MnSZ (2 wt % Mn) at 373 K with the industrial gas mixture,
led to a lower value of the maximum rate of isomerization (34 tmol g™ h™) than the one
observed with SZ (410 mol g™ h™) at the same temperature; or than the one observed on
the same Mn loading at 323 K (900zmol g™ h™). Besides a lower maximum rate of
isomerization at 373 K, the induction period was not observed and after only three hours on
stream, the rate reached a value close to zero (about 1 mol g™ h™). These results were

observed with experiments performed with the different gas mixtures, but only the

experiments carried out with the industrial gas mixture were shown here (Figure 6 - 7). A
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reaction temperature of 373 K, for the higher manganese loading led to a faster deactivation

process.
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Figure6 - 7: Catalytic data using gas mixture from Linde ver sustime on stream ar e shown on the left.
The evolution of the corresponding adsorbed water at 323 K and 373 K isshown on theright. Conditions:
Activation in O, at 723K for 30 minutes. Reaction under 5 kPan-C,in N, at 323K and 373K on MnSZ (2
wt% Mn). Total flow of 40 mL/min.

The GC used to analyze the effluent gas could not record the true maximum rate. The use of a
micro GC could have avoided this situation.

The analysis of the spectroscopic data showed that the concentration of water adsorbed on the
surface did not reach a stable value; implying that water was constantly produced or re-
adsorbed form the gas phase (?) during the reaction of isomerization at higher temperature
(373 K). Water is a product of reaction, but the increase in the concentration of water
adsorbed on the surface was slower than the one observed with SZ. During the n-butane
isomerization on MnSZ, the role of water in the first rapid part of deactivation was
questionable. No obvious correlation between the catalytic data and the evolution of water

formation could be drawn.

6.3.2. Effect of the activation and reaction temperatures on MnSZ

The n-butane isomerization took place either in an industrial gas mixture (5 kPa n-butane in
nitrogen) or in a self-mixed feed (5 kPa n-butane in Hy). These two experiments were
probably missing the true maximum rate because the reaction temperature was too high
(Figure 6 - 8 left and right); thus no comparison on these values could be done. To compare
the genera trend of water formed during severa experiments, normalization of spectra was
needed, that the water band intensity after 15 hours on stream was set to one. That is the
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reason why a quantitative study of the amount of water adsorbed on the surface of the catalyst

was not relevant.
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Figure 6 - 8: Catalytic data versus time on stream at 373 K on MnSZ (2 wt% Mn). In the same plot
evolution of adsorbed water by using a industrial gas mixture with 5 kPa n-C, in N, after activation in O,
(left), industrial mixture 5 kPa n-C,4 in N, after activation in H, (middle) and self-mixed feed of 5 kPa n-
C4 in H, after activation in O, (right). Total flow of 40 mL/min; the concentration of water formed was
normalized to 1 after 15 h on stream. Total flow of 40 mL/min.

The growth of the water band could thus be compared for the two experiments. The amount
of water was increasing similarly the first four hours implying for both cases that ODH
occurred as initiation step; and then the growth of the band slowed down faster in the case of
a reductive feed (right). In these two cases, the activation temperature in O, was optimized
(see section 4.1) that not too much water was initially adsorbed on the surface. The fact that
the growth of the water band occurred after four hours on stream, could signify that water was
continuously produced or that the feed contains traces of water. The manganese cations Mn**
and Mn*" were reduced because of the reaction gas which is a reducing atmosphere. After
four hours on stream, an increase of the intensity of bands characteristic of the two d-d
transitions (580 and 680 nm) was observed. This means, that the oxidation state of the
different manganese cations dlightly increases. The increase can be explained by the few
amount of water that the diluent gas contains. Keeping similar the reaction atmosphere and
varying the activation one (Figure 6 - 8 left and middle), the increase of the water amount
adsorbed on the surface of the catalyst was aso different. In the case of activation in Hy, a
lower activation temperature (523 K) was required to avoid the sulfur reduction (section 4.1),

that the level of initial hydration was not the required one for an active catal yst.

95



Chapter 6: Manganese- promoted sulfated zirconia

6.4 Conclusionsfor MnSZ

Our results have shown that like sulfated zirconia, manganese-promoted sulfated zirconia
deactivates drastically during the n-butane isomerization. In the case of the promoted catal yst,
none of the bands assigned to unsaturated species, namely monoenic and polyunsaturated
species, were observed. However, MnSZ deactivated more severely than the non-promoted
SZ. These results corroborate thus that the monoenic alylic species are spectators in the
deactivation process of SZ catalysts. Concerning the polyunsaturated species which were
supposed to act as poison in the deactivation of SZ, they were not observed here that no
conclusions about their possible role in the MnSZ deactivation could be drawn. Moreover, it
should be emphasized that for many experiments, the rapid formation of water adsorbed on
the catal yst surface was always observed in parallel with the reduction of the manganese Mn**
and Mn*" cations. ODH, one of the initiation route proposed for the n-butane isomerization
results on water formation, reduction of the catalyst, here the manganese cations, and butene
formation. We have shown here two of the three conditions which are necessary to validate an
ODH.
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To obtain an active manganese promoted or unpromoted sulfated zirconia catalyst, the way in
which the catalyst is activated plays an important role. In inert or oxidative atmosphere, more
than 95 % of water initially present in the catalyst is removed, that water does not act as
poison by blocking Lewis acid sites necessary for the initiation step of the reaction. SZ
activated in O, is more active. Furthermore, SZ during activation in reductive atmosphere
shows an absorption band at 400 nm which can correspond to a single charged oxygen

vacancy V" but more investigations need to be carried out to clarify this point.

For the unpromoted sulfated zirconia, two deactivation steps were observed during the n-
butane isomerization at 373 K. The first one occurs during the reaction initiation validating
oxidative dehydrogenation as a possible mechanism for that. Water, as product of the reaction
mechanism, is detected during the first hours on stream simultaneously with a decline in the
catalytic activity. The second stage, longer term deactivation, is reported to be due to
formation of monoenic allylic species absorbing at band position 295 nm. Their formation can
be linked to the presence of some impurities (olefins) in the feed. However, this work has
clearly shown that the absence of these species does not prevent the catalyst from longer term
deactivation. They can be formed or not during the reaction, the catalyst shows the same
deactivation. This result can thus bring to the conclusion that the monoenic alylic species are
only spectators in the loss of activity of the catalyst. However, the catalyst deactivates a
longer term on stream implying that other alylic species, highly conjugated, are also
deposited on the catalyst surface (see cartoon at the end of the conclusion).

When the highly conjugated species

550

Sulfated zirconia deactivation I absorb| ng at 370 and 450 nm are formed, SZ

50049

450 deactivates more than without these species.

Polyunsaturated species

4004 ©
)

The formation of these highly conjugated

350 gpecies can  be explaned by (i)

300+

oligomerization resulting from a high

2504

Rate of Isomerization [umol h* g*]

200+

concentration of olefins present in the feed or

T T T T T
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(ii) polymerization in presence of O in the
feed. In the latest case, the combustion of the
alylic species takes place and produces heat that the polymers can be formed. Based on all
our results, we can thus conclude that polyunsaturated species are most likely the poison for

the n-butane isomerization than the monoenic alylic species which are only spectators.
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A dual role of water and olefins for n-butane isomerization on sulfated zirconia has to be
considered for understanding SZ deactivation. Water, which is a vital component in the
initiation step, was revealed to act as poison during the skeletal isomerization. The carbenium
ion / alkoxy groups are intermediates for the skeletal rearrangement and isobutane formation.
They take also part in reactions, which products (polyunsaturated) can block the active sites
and lead to SZ deactivation.

The poisoning effect of water and olefins can be avoided when clean feed (oxygen- and
olefin-free) or large batch of SZ catalyst is used.

In the case of the manganese promoted sulfated zirconia, the catalyst deactivates even faster
than SZ. However besides the formation of water during the initiation step, none of the
unsaturated species - monoenic or highly conjugated, are detected. Moreover, manganese was
not significantly reduced to ascribe the deactivation to manganese.

The UV-vis spectra of the manganese promoted sulfated zirconia are different from the
spectra of unpromoted SZ by the fact that ligand to metal charge transfer and d-d transitions
occur at band positions 580 and 680 nm for the latter and 300 - 400 nm for the former one, in
this colored catalyst. In inert or oxidizing atmosphere, manganese cations in two oxidation
states coexist, Mn®*" and Mn** (Mn?* being spin forbidden). In reducing atmosphere, only one
absorption band at 580 nm is observed in the spectra. That means only one type of manganese
cation is present. By increasing the temperature, in the inert and oxidant atmosphere, the
charge transfer is shifted to higher and lower energy respectively. In inert atmosphere, the
oxidation state of Mn is not the highest possible. The charge transfer occurs at higher energy
than that observed in oxidative atmosphere where Mn is at its higher oxidation state. In
reducing atmosphere, the charge transfer similar to the d-d transition does not change in
intensity or in energy; implying that Mn does not change its oxidation state. Based on our
experimental results we assumed that the band at 580 nm belongs to Mn*" while the band at
680 nm is due to Mn*. To confirm these assignments, theoretical caculations were
performed based on a model where Mn®* ions in the zirconia lattice induce the generation of

oxygen vacancies for charge compensation leading to the displacements 77, and 77, of the

oxygen atoms towards the oxygen vacancies, and the symmetry of the Mn** complex is
supposed to be trigonal. When Mn** ions substitute Zr** ions, the position of 8 oxygen ligands
surrounding the Mn** is supposed not to be changed. Based on this model and using two sets
of parameters for the O* displacements, we have clearly shown that the absorption band at
580 nm belongs to Mn*" while the one at 680 nm to Mn**.
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Possible Poisons
(Polyunsaturated allylic species and H,0) Spectators (Monoenic allylic species)
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Appendix A: Complementary plots for Chapter 5
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Appendix, Fig 1. Evolution of the species adsor bed on the surface (band at 1914 nm) with different gas-
mixtures provided from Linde (left), Westfalen (middle) and M esser-Griesheim (right). Conditions:
Activation in O, at 723 K for 30 minutes and reaction under 5 kPan-C,in N, at 373K on SZ. Total flow

of 40 mL/min.
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Appendix, Fig 2: Each plot representsthe activity of the catalyst ver sustime on stream. On the same plot
the evolution of adsorbed OH (~ 1420 nm) and water (~1910 nm) ver sustime on stream (shown also in
Appendix, Fig 1) are added. Conditions: Activation in O, at 723 K for 30 minutes and reaction under 5
kPan-C,in N, at 373K on SZ. Total flow of 40 mL/min.
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Appendix, Fig 3: Water adsorbed on the surface (at 1915 nm) of fresh SZ (blue), at 723 K in O, (red), on
the activated SZ at 373 K (violet) and after sixteen hours on stream (orange) for areaction temperatur e of
323 K (left) and 373 K (right). Activation: 30 minutesat 723 K in O,. Reaction conditions: 5 kPan-C,in
N, (Linde) at 323 K and 373K on SZ.
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Appendix, Fig 4: OH adsorbed on the surface (at 1406 nm) on fresh SZ (blue), at 723 K in O,, on the
activated SZ at 373 K (violet) and after sixteen hourson stream (orange) for areaction temperatur e of
323 K (left) and 373 K (right). Activation: 30 minutesat 723 K in O,. Reaction conditions. 5 kPa n-C,in
N, from gas provider Linde at 323 K on SZ, complementary to Appendix, Fig 3
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Appendix, Fig 5: The evolution of adsorbed water on the surface. Conditions: 5 kPa n-C4in H, at 373K
after activation in H,. Total flow of 40 mL/min. Complete Figure5 - 24
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In the framework of ELCASS, this thesis was caroed in two different and complementary
laboratories. The initial motivation was to carnyt some isotope labelling experiments to
study the reaction mechanisms febutane,n-hexane and-heptane. The use of isotopes
such as*®0, D and™*C would have been useful. It would have also begarésting to

evaluate the influence of the hydrocarbon partiabgure and flux. However, due to technical

problems, these experiments were not performed.

8.1. Motivation for a kinetic scheme for deactivation

Sulfated zirconia suffers from deactivation durimgutane isomerization at low temperature
(373 K). Among several reasons, coke deposits enstirface of the catalyst can be a
candidate in the deactivation process. To avosldeactivation, several grodps speculated
on the role of Hin then-butane isomerization on SZ. The accepted idelaisitydrogen in
the feed inhibits this reaction by decreasing th&eibe concentration on the catalyst surface.
Taking into consideration that at lower temperaunebutane isomerization on SZ is thought
to occur via a bimolecular mechanism in which therfation of butene is primordial, Sorg
al.* agreed additionally that the presence of hydrogan limit the number of butene
molecules present, thus limiting the activity. Platn modified zeolite and platinum modified
sulfated zirconia, in the presence of hydrogen,used as stable catalysts for commercial
alkane isomerizatiorf. Many papers reported the positive effect of prongpthe SZ with
some transition metal cationsuch as Mn, or a metal, ®Btfor example. The presence of
hydrogen in the feed with a Pt promoted SZ (PtSatplgst is essential to maintain the
catalytic activity’. Many studies concerning the catalytic behaviouSa and PtSZ have
been published but the results are much debdtetf*? particularly for the reaction
mechanism of alkanes on such system. The expemineonditions also influence the
mechanism in which the isomerization will occurernor reductive atmospheres, durimg
butane isomerization on SZ, play a major role emrrechanism. In the absence of a metal, Pt
for instance, the conversion into isobutane at K58 more than one order of magnitude
lower in H, than in H&% At 523 K, Chenet al’® and Garinet all® studied the effect of
hydrogen on the same reaction and on SZ. The presdrhydrogen reduces the deactivation
of the catalyst, although the initial activity isw. They explain the positive effect of
hydrogen by the hydrogenation of the coke precsrsdrich could be formed during the
reaction. The influence of hydrogen is complex.sTidis can (i) rehydrogenate (hydro)carbon
residues under the condition that a metal, whichbie to dissociatively chemisorbed, is

present. Furthermore, (ii) during the alkane isonagion reactions on metals for instance, the
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presence of hydrogen has an inhibiting effect an ribaction. The inhibiting effect of,H
could be explained following two general mechanismskinetics. Whatever the model
chosen, associative as Eley-Rideal (1) or dissgeiahs Langmuir-Hinshelwood (2),
hydrogen is produced; and by increasing thetRe reverse reaction is favoured.
Associative mechanism

CrHazn+2 + Hags «— (GHzn+1) "ags + Ho (1)

Dissociative mechanism

C.H,.., + 2freesites «—> (C.H 1) as T Hoags
C.H,.., +1freesite «—> (C.H,) aas + Hags
H i «—> H, + 2freesites
C.H,., t+1freesite «—> (C.Hu)aas T Ho (2)  Metal
(CoHzp)aas + H” «— (CoH 20 )"
(C.H )" — Isomers + cracking products Acid

Besides platinum, ruthenium is used alternativeBcause, contrary to platinum, which can
isomerizen-alkane$®*’, it will not contribute to the product formatios & does not catalyze
alkane isomerization (it has hydro cracking prapsjt Industrially, ruthenium is used to
promote the activity of the catalysts in the FigseRmpsch reaction, because the cobalt is
better reduced; but ruthenium also allows the decomposition ofnamid®. Hino and
Aratz®?! claimed that ruthenium promoted sulfated zirco(fRuSZ) is a highly active
superacid catalyst for the isomerization of buttmésobutane with He as carrier gas. Most
studies have been focussed on the isomerization rmbutane to iso-
butané312132223.24.2526.21.28 3 me questions about the mechanisms involvedidncatalysts,
are not yet well answered, similar to the questdwout the molecularity. At present, the
skeletal rearrangement of alkanes is still unddratke as different reports proposed this
rearrangement can proceed through a unimolecuitnafnolecular or monomolecular) or /
and a bimolecular (intermolecular) mechanism. Tleemanism oh-butane isomerization on
sulfated zirconia takes place through an intramdécrearrangement as suggested by Garin
et al® followed by Tomishigeet al®® who studied platinum modified sulfated zirconia.
However, this mechanism is contradicted by Adeevaal?® who are in favour of the
bimolecular rearrangement. The intramolecular meicha seems to be accepted for
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hydrocarbons having more than five carbon af8fis’ Few papers are available on the
isomerization ofn-hexané®®® and n-heptand*® on PtSZ.n-Heptane andh-Hexane are
chosen because the mechanism of isomerizationtter henderstood than that ofbutane;
thus the wish to obtain more information about thechanism and intermediates of the

reaction.

8.2. Toolsfor taking into account the deactivation effect

A poisoning effect can be concomitant with the pre® of H or He/ N. Stabilizing the
catalyst activity duringi-butane isomerization can be prevented by dopiegctialyst with
platinum and adding hydrogen to the feed. Moreovédien the deactivation cannot be
avoided with or without the presence of the nobktalh) a way to regenerate the catalyst is
investigated. As the idea is to remove carbonacdepssits which block access to the active
sites, these species can be burnt under an oxgdaimosphere following a temperature
program similar to the activation procedure.

To sum up, the entire catalytic reactions can h@wesented under a general scheme as
described bellow.

Poison
ks z \
3
K1
Reactan > Isomer
X y
ko A/kz
Cracked
Products
z

Figure 8 - 1: General kinetic scheme

X, Y, zandzZ are molar fractions and att =0=x, =1
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The resulting equations are:

+ky+ks)t

x=¢g . the total conversion s = 1 -x

x +y=e &%) yis the amount of isomer formed

K e+
z= ﬁ[l—e (e "3”] , Zrepresents the amount of cracked products
2 3
k (ot .
7= —=3 [1—e (e "3”], Z' represents the sum of the “poison”
K, + K,

From these 4 equations, the values of the ratetaansan be determined. In addition, the
poisoning process will be also discussed in thagptdr.

The aim of this chapter is to investigate the isona¢ion reactions ofi-hexane and-heptane
on SZ, PtSZ, RuSZ and RuMnSZ and to contribute tbetter understanding of the

mechanism through which these reactants are regdan
8.3. Experimental conditions

8.3.1. Set-up

Figure 8 - 2 shows a scheme of the set-up usedrform these experiments; which consists
of a gas dosing system, a cold trap to obtain paal pressure for the hydrocarbon used (
hexane and-heptane), thermal conductivity detectors, a questzctor (30 cm length and
internal diameter of 10.5 mm) which is heated bgpaal oven, a pressure controller and a
GC to detect and separate the products of readflmtubing is made of stainless steel.

H, MFC
ByPass—
TCDmeag
Reactor Pressure
* ,\N controller| GC
Oyen
Septum (
Hydrocarbon
Thermocouple Exhaust
He MFC
Cold trap e—j

. Gas mixture

[% 3-Ways -Valve

Figure 8 - 2: Experiment set-up

The gas was followed by thermal conductivity desextiocated before and after the reactor.
The detector delivers a rectangular-type signad, lieight of which is proportional to the
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partial pressure of the hydrocarbon injected. Thetact time of the hydrocarbon on the
catalyst is obtained directly from the signal (Fg@8 - 3)

GC Injection

Intensity / mV
A l
4 N\
Hydrocarbon
Injection < »
Contact time

hydrocarbon-catalyst

R — (.

»
»

Time / min

Figure 8 - 3: Thermal conductivity signal

Anisole mixed with liquid nitrogen to get a tempera of 236 K was used as cold trap fler
hexane to obtain a partial pressure of 4 Torr edant to 0.5 hPa; while benzyl alcohol
mixed with liquid nitrogen to obtain a temperatofe255 K was used fan-heptane to obtain
a partial pressure of 3.5 Torr equivalent to 0.4&.hThe effluent gas from the reactor is
analyzed on line by GC. The GC is a CE Instrume@€8000 Top equipped with a capillary
column (CPSil 5CB) which is 60 m length and 0.32 mner diameter.

8.3.2. Activation

The catalysts (200 mg) were activated either ud@enL min™ H, for two hours at 523 K (a

ramp of 5 K/min). The catalysts were cooled to thaction temperature under the same

activation atmosphere.

8.3.3. Reaction

The catalytic reactions were carried out in a pdleey system with a fixed bed reactor
working at atmospheric total pressure. In each SupL of n-hexane om-heptane (Fluka,
puriss.) were introduced into the gas flow of (Air Liquide, 99.999 % purity) at constant
hydrocarbon partial pressure (around 5 Torr orh8) thanks to a cold trap kept at constant
temperature. The reaction takes place at 473, 4853,or/and 373 K. After four successive
injections of hydrocarbon at each reaction tempeeata pulse of 5 mL of air is added to the

reactor at 473 K to study the possible impact obaithe catalytic performance afterwards.
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8.4. Results

8.4.1. n-Hexane and n-heptane on SZ or MnSZ (0.5wt% Mn)

Several injections of hydrocarbons were performedoastant temperatures, varying from
473 K to 373 K, on the same catalyst to observediertivation process. For each set of
temperatures, new catalyst was loaded in the reartd activated before the reaction was
performed.

In the case ofi-hexane, at high reaction temperature, 473 K, &th lcatalysts, SZ (Table 8 -
1) and MnSZ (Table 8 - 2), the total conversionréases when the reaction temperature
increases, but the selectivity in isomers is dem@dawhen the reaction temperature is
increased. At lower reaction temperature the gglgctin isomers increases to 100 %.
Previously, a continuous addition o (5ection 5 and 6) increased the catalytic actiuity
these experiments, the addition of a pulse of 5 arl.does not improve the catalytic
performance.

On Sz, at different reaction temperatures, theltesitained are presented in the following

tables:

T (K) ar (%) | Siomers (%) | kit. 10° T(K) | or() Sisomers (%) | kat. 107
473 21.9 21.5 5.9 453 7.8 55.9 4.6
473 7.3 34.9 2.7 453 1.0 80.2 0.8
473 4.9 37.0 1.9 453 0.9 74.2 0.7
473 45 37.7 1.8 453 0.7 73.1 0.5

5 mL of Air added 5 mL of Air added
473 3.9 20.5 0.8 453 1.8 27.6 0.5

TK) | ar(®%) | Ssomes () | kit 10° TK | or(®) | Siomes(®) | kit 10°
423 13.2 23.1 3.4 373 2.2 92.8 2.0
423 0.3 100.0 0.3 373 1.7 98.6 1.7
423 0.3 100.0 0.3 373 1.2 85.2 1.0
423 0.1 100.0 0.1 373 0.7 100 0.7

5 mL of Air added 5 mL of Air added
423 0.2 100 0.2 373 0.5 55.3 0.3

Table 8 - 1: n-hexane (pulse of 0.7 kPa) total conversion at different temperatures. Reaction flow is
40 mL/min Hyon SZ. kit representsthe amount of isomer s for med as defined in Fig.7-1. @ isthetotal

a.
conversion; Semes the selectivity of isomersis determined as —=2™=x100
ay
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The same experiments are performed on MnSZ atrélifteeaction temperatures,

T (K) ar(%) | Sisomers (%) | kit. 107 T (K) ar(%) | Sisomers (%) | kit. 107
473 7.8 23.8 2.0 453 3.7 48.6 1.8
473 2.8 38.0 1.1 453 1.8 45.9 0.9
473 2.4 24.0 0.6 453 1.6 50.5 0.8
473 2.1 25.9 0.5 453 1.1 45.9 0.5

5 mL of Air added 5 mL of Air added
473 25 11.3 0.3 453 1.2 25.7 0.3
T (K) ar (%) | Ssomes(®) | kit 107 T (K) ar (%) | Ssomers(®) | kit. 10°
423 4.4 69.4 3.2 373 1.0 100.0 1.1
423 1.2 80.8 1.0 373 1.0 100.0 1.0
423 0.9 81.3 0.75 373 0.8 100.0 0.8
423 0.1 59.5 0.4 373 0.7 100.0 0.7
Add 5 mL of Air Add 5 mL of Air
423 0.7 83.9 0.6 373 0.38 33.6 0.1

Table 8 - 2: n-hexane (pulse of 0.7 kPa) total conversion at different temperatures. Reaction in a flow of
40 mL/min H, on MnSZ (0.5 wt% Mn).

Under the same reaction conditions wittheptane as the reactant, the total conversion is
higher than that obtained witlthexane. This higher reactivity withC; than withn-Cg can

be explained by the fact that, at the same reattimperature, mone-C; will be adsorbed on
the surface reactive sites (Table 8 - 3). Furtheemibere is no selectivity in isomers as only
cracked products are detected. As an acidic mestmamakes place, carbenium ions are
formed and thed scission reaction may also take place witlE; cation isomers, initially
formed in the adsorbed phase, which do not desorfoaners but as cracked products.

In the case on-Cswe may have:

[ -scission impossible

The [-scission cannot take place on the carbenium iomdd, as it involves the formation

of a thermodynamically unstable primary carbeniom i
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T T T T T T T T T T
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° ° n-hexane
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T T T T T T T T T T T T T T T T T T T T
26 28 30 32 34 36 38 40 42 44 46
T (K) *10°

Table 8 - 3: Partial pressure curves of n-hexane and n-heptane calculated from the Clapeyron

nP _ AH,
d@/T) RT*’
in Kelvin.

equation where AHV36 isthe molar enthalpy of vaporisation and T the temperature

And in the case af-C;

IS SN GO U U G

Repetitive process fast reaction no problem

For instance, at 473 K, on SZ, the total converssoP2 % withn-hexane against 80 % with
n-heptane.

The conversion and selectivity obtained on SZ am$&KI with n-Cs andn-C; are consistent
with the literature. Carbon deposition during theaation blocks the active site then no
conversion or low conversion can occur. This cartbeposit is one of the reasons for catalyst
deactivation. However, the presence of hydrogethénfeed should avoid any accumulation
of carbon on the surface of the catalyst if theatunaited species formed are hydrogenated.
Calculation of the rate constant shows that&n not be calculated ascan not be easily

quantified. Another approach will be taken next.

8.4.2. n-Heptaneon RuSZ (0.5 wt% Ru)

During the different injections, at the 4 differemtaction temperatures, the catalytic
performance of the RuSZ decreases and no selgativisomers is observed. The addition of
the pulse of air does not lead to any increasiearcatalytic activity, but at 473 and at 453 K
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it leads to the formation of some isomers (Tabted®. The catalyst deactivates with time on
stream due to carbon deposition on the active caiidhthe catalyst. At high temperature (473
and 453 K) and when the catalyst is treated ungleisamer is formed. Ruthenium has no
capability to isomerize alkanes; Ru can only ctwiie to the cracking of the hydrocarbon.
Loften®” reported that, by performing a temperature progmathreduction of RuSZ

(0.75 wit% Ru, 1.3 wt% sulfur content and 132/grof surface area), a reduction at 468 K

corresponding to the reduction of sulfate groupsbisined.

T(K) or (%) Sisomers(%0) T(°C) or (%) Sisomers(%0)
473 11.3 - 453 16.8 -
473 8.7 - 453 16.3 -
473 7.3 - 453 18.2 -
473 6.5 - 453 - -
473 8.2 9,3% 453 4,8 6,1%

T(°C) or (%) Sisomers(%0) T(°C) or (%) Sisomers(%0)
423 7.1 - 373 1.1 -
423 6.0 - 373 0.3 -
423 51 - 373 0.3 -
423 5.7 - 373 0 -
423 45 - 373 - -

Table 8 - 4: n-heptane (pulse of 0.7 kPa) total conversion at different temperatures on RuSZ (0.5 wt%
Ru). Reaction in a flow of 40 mL min‘le. The highlighted data are obtained after air treatment.

The presence of isomers could be explained by lilagacter acid of the catalyst which has
been reactivated by the addition of air into thedfeAt high temperature, and after the
addition of air into the feed, Ru loses its cragkaapability, as oxygen atoms block the active
sites of Ru responsible for the C-C bond rupturewever, a second hypothesis can be made.
During the first injection of hydrocarbon by thelge) the catalyst was always exposed to a
reducing atmosphere, so that when air was injeictiedthe reactor at 473 K, the Ru is not
fully oxidized; thus only a mixture of Ru/O existather than an ordered oxide. This
phenomenon is also observed at higher reactiongsatype where oxide islands are formed
but some disordered Ru/O regions exist inbetween,esplained by Blumeet al®
Furthermore, the selectivity in isomers after thditon of air can be compared to the results
obtained by Blumet al®> in the methanol oxidation on Ru catalysts. On Raiaffic catalyst
(O.-free), methanol dehydrogenation takes place. Bsged products, G and HO, were
obtained after a moderate amount of oxygen had leemnporated, forming thus the surface
oxide RuQ.
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8.4.3. n-Hexane and n-heptane on RuMnSZ (0.5 wt% Ru and 0.5wt% Mn)

It cannot be worthwhile to explain the hydrocrackipatterns. The initial assumption is to
consider that all carbon-carbon bonds are brokée.carbon balance starting witkhexane
molecule can be written as following.

6[Cs)°=C1+2C,+3Cz+4Cs+5Cs + 6C¢%°M+ 6Cq

Where [C¢]° = initial concentration of the reactant

[Ce]' = concentration at time t of the reactant

[Ce]™°™ = concentration of the isomers

The amount transformed is:

C LG G % s on

6 3 2 3

[C6]O B [CG]t
[Cel°

[Ce]° - [Cel' =

The conversion is defined loyt = x100 and can be generalized as:

6

dY oyl
ar= — =1 j.j#k x100
YOy i +BIC,

=L j,jzk

where C, denotes the concentration of a hydrocarbon waarbon atoms. Summation o\er

is performed over all detected compounds for e@clinydrocarbon; the subscript k denotes

the hydrocarbon in the feed. This procedure caappiied when repetitive cracking processes
take place. It is now possible to set the hypoth#sat, on the surface, only one C-C bond
rupture during the reaction occurs. It means thamnfn-Cs, the same number of moles is
expected folC; andCs, C, andC,, and 2 moles fo€Cs. Then, if this hypothesis is verified, the
stoichiometric product distributions in moles canvritten as follows;

%E(Cl +C,), %EQCZ +C,), 2 C3 andCs*°™. Sometime<C; andCs, as well aLC, andC,, are

not equal and there is an excesefandC, written as 6C; and 3C, which represent the
extensive hydro cracking. These amounts are caéxlilas the excess @ andC,, divided

by 6 and 3 respectively; it was already the cas@ f&; which is equal to the number of moles
of Cz divided by 2. In the following tables the calcudats were done for the case of the non
repetitive process. The following stoichiometrictadare given in moles for the product
distributions. The reaction temperature, the totaversion and the isomer selectivity are

added in Table 8 - 5. With-hexane, at the three different reaction tempeegaiuthe total
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conversion is relatively low (from 0.5 to 2 %) ati@ selectivity in isomers is high (over 90
%) as shown in Table 8 - 5. All values are givepéncentage.

T (K) | o7 (%) | Sismers(@) | 6C. | 3G | 2C; |(C+C)2| (C+C)2| 2,2dmb| 2,3dmb| 2mp | 3mp

473 0.9 90.6 0.0 1.7 0.0 7.3 0.6 0.0 11}4 17.9 6[.3
453 1.2 93.7 0.0 1.0 0.0 3.3 2.2 2.0 1149 41.2 38.6
423 0.6 96.9 0.0 0.0 0.0 3.1 0.0 0.0 6.p 32.0 58.3

Table 8 - 5: n-hexane (pulse of 0.7 kPa) total conversion and selectivity in isomers at different
temperatures on RuMnSZ (0.5wt% Ru and 0.5wt% Mn). Reaction in a flow of 40 mL min‘le.

With n-heptane, the results are different. At differeptaation temperatures, the total
conversions are much higher than those obtaineld avishorter alkane, theCs, and can
reach more than 90 % at 473 and 463 K (Table 8 {63 observed that the selectivity in
isomers increases when the reaction temperatuneatss. This result shows that in the
adsorbed phase, the isomers formed also give aqukelucts.

Discussion

From these results-C; is more reactive over RuUMnSZ tharCs. This result highlights the
acid character of the reaction and the predominahtiee secondary carbenium formation as
already seen on SZ and MnSZ. Such information detnates that a possible influence of the
metal character on the reactivity does not takeeptan the global activity. On a catalyst with
an exclusive metal character, 0.2 wt % Pt opQalinert, n-Cs and n-C; react at the same
rate"***142 What is surprising here is that the cracking eratiseems to follow a “metal”
character,C; andC, are formed. This apparent contradiction can omdyekplained by the
presence of an adduct site composed of [Ru + ated]sand if this ensemble is reactive.
Starting withn-C;, at low temperature (373 K), only isomerizatioaaton takes place. C-H
bond rupture may take place on Ru surface atomshenskeletal rearrangement of the alkane
takes place on acid sites, where the C-C bond rei@od recombination occur. When the
reaction temperature increases, another more gadiyaocess takes place, the hydrocracking
reaction. A part of this reaction takes place on &uandC; as well asCs andCs are formed,
but the main process is always present on the sitdad and the more intern@l-C fission

reaction is favoured with the formation ©f andC,.

113



Appendix B: Kinetic scheme for deactivation

T (K) ar (%) Sisomers(%0) Distribution of products in %
n-heptane 7¢ (T2 | (TQ)3 | (C+C)2 | (G+CY)I2 | (G+CY)/I2 | 2,4dmp | 3,3dmp| 2mhex 2,3 dmyg 3 mhex

473 98.1 1.1 13.0 5.4 2.3 68.04 8.3 1.8 0.0 0.2 0.3 0.2 0.4
463 97.0 4.1 9.1 4.2 2.0 68.68 7.4 4.4 0.4 0.7 1.2 0.6 1.2
453 87.6 15.6 7.1 3.8 21 58.92 6.9 5.4 1.2 2.7 4.8 1.6 5.3
443 49.7 43.2 4.7 2.7 1.7 39.14 5.2 3.4 1.8 4.7 15.8 4.2 16.7
433 30.0 57.0 35 24 1.3 26.50 5.7 3.6 1.7 5.7 21.6 5.2 22.8
423 24.2 59.3 4.2 25 0.7 16.67 9.1 7.6 15 7.4 21.4 5.6 23.4
413 11.6 57.3 4.7 3.0 1.4 14.64 10.3 8.6 15 6.1 21.6 4.2 23.9
393 2.0 63.5 21 0.0 2.4 9.47 12.7 9.7 0.0 2.0 27.0 2.5 32.0
373 0.3 100 0.0 0.0 66.7 0.0 33.3

Table 8 - 6: n-heptane (pulse of 0.7 kPa) total conversion at different temperatureson RuMnSZ (0.5wt% Ru and 0.5wt% Mn). Reaction in a flow of
40 mL min™H..

In Table 8 - 5, besides the cracking reaction wliah be seen as a “dual reaction” able to takeeptectwo different sites, isomerization
reaction occurs only on acid sites. At low tempa@P-methylhexane and 3-methylhexane are exclydioamed and after, when increasing the

temperature, di-substituted heptanes are formed.
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8.4.4. Study of the deactivation process
In addition to isomerization and hydro cracking qasses, it is compulsory to take into
account the deactivation underlined below. Follayithe O. Levenspiél approach the

activity, a, of a catalyst at any time is:

rate at whichthecatalystconvertsA ~ _ 1,
rate of reactionof Awitha freshcatalyst r

Ao

A is the initial reactant. The reaction rate camwiten as follows:

E

r, =k[C" a with k =k, e k"

B
and-93 =1 cm a with k, =k, e FT
dt g

whered is the order of deactivation, measures the concentration dependencygans the
activation energy of the deactivation. The fundaraleassumption of this formalism is that
deactivation and rate laws are separable. The gdiysieaning of that assumption is that coke
affects the local properties but has no long-rasféect. Self-poisoning as a parallel reaction
to isomerization and a series of deactivation ftbe isomers formed were presented in the

general kinetic scheme. In both cases, accordingtenspiel, it is possible to write the two

L 44

above equations for, and —Z—?. Fuenteset al ™" reported that the reaction order relative to

cyclo-pentane (13.3 kPa cyclo-pentane for 88 kRadgen) on Pd/AD; catalysts is zero at

563 K. Based on these results and taking into addhat the reaction order relative eCs

or n-Cy is zero, thenr, =ka. Considering that a second order decay corresptnds- 2,
da_,. ., . : I : da_,.

thus —— =k, a® with k; =k, C,. Finally the equation becomes— =k, a°. For the
dt dt

second order the integration yielés—— 1 +Kkt.
a &

A differential reactor, at low conversion, can hensidered as a well-mixed reactor, and
therefore the reaction rate is:

W=XA=C%_CAB];
F CADDK a

n o Ta
A simple calculation gives
w _C, -C,

= = C. K [1+ k(',t] whereay = 1

A
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A plot of the reciprocal conversion against timevegi the experimental constant of

deactivatiorky defined as follows.

w a[ .
W _ah ]
Fa k

F, F, kK F Fo Kk
1_a +—”°d(it =—% +kt wherek, =— L%
a wik w k wk w kK

By

' n' RT n n'
K, Ky ke Ca s, — wherek® = d ~A

kK o .

_(E4-E)
It is then possible to write the experimental @astant of deactivatidqg =k° e °'
The deactivation is then determined by the cu%t\ref(t) :i+ k. t. The results versus the
a

0
temperature fon-Cg andn-C; are presented, only at 473 K, on the two figureguiie 8 - 4
and Figure 8 - 5) below.

200
180 A
160 5 * SZ
B MnSzZ
140 A A RuSZz
A RuMnSz
— Linéaire (SZ2)
o] 120 Linéaire (RuSz)
;_'l — Linéaire (MnSZ)
= 100 & — Linéaire (RuMnSZ)
=
80
y =0,3412x + 37,428
60 A A
A
]
40 =
A y = 0,5006x + 18,187
20 e N — ]
:///9///', y=0,2721x + 6,5386
O T T T T T T T T

0 10 20 30 40 50 60 70 80
TOS / min

Figure 8 - 4: Determination of kgt (amount of isomers formed following the scheme described in Figure 5-
1) for the different catalysts SZ, MnSZ, RuSZ and RuMnSZ at 473 K with n-hexane.
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Figure 8 - 5: Determination of kgt (amount of isomers formed following the scheme described in Figure 5-
1) for the different catalysts SZ, MnSZ, RuSZ and RuMnSZ at 473 K with n-heptane.

From the curvesl =f()= 1 + Kk, t, the slope kis determined between 373 and 473 K. the
a

aO
results are given in the two tables below (Table’8

n-Ce ke min™

T(K) SZ MnSZ RuSz RuMnSZ
473 0.3 0.5 1.1 0,3
453 1.6 0.9 2.9 1.6
423 9.2 1.7 2.7 3.0
373 1.6 0.8 - 3.0
n-C, ke min

T(K) SZ MnSZ RuSz RuMnSZ
473 0.1 0.1 0.1 0.0
453 0.1 0.1 -0.0 0.0
423 0.2 0.2 0.1 0.0
373 0.4 0.6 55 11.1

Table 8 - 7: Determination of ke for the different catalysts SZ, MnSZ, RuSZ, RuMnSZ at different
temperatures (373 to 473 K).

In the case oih-hexane, for each catalyst, when the reaction temtpe increases, the
experimental value of the rate constant of deaitimak., decreases. Thus, the poisoning of
the catalyst slows as the carbon deposit is remtwedesorption. However, with SZ and
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MnSZ at 423 K, this constante, ks surprisingly increased (highlighted in yellowTable 8 -

7). In the case ofi-heptane used as the hydrocarbon, this constadéatdtivation, k also

decreases when the reaction temperature is inclelsée) = f(%) was plotted in order to

determine (plot not shown here) the “activation’tibé process. As the slope is positive, it
means that Gaciion > Ey (deactivation). The activation of the whole reawtin that case is

given (Eeaction— Ed)

8.5. n-Butaneon PtSZ (0.5wt% Pt)

Platinum modified sulfated zirconia in the presentét, is assumed to be stalflé® for the
n-butane isomerization. The performance of the gstadf interest is investigated in tihe

situ cell and followed by UV-vis-NIR spectroscopy an@ @nalysis.

8.5.1. Activation

The catalyst was activated first in, @t 723 K for 30 minutes with a 5 K/min ramp before
being cooled to 523 K. Thirty minutes of purging ke follows this oxidation treatment

before reducing the catalyst for 180 min at 523 K.

8.5.2. Reaction

The reaction takes place in 40L min™'5 % n-butane diluted in 10 % H 85 % He at 523 K.

This reaction was chosen to observe an activitthefcatalyst (PtSZ), as at 473 K a weak

activity is obtained.

8.5.3. Catalytic performance

During the first thirty minutes on stream the réactemperature is set at 473 K and a rate of
isomerization of 2@mol g™ h™ was obtainedWhen the reaction temperature was increased
to 523 K, an increase of the rate is observedteasianilar to that obtained on the unpromoted

sulfated zirconia at 373 K under 5f4butane in H. Besides this comparable rate, the PtSZ is
stable within eighteen hours on stream (Figure63. 4n parallel to the isobutane detected,

methane, ethane and propane are also detectedafEh&f methane is equivalent to the rate of

propane. This distribution of the product implibattcracking takes place on the bifunctional

catalyst in addition to the isomerization.
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Figure 8 - 6: Rate of isomerization and rate of C;, C, and C; formation. Activation: 30 min at 723 K, purge
with He for 30 min; 180 min in reducing atmosphere at 523 K. Reaction conditions: 5% n-butanein 10 %
H, and 85 % Heon PtSZ (0.5wt% Pt) at 523 K.

8.5.4. Conclusion for the PtSZ

This result shows that the activation of the Pinpoted SZ and the reaction temperature are
important in the activity of the catalyst. PtSZ dee to be activated first in an oxidizing
atmosphere at 723 K before being reduced for skvenars at 523 K. A similar rate of
isomerization to the non promoted SZ at 373 K cdiddbbtained with a reaction temperature
of 523 K. In addition, the main product of isomatinn obtained with SZ (isobutane as main
product; propane and pentanes as side productgju@s of cracking (methane, ethane and
propane) are also detected with PtSZ. This diffeeen the products of reaction implies that

in the case of PtSZ the metallic and acid characiecurred at the same time.

8.6. Conclusions

This work has shown the deactivation of the nonymted sulfated zirconia undarhexane

and n-heptane isomerization. To postpone or reducedbactivation process, whatever the
reaction atmosphere, ruthenium and/or manganese adkted to the non-promoted SZ. The
platinum promoted sulfated zirconia was not conghjestudied because of the lack of time.
Unfortunately the addition of metal, Ru, did noadeto the expected result, which was the
suppression of the deactivation. However, the lifional character (metal and acid) of the
catalysts was shown as isomers and cracked proeerts observed. Moreover, the acid

function was proven for the isomerization procesd & was clear how important tHe
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scission was in the reactivity ofhexane and-heptane. The results obtained were explained

by a kinetic scheme.
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