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Abstract

The objective of the present work was elucidatingucsure-activity relationships concerning the
individual role of vanadium sites in selective peop oxidation. Two suitable vanadium oxide model
catalyst systems were employed: vanadium oxidepastgd on SBA-15, “YO,/SBA-15", and various
magnesium vanadate phases. Detailed investigabiorthe preparation, thermal stability, structuneg a
structural evolution under reducing and propendliaiig condition were conducted. Varioius situ
methods were usee@,g. UV-Vis-DRS, X-ray absorption spectroscopy, Rampecsroscopy and X-ray
powder diffraction. These were combined with onlMi& gas phase analysis. Catalytic characterization
of the model catalysts was performed using quamnit&C gas phase analysis.

In a first investigation magnesium vanadate phab&gyV 100,528H,0, MgV,0s, monoclinic
and triclinic MgV,0;,, and MgV,Og were prepared and compared with,Oy Besides
MgsV 10026 28H,0 all oxides were stable enough to be used forticratests. No significant structural
changes or reduction of the bulk phase during prepeidation occurred for the magnesium vanadates
up to 673 K. Conversely, )05 was reduced to V40B) under reaction conditions and®; was formed as
intermediate phase. Catalytic performance of thgmasium vanadates was lower compared to that of
V,0s. The highest propene conversions were measuredmfumoclinic MgV,0,;. Only marginal
differences in selectivity towards oxygenated prtdslitsuch as acrolein were observed for the differen
magnesium vanadate phases. Compared@, \fotal oxidation was increased while mainly acirole@as
formed as partial oxidation producin situ UV-Vis-DRS revealed that the catalytic performance
correlated with the reducibility of the magnesiuanadate catalysts.

Second part, Emphasis of the present work, wagg@laa the investigation of selective propene
oxidation over VO,/SBA-15 model catalysts. Preparation of highly dise VO,/SBA-15 samples
without formation of \Os during the preparation process was possible usigrafting anion exchange
method. Three different X0,/SBA-15 samples with vanadium loadings in the raogg.4 wt%-7.7 wt%
(0.3 V/nnf — 2.4 VInm) were synthesized. A hydrated state oDYSBA-15 was present at ambient
temperatures of 300 K in humid atmospheres. Theatgd state consisted of polymerized vanadium
oxide units with square pyramidal coordination loé tvanadium centers. Thermal treatment in oxygen
and water saturated atmospheres resulted in ddfymrdoss of coordinated water, and the direct
formation of the dehydrated state ofQf/SBA-15 above 440 K. The dehydrated state gDNSBA-15
was described by an ordered arrangement of dimraneadium oxide units with tetrahedral coordination
of the vanadium centerf situ spectroscopic measurements revealed that the dethgdO,/SBA-15
structure corresponds to the vanadium oxide streafuring selective propene oxidation. Formation of
additional V-O-Si bonds to the support during ogtal reaction was deduced. Moreover, catalytic
reaction in propene and oxygen lowered the rediityiluif the vanadium centers in,@,/SBA-15 using
propene as reducing agent. Vanadium loading hag mmhor impact on the catalytic performance of
V,O,/SBA-15. Besides formation of GOand CO mainly formation of acrolein, propionaldeay
acetaldehyde and acetic acid was observed. Nofis@mi change in product selectivites was observed
compared to YOs reference. Hence, similar active vanadium oxidesters may be present on
V,O,/SBA-15 and bulk YOs. Conversely to YOs, the average vanadium valence gOy/SBA-15 was
V** during propene oxidation independent of the ihitieygen to propene ratio. Dynamic investigations
in changing reducing and catalytic condition andeaction order of zero for oxygen during propene
oxidation showed that ¥D,/SBA-15 exhibited a fast re-oxidation of the vanedicenters during propene
oxidation.






Zusammenfassung

Das Ziel dieser Arbeit war die Erstellung von geeign Struktur-Aktivitats-Beziehungen von
Vanadiumzentren in der selektiven Oxidation vonpero Dafur wurden zwei Modelsysteme auf Basis
von Vanadiumoxiden untersucht: Auf SBA-15 getrégeianadiumoxide, “YO,/SBA-15", und
verschiedene Magnesiumvanadat-Phasen. Diverse tignhlyy Methoden wurden genutzt, um die
Praparation, die Vanadiumoxid-Struktur, und die vcklung der Vanadiumoxid-Struktur unter
reduzierenden und Propen-oxidierenden Bedingungeiolgen. Es wurden unter anderegnsitu UV-
Vis-DRS, Rontgenabsorptionsmessungen, Raman-Messungowie Roéntgendiffraktionsmessungen
angewendet. Gleichzeitig wurde die Zusammensetzudgr Gasphasen mittels online
Massenspektrometrie untersucht. Zusatzlich erfodgie quantitative katalytische Charakterisierueg d
Modell-Katalysatoren mittels Gaschromatographie.

Im ersten Teil der Arbeit wurden Magnesiumvanadagen hergestellt: MY100.528H,0,
MgV -0, monoklines und triklines MYy .0, sowie MgV ,0g. Diese wurden mit ¥Os verglichen. Aul3er
MgsV100:828H,0 waren alle untersuchten Oxide thermisch stabil konnten fiir Reaktionstests
verwendet werden. Fir die untersuchten MagnesiuadatriPhasen wurde keine Reduktion unterhalb
von 673 K beobachtet. Im Gegensatz dazu wure®s\zu VO,(B) unter katalytischen Bedingungen
reduziert. MO, wurde als Zwischenphase gebildet. Die gemessenalylische Aktivitat der
Magnesiumvanadat-Phasen war deutlich niedrigedials/on \,Os. Innerhalb der Magnesiumvanadat-
Phasen zeigte monoklines MO, die hdchste Aktivitat. Die gemessenen Produktseititen
zwischen den Magnesiumvanadat-Phasen unterschidenur geringfiigig. Gegenubes®% fand eine
erhodhte Totaloxidation von Propen statt. Weiterwitrde hauptsachlich Acrolein als Partialoxidations
Produkt von Propen gebilden situ UV-Vis-DRS Messungen zeigten, dass die katalyg@siktivitat der
Magnesiumvanadat-Phasen mit der Reduzierbarkelaeadiumzentren korrelierte.

Im zweiten Teil, dem Mittelpunkt dieser Arbeit, wien \,O,/SBA-15 Modell Katalysatoren fiir
die selektive Oxidation von Propen untersucht. Blierstellung von hoch dispersen Vanadiumoxid-
Strukturen auf dem SBA-15 Trager, ohne die Bildwog kristallinen Os-Phasen, war mittels einer
speziellen lonen-Austausch Prozedur méglich. Esdemirdrei Proben mit Vanadium-Beladungen im
Bereich von 1.4 wt%-7.7 wt% (0.3 V/dm- 2.4 VInm) hergestellt. Bei niedrigen Temperaturen von
300 K und in wassergesattigten Atmosphéaren lag kiymratisierte Phase von,®,/SBA-15 vor. Die
Vanadiumoxid-Struktur der hydratisierten Phase dfgsaus kondensierten Vanadiumoxideinheiten mit
quadratisch planarer Koordination der VanadiumasmntiThermische Behandlung in sauerstoffhaltigen
Atmosphéren fiihrte zu einer Dehydratation der hygleaten Phase. Fur Temperaturen héher 440 K
bildete sich die dehydratisierte Struktur voROy'SBA-15 unter der Abspaltung von koordiniertem
Wasser aus. Die Vandiumoxid-Struktur der dehydeatisn Phase konnte durch eine regelméaRige
Anordnung von benachbarten dimeren Vanadiumoxiddieh beschrieben werden. Dabei sind die
Vanadiumzentren in der dehydratisierten Phase eisah koordiniert.In situ spektroskopische
Messungen haben gezeigt, dass die dehydratisibasePder Vanadiumoxid-Phase unter katalytischen
Bedingungen entspricht. Wahrend der Propenoxidatitden sich zusétzliche V-O-Si-Bindungen aus.
Weiter andert sich die Reduzierbarkeit der Vanadimren in VO,/SBA-15, nachdem diese
katalytischen Reaktionsbedingungen ausgesetzt whienvVanadiumbeladung hatte nur einen geringen
Einfluss auf die katalytischen Eigenschaften vo©¥SBA-15. Neben der Bildung von GQind CO
wurde die Bildung von Acrolein, Propionaldehyd, feddehyd und Essigsaure beobachtet. Gegeniiber
einer W,0s Referenz wurden nur geringe Unterschiede in demegesene Selektivitaten der
Reaktionsprodukte der Propenoxidation festgesi@#her wird vermutet, dass sowohl ayfOy/SBA-15
als auch auf ¥Os ahnliche aktive Zentren auf der Oberflache vodiegnissen. Im Gegensatz zyOy
war die mittlere Vanadiumvalenz +5 wahrend der @ti@h von Propen. Untersuchungen mit
wechselnden reduzierenden und oxidierenden Gasph@émn und eine Reaktionsordnung nullter
Ordnung fiur Sauerstoff zeigten, dass eine schrikfieOxidation der Vanadiumzentren wahrend der
Propenoxidation stattfindet.
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1 Introduction

1.1 Motivation

Heterogeneously catalyzed reactions play a fundtahesle in the production of fuels and a wide rang
of chemical products. Approximately 60% of industrchemicals and intermediates are produced via
selectively catalyzed oxidation reactions [1]. @meortant industrial process is the selective otahaof
propene towards acrolein and acrylic acid (3.7iamltons per year [2]). The major production praciss

a two stage reaction using propene as feedstocl{3t, propene is oxidized to acrolein using hitm
molybdate based catalysts. Second, acrolein iszeddto acrylic acid using molybdenum based oxide
catalysts mixed with other transition metals suglvanadium and tungsten. The total yield of acryti

of this process is 87% [3]. Increasing the totald/iof industrial processes, like the productioraorfylic
acid, is of great interest because natural reseulike crude oil are saved and costs are lowered.
Therefore, new catalysts with improved activity amgh selectivity towards the desired products are

sought.

Industrial research is mostly based on chemicalitioh and “trial and error” methods which involve
testing of a large number of catalysts. Anotherraaph in research is a rational catalyst desigrttd
involves a deeper understanding of the compleXityotive catalysts. In addition to catalytic tegtitthe
objective of these studies is to elucidate the erigs of well chosen model catalysts. Properiies |
chemical composition, electronic structure, coaation of metal sites, and surface and bulk strestur
are investigated. The aim is to derive structuttéstg relationships that enlighten how the catalyt
performance correlates with these properties. Eumbre, this knowledge is used to develop new and
improved model catalysts. However, the requiredicstire-activity relationships are not sufficiently

understood for the majority of heterogeneous cataly

The development of new catalysts that use propastead of propene as initial feed for the acryticla
synthesis [3,5,6] attracted much attention in thstglecades. Highly active mixed metal oxide cataly
for the direct oxidation of propane to acrylic aexhibit complex structures and compositioas}. Mo,

V, W, Te, and Nb oxides [4,5,6]. With respect tousture-activity relationships, it is crucial to
understand how structure and individual metal sitdkience the catalytic performance. However,
changing the composition of these active mixed heetales will mostly induce a change in the struetu
as well. Therefore, the superior catalytic perfanoeof these active bulk mixed metal oxides cateot
assigned unambiguously to the functionality of widlial metal centers or particular structure motifs
Hence, it is difficult to distinguish between chealiand structural complexity. In order to redube t
number of variables that affect the catalytic parfance, suitable model systems exhibiting a lower
complexity are sought [7]. Two approaches seembfEasModel systems with either plain composition

and structural variety [8,9], or model systems biting structural invariance and a suitable



compositional variety [10] are promisingly. Binametal oxides constitute rather simple model systems

for the former case. The present work focused oadi@am oxides as binary metal oxides.

Although a huge structural variety exists amonghirvanadium oxides [11] XDs was found to be the
only stable binary ¥ oxide. Therefore, two approaches for vanadium @xidsed model catalysts were
chosen in the present work. In a first approadamatey vanadium oxides were sought as model caglyst
to extend the range of available bulk vanadium esicMagnesium vanadates were chosen because no
additional possibly active “metal sites” are intngdd. Furthermore, magnesium vanadate systemsitexhib
a variety of structural motifs (octahedral andak&dral coordination of ¥), which makes them very
suitable as structural model systems. In a secpptbach, silica supported vanadium oxides wereahos
as model systems. Supporting metal oxides on sifieg enable the stabilization of particular metal
structures that are not stable and, thus, not aailunderin situ conditions otherwise. It was shown
recently that hexagonal Ma@®upported on mesoporous silica (SBA-15) is stadulimp to 773 K under
reaction conditions [8]. Furthermore, silica supgpaxhibit a large surface area, no activity faabaic
reactions, and rather weak interactions with thppeued metal oxides. In addition to bulk model
systems, supported metal oxide catalysts exhigt kispersions and an improved surface to bullo rati

Hence, the need for differentiating between bullt surface structures is avoided.

Both model systems chosen were previously investibjg the selective oxidation of propane to prapen
[5,12,13,14]. However, few investigations addrestbedselective oxidation of propene towards acrolei
Here, selective oxidation of propene was chosemadel reaction because many Mo [7-10] or V [15,16]
mixed transition metal oxide model systems arevadbr this reaction. Understanding the correlatioh
structure and reactivity of these simple “binaryddel systems with different metal sites, thus, ralp

to understand the complexity of highly active mixteghsition metal catalysts.



1.2 Vanadium oxides in catalysis

Only 3-5% of the vanadium consumption is due toubke of vanadium compounds in catalysis [17,18].
Vanadium is mainly used as alloying element in ¢skeel and metal industry. Nevertheless, vanadium
based oxide catalysts, mainly,®%, play an important role in selective oxidation at&ans. Some

important chemical processes that are based ondkanacontaining metal oxide catalysts are

summarized imable 1-1

Table 1-1: Commercially important selective oxidations with catalysts containing vanadium [18,19].

Industrial process Catalyst material Worlgjrg)drﬂgtu (c'\t/il?/r;)ZOOZ
Oxidation of SQto SQ, production of sulfuric acid M5 > 100
Selective reduction NHo NO, V,05/WO3/TIO,

Oxidation of benzene to maleic anhydride e

Oxidation of butane to maleic anhydride V,P oxides L4

Oxidation of naphthalene to phthalic anhydride V:Mo oxidesgirgz V-K oxides on 05

Oxidation of o-xylene to phthalic anhydride V,Tiidas .

Oxidation of acrolein to acrylic acid V,Mo,W oxides 3.8

Oxidation of methacrolein to methacrylic acid V,Mopxides 2.4

1.3 Supported vanadium oxides in catalysis

Supported vanadium oxides constitute model systéinas are employed for the elucidation of
fundamental knowledge on structure and reactivitynany heterogeneous oxidation reactions. The most
important reactions discussed are the selectivelativin of methanol [20,21,22,23] and methane
[24,25,26,27] to formaldehyde and the oxidative yadiebgenation of propane to propene [12,28,29].
Typical supports are SEAI,Os, Zr0,, TiO,, and NBOs [16,30]. In the past decades many investigations
were performed that concern the impact of the mdspe support material on the structure of the
supported vanadium oxide phase and the -catalytidonpeance. However, fundamental aspects
concerning the vanadium oxide structure and thetiréy of supported vanadium oxide catalysts dilé s
discussed intensively in the literature. A genémtioduction into the main topics discussed is meu

by reviews from Wachst al. [30], Keller et al. [18], and Muyaleret al. [31]. A brief summary of the
proposed vanadium oxide structures QOYSIO, catalysts under various conditions will be givertolw.
Figure 1-1 depicts the vanadium oxide structures presentiliza ssupports that are proposed and
discussed in the literature. The structure gDYSIO, catalysts depends mainly on the vanadium oxide
dispersion Figure 1-1). Crystalline \AOs is present at high vanadium coverages. The vanadaverage
where a monolayer of disperse vanadium oxide sirestis achieved is well below the theoretical
maximum monolayer coverage (7-8 VMrfB0]. This is in contrast to other support matksiike ALOs.

The maximum dispersion that can be obtained witlbetformation of detectable,®@s crystallites is
approximately 2.5 V/nfand is typically reported for mesoporous silicamrts with high surface areas
such as SBA-15 or MCM materials [23,31,32].
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Figure 1-1: Main structural configurations of the vanadium oxide phase on silica supports discussed
in literature.

First attempts to characterize the structure ohliiglispersed vanadium oxide phases on,Si@re
reported by Hanket al. [33] in 1975. They proposed that after thermaatmeent of VO,/SiO, samples

chainlike vanadium oxide species with tetrahedmairdination of the vanadium centers form on SiO

These vanadium species are transformed reversityoctahedrally coordinated vanadium centersén th

presence of water at ambient temperature. The ibescretrahedral structure corresponds to the

dehydrated state, and the octahedral structuresonds to the hydrated state, according to thetiire

[31]. Since the early 1990’s the number of publard that address the structure of the disperse

vanadium oxide phases present ofOYSiO, catalysts increased significantlffigure 1-2). This is

ascribed to the development and the improvemerin cfitu spectroscopic methods such as Raman

spectroscopy, UV-Vis-DRS, EPR, NMR, XAS, IR spestopy, and XPS that are mainly used to

characterize ¥O,/SiO, samples.

The hydrated state is proposed to consist of sewplare pyramidal [34] or pseudo octrahedral [35]

coordinated vanadium centefddure 1-1, righf). With increasing coordination of water to the tated

vanadium oxide phase X&t al.[34] reported the formation of XDs*nH,0 gels that transform into s

clusters during thermal treatment. Conversely, othghors assumed a reversible transformation ef th

highly dispersed hydrated state into the dehydrsti&ig and vice versa for®,/SiO, samples [35].
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Figure 1-2: The number of papers that are found in the ISI web of Knowledge database using the
keywords vanadium, silica, and catalyst [36].

All reports that discuss the structure of the hjgtiispersed dehydrated state propose that tetralhedr
coordinated vanadium centers are present on tlea Support Figure 1-1, lef). However, structure,
connectivity, and bonding of the tetrahedral utitghe SiQ support are still under debate [37,38,39].
Mainly isolated “VQ structures are reported for the dehydrated sthte,0,/Si0,. These isolated
vanadium oxide sites can be attached via three-8iB0nds to the silica support [39]. Launetyal.[26]
and others [24] concluded from the presence of V@dblips in the dehydrated state that only two bonds
to the support are present. Keller al. [37] proposed “umbrella models” in which the igeld “vO,
centers have either two V-OH bonds or a peroxo m®i0O,). In contrast to reports that propose isolated
vanadium oxides as the major phase in the dehytisigge, the formation of dimeric or chainlikeQy
structures with tetrahedral coordination of theadiom centers was discussed. Schraml-Metthl. [40]
concluded that isolated vanadium centers will besent only at very low vanadium loadings. They
reported the formation of dimeric units or chairigthw/-O-V bonds for medium vanadium loadings. The
formation of the V-O-V bond was explained by a laafk“sterically suitable” Si-OH groups that are
needed to form V-O-Si bonds [40]. Very recently,sBlet al. concluded on the basis of XAS [41],
NEXAFS [42,43], and IR spectroscopy (using NO asbpr molecule) [44] investigations that similar
dimeric vanadium centers are present on SBA-15e@as the results of Raman measurements, eless

al. [38] proposed that the dimeric {8;], units exhibit V-OH groups.

The dehydrated state is often assumed to be theea@nadium oxide phase under catalytic conditions
The role of V-O-support, V=0, V-OH, V-Q and V-O-V bonds in the catalytic mechaniseng( H
abstraction from the organic reactant) is still @ndiscussion. Bell [21] and others [16] propodet the
V-O-support bond plays a fundamental role in tHectre oxidation of methanol to formaldehyde and
other reactions. They assign the low activity (T@F)V,0,/SiO, compared to other support materials
(Al,Os, Zro,, TiO,, TaOs, CeQ, and NROs) to the “high electronegativity of the Si cationgd6].



Conversely, calculations by Rosansitaal. [45] showed that a reaction mechanism involvingady!
groups (V=0) or peroxo groups (V-0is also feasible in the ODP of propane. No défees between
isolated and dimeric ¥D,/support species were determined by Rosaeskd. [45]. V-O-V bonds were
proposed to be irrelevant for the selective oxaatf hydrocarbons because no increase of the T&F w
observed with increasing vanadium loading (V-O-\héi®) [31]. However, the results of the vanadium
oxide structure in the dehydrated state gD)SiO, reported in the literature are very ambiguous.hWit
respect to structure activity relationships mordaitied knowledge on the structure of supported

V,O,/Si0, will be required to reveal the active vanadiumdexphase under catalytic conditions.

More detailed introductions concerning the topithef respective chapter and to the magnesium vémada

system will be provided in front of each chapter.

1.4 Outline of the work

The objective of the present work was the invesitigeof suitable vanadium oxide model systems ffier t
selective oxidation of propene to acrolein. In #éiddito V,Os, magnesium vanadate systems and silica
supported vanadium oxide catalysts with differeabadium loading were chosen as model catalysts.
Prior to investigating the catalysts under catalgthnditions, a detailed characterization of theaghum
oxide structures was performed. The focus of thiskmvas on supported vanadium oxide catalysts

denoted as \O,/SBA-15. A brief outline of the work is given below

Part1 (Chapter 2) Magnesium vanadates ang(®¥ are discussed as model catalysts for the selective

oxidation of propene.

Magnesium vanadate phases MgO,328H,0 Mg,V,0;, MgV,0s and MgV,0Og) with
different structural motifs were synthesized. Theuctural evolution of thermally stable
maganesium vanadates angdOy under oxidizing, reducing, and propene oxidationditions
was investigatedin situ using UV-Vis-DRS, XAS, and XRD. In addition, theatalytic
performance during propene oxidation was determined fixed bed reactor. Correlations of

reducibility and the vanadium oxide structure wiib catalytic performance are described.



Part Il (Chapter 3-9) SBA-15 supported vanadium des are discussed as model catalysts for the

selective oxidation of propene.

Chapter 3 A short introduction to the fundamentals of X-rapsorption spectroscopy and
UV-Vis-DR spectroscopy is given. Furthermore, tlxpeximental details about the preparation

of SBA-15 and YO,/SBA-15 and the various measurements performedeseribed.

Chapter 4 Three different preparation methods were evatu&de the preparation of supported

vanadium oxide catalysts. During preparation thagion of the vanadium oxide structure was
monitored using spectroscopic methods. The SBAUfpaert was characterized with XRD,

physisorption measurements, and electron microscbee vanadium loadings in the range of
1.4-7.7 wt% V (0.3-2.4 V/nf) were chosen for further structural and catalgtiaracterization.

Chapter 5 Elucidation of the hydrated and dehydrated vamadoxide structure present on
SBA-15 was performed using UV-Vis-DRS and XAS spasttopy. Theoretical model structures

which were suitable to describe the experimenttd deere employed.

Chapter 6 Hydration and dehydration processes of the vamadbxide structure were
investigatedin situ using various spectroscopic methods. In addittbe, dehydration of the
SBA-15 support was investigated. Aging effects eexdispersion of crystalline )05 species to
disperse vanadium oxide species were observediniect of water on the dehydration process

was probed.

Chapter 7 The evolution of the structure of,®,/SBA-15 catalysts and the composition of the
gas phase were investigatedsitu under propene oxidation conditions. Reliable gditakesults

were obtained from measurements in a laboratosdfized reactor. The catalytic performance
during propene oxidation was investigated as ationcof thermal treatment and vanadium

loading.

Chapter 8 Reducibility in propene and re-oxidation of/SBA-15 in oxygen and under
catalytic conditions was followed by situ UV-Vis-DRS and XAS. Changing interactions of the
vanadium oxide phase and the SEDpport were observed as a result of the cataly#ction in

propene and oxygen.

Chapter 9 General conclusions that were deduced from t@,/8BA-15 model system with

respect to structure activity relationships arevuted.
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2 Magnesium vanadate model systems ajg{@;\during

selective propene oxidation

2.1 Introduction

Vanadium based mixed transition metal oxide catslygay an important role in selective oxidation
catalysis of light alkanes and alkenes with gassphaxygen [5,162,46]. However, the most active and
selective catalysts for such reactions exhibit demp structures and compositions,
e.9.Mo/V/(Sb,Te)/Nb/O catalysts [5,14,46]. For the dimpment of improved catalysts it is essential to
understand the specific role of vanadium in oxmlatcatalysis. Besides ‘trial and error’ approaches
model system based studies are employed. The Hitaxr disentangling of the individual effects of
chemical composition, coordination, and electrasiicicture of the transition metal oxide. The foofis
the present work was to investigate the influen€estouctural motifs on the catalytic behavior of
vanadium oxides. Selective oxidation of propene ghassen as model reaction because many Mo [47] or
V [16,48] mixed transition metal oxide model systeare active for this reaction. Finding correlasion
between these model systems may help to undertt@ndomplexity of highly active mixed transition

metal catalysts.

Here, vanadium oxide based model systems exhibitingaverage vanadium valence of*\vere
employed. Only YOs was found as stable binary’Voxide. Therefore ternary vanadium oxides were
sought to extent the range of available oxidesorbter to avoid the introduction of a second “pagsib
active” metal atom (Fe, Cr, Zn, Pb, Cu,...) alkaldaalkali earth vanadates were preferred. However,
most alkali (Na, K) orthovanadates are sensitivwatds hydration which makes them unsuitable.
Furthermore, alkali earth vanadates tend to forrbar@ates which may be stable and may not decompose
at reaction temperatures [49,50]. Typical carbomEieomposition temperatures are 1098 K for CaCO
and 1723 K for BaC® Only MgCGQ, decomposes at a lower temperature of 623 K. Tomretlifferent
magnesium vanadate phases were synthesized asyteamadium oxide phases. Magnesium vanadate
systems exhibit a variety of structural motifs @wtdral and tetrahedral coordination of )Vwhich

makes them very suitable as structural model system

Reports on the catalytic performance of magnesiamagates in propene oxidation are rarely found in
literature [51,52]. Supported vanadium oxide andymesium vanadate catalysts are mostly used for
oxidative dehydrogenation (ODH) of light alkanes. this field, activity and selectivity of vanadium
oxide catalysts is still a controversial issue [58]summary of the concepts is provided by Cental.

[14] and Bettahart al. [5]. The influence of geometry between the vanadioxide unit and the
hydrocarbon [54], the redox properties [55,56,5),58d other aspects are reviewed. For the setectiv

propene oxidation similar correlations as foundtfer ODH of propane may be present.
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V.05 was measured in addition to the magnesium vansdet®s is often used as a reference compound.
It is active but less selective for propene oxiatiand other reactions like the ODH of propane
[51,58,59]. Habeket al. [60] and other authors discussed the catalytiabieh of \V,Os on the basis of
theoretical calculations and situ measurements. They proposegD¥ and \,Oqg intermediates to be
present under reducing and catalytic conditionsg6®2,63]. In contrast, Yamazakt al. [64] and
Holdagoet al. [65] only detected ¥Og phases under sulfur ang3oxidizing conditions. The important
role of the nature and the valence of reduced vianadxide phases in oxidation catalysis ¢fO¢ was
shown by Ballariniet al. for the ODH reaction [59]. However, a detailed Whexige of structure activity
correlations undein situ propene oxidizing conditions remains scarce. Headaetailedn situ analysis
was performed to investigate the kind of binaryadiom oxide phase present under catalytic propene

oxidation.

2.2 Experimental

2.2.1 Sample preparation

MgsV.,0g (magnesium orthovanadate), Mgd (magnesium metavanadate) and,Mg); (magnesium
pyrovanadate) where synthesized according to Deledal. [55] via a citrate method. Mg(Ng-6H,0O
(Fluka, 99 %) and NkVO; (Fluka, 99 %) were used as metal precursors irctimeentrations required
for the desired Mg/V ratio. The salts were dissdlire 500 ml water. The mixture was heated at 363 K
for 2 h until a clear yellow solution was obtainédter cooling to 300 K 2 ml of 65% HNQwere added

to avoid precipitation. Subsequently, citric acildrée negative charges per molecule, Roth 99.5%) wa
added to neutralize the positive charges of'Mmd \**. Water was removed by evaporation in two steps
to avoid the formation of NOgases (200 mbar and 343 K; 30 mbar and 363 K)r@$dting amorphous
solid was calcined in two steps: 18 h at 653 K &+815 h at 823-1023 K either in a muffle furnaceaar
open tube furnace depending on the resulting plffiable 2-). Calcination of the precursor was
performed in several batches due to the smalldizee crucibles. Batches exhibiting the same strat

characteristics were mixed and homogenized.

MgsV100,¢28H,0 (magnesium decavanadate) was synthesized acgdwaliida and Ozeki [66]. MDs
(3.64 g/ 20.1 mmol) was dissolved in 450 ml of H,O mixture (50 ml 30% KD, and 400 ml HO)
resulting in a red solution. Afterwards a solut@frivig(CH;COO)-4H,0 (2.68 g / 12.50 mmol) in 15 ml
water was added and the color of the mixture chdrigeorange. The amount of water was slowly
reduced by evaporation (363 K, 30-40 mbar, 15 h1@0 ml. Acetone was added drop wise to the
remaining solution (100 ml, 30 min). The resultipgecipitate was filtered, washed with acetone, and
dried under reduced pressure. The solid phase ewagstallized by dissolving the powder in a fewahl
water and then storing the solution in a closedldanh the refrigerator. Deep orange crystals were

obtained.
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V.05 (vanadiumpentoxide) was used as purchased (AlfarA@8.8%). Phase purity was confirmed by
XRD. The WOy structure proposed by Enjalberttal. [140] matched the experimental XRD pattern and
was used for structure refinement.

All samples were stored under ambient conditio®8 (R, air).

Table 2-1: Preparation details of the synthesized magnesium vanadate samples.

Magnesium vanadate phase Furnace type Crucible TiTn(:g]zZrc%tﬁées?e%;[h]
MgV ;05 muffle and tube furnace ceramic, quartz 1023; 6
m-Mg,V,0; (Batch A) muffle furnace ceramic 923;6
m-Mg,V,0; (Batch B) muffle furnace ceramic with cover 82393.5
t-MgV 207 tube furnace quartz 1023 ;6
MgV.0g (Batch C) muffle furnace ceramic 923;6
MgV,0s (Batch D) tube furnace quartz 923;6

2.2.2 Powder X-ray diffraction (XRD)

Ex situ XRD measurements were carried out on an X'Pert RHD diffractometer -6 geometry),
using Cu K alpha radiation and a solid-state nuhtinnel PIXcél detector. Wide angle scans
(5°< 20 <90°, variable slits) were collected in reflectiolode. The sample was prepared on a silicon
sample holder. Data analysis was performed usiegsthftware package Topas 3 and Diffrac Plus
Evaluation 2003 (Bruker AXS). For phase identifieata phase analysis was performed using the PDF
and ICSD databases. To verify the structures foaiméfinement was performed using a fundamental
parameter approach. Only the cell parameters (a,B,g) of the corresponding theoretical structures, a
background function, and the size and strain patermavere refinedin situ XRD measurements were
conducted on a STOE diffractometér( Mode) using an Anton Paar situ cell. Thermal stability tests
were conducted in 20%,0n He (total flow 100 ml/min) in a temperature ganfrom 293 K to 773 K.
Reaction tests were performed in 5% propene and5% He in the temperature range from 323 K to
673 K (5 K/min, total flow 56 ml/min). The gas plkasomposition at the cell outlet was continuously
monitored using a non-calibrated mass spectronretmultiple ion detection mode (Pfeiffer Omni3tar
Phase analysis was performed using the WinXPOWvaodt package (STOE). After reaction all samples

were measuredx situ(see above).

2.2.3 UV-Vis Diffuse reflectance spectroscopy (UV-Vis-DR&easurements

UV-Vis-DRS measurements were conducted in a Jagx®B\WJV-VIS-NIR spectrometer using ax situ
integration sphere and a Praying Maitiin situ cell (Harrick Scientific Products, Inc.). MgO (ABR}
was used as reflectance standard. To avoid sigteffects the samples were diluted with MgOifositu
measurements. Thermal stability tests were conduict20% Q and He (total flow 50 ml/min) in a

temperature range from 293 K to 657 K using a hgatate of 4 K/min. Reaction tests were perfornmed i
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5% propene and 5% ,0n He in the temperature range from 293 K to 65{4KK/min, total flow

40 ml/min). The gas atmosphere was analyzed usimaneacalibrated mass spectrometer in a multiple ion
detection mode (Pfeiffer Omnistar). A linear coti@t (Tsampie= 0.85 Thowert 2 [°C]) was applied to the
sample holder temperature which was obtained bgparate measurement using a thermocouple placed

in the sample powder bed.

2.2.4 X-ray absorption spectroscopy (XAS)

Ex situtransmission XAS experiments at the V K edge (5.K&V) were performed at the XAS beamline
C atHASYLABusing a Si (111) double crystal monochromator. dre were pressed with a force of
1 ton into a 13 mm diameter pellet resulting iredge jump at the V K edge afi, ~ 1. X-ray absorption
fine structure (XAFS) analysis was performed usithg software package WIinXAS v3.2 [91].
Background subtraction and normalization were edrdut by fitting a linear polynomial to the preged
and a &' degree polynomial to the post-edge region of @ogiiion spectrum, respectively. The extended
X-ray absorption fine structure (EXAFS]k) was extracted by using cubic splines to ob&ismooth
atomic backgroung(k). The FT{(k)*k?), often referred to as pseudo radial distributionction, was
calculated by Fourier transformation of th&wkeighted experimentat(k) function, multiplied by a

Bessel window, into R space.

2.2.5 Quantitative catalysis measurements

Quantitative catalysis measurements were perforaséty either the UV-Vis-DRn situ cell or a fixed

bed laboratory reactor connected to an online fasnetatography system (Varian CP-3800) and a non
calibrated mass spectrometer (Pfeiffer Omnistaydrbicarbons and oxygenated reaction products were
analyzed using a Carbowax 52CB capillary columnneated to an ADs/MAPD capillary column or a
fused silica restriction (25 m x 0.32 mm) each @mted to a flame ionization detector (FID). Reatctan
gas flow rates of oxygen, propene, dadium were adjusted through separate mass flowaesrs to a
total flow of 40 ml/min. A mixture of 5% propenedBf% oxygen in He was used for catalytic testhe t
range of 295-683 K. Boron nitride (Alfa Aesar, 996) was used as diluent.

2.3 Results and discussion

2.3.1 Ex situ structural characterization of prepared sartes

The synthesized samples were investigated usingy>powder diffraction (XRD) for phase identificatio
and structure refinemenkigure 2-1 shows the detected XRD powder pattern of the phastained
together with the theoretical pattern from struettefinement Appendix, 10.8. For MgV.0g [67] and
MgV.Og [68] only a single phase was detected. ForL,W4@; a monoclinic [69] and a triclinic [139]
phase were synthesized depending on the calcingimperature and furnace typ€able 2-). Each

phase was obtained with a phase purity of more #%ant%.
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Figure 2-1: Experimental Cu Ko XRD powder patterns of the synthesized magnesium vanadate
phases (dotted black) together with the XRD structure refinement of the corresponding phase
(solid red) and the differential plot (solid grey).



16

Mg3V,04

isolated
tetrahedrons

triclinic
Mg,V,0,

corner sharing tetrahedrons

¢ r'\!
M035V1002°28 H,0 h monoclinic
corner and edge sharing MgV

octahedrons 205 Mg,V20;
corner and edge sharing corner sharing
square pyramids tetrahedrons

Figure 2-2: Structure motifs of the magnesium vanadate phases and the color of the respective
powder.

For the magnesium decavandate a phase refinemémt pbwder pattern was not satisfactory. However,
single crystal analysis (data not reported hereldgd the same My 100,528H,0 structure as reported
by lida et al. [66]. The observed deviations are explained byeddht crystal water content due to
grinding of the sample. A representation of thetlsggsized magnesium vanadate phases together with a
picture of the colored powders is depictedrigure 2-2. In addition to the XRD patterns, XAS spectra of
all samples were recorded. XAS is more sensitivehianges in the local structure and permits a more
detailed determination of average valence, cootidina and structural disorder of the absorbing
vanadium center. All three characteristics migtargie during reaction. The XANES and EXAFS spectra
are shown inFigure 2-3. Comparison of position, height, and area of theeoved pre-edge peaks as
reported by Wongt al. [131], indicated that all samples and thgOYreference had an average valence
of +5. UV-Vis diffuse reflectance spectroscopy (Wi6-DRS) is more sensitive towards partial

reduction processes than XAS or XRD.
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Figure 2-3: V K edge XANES (right) and Fourier transformed x(k)*k® (left) of the as prepared
magnesium vanadates.
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Figure 2-4 Left: UV-Vis-DR absorption spectra of the as-prepared magnesium vanadate phases and
differrent sample batches (Table 2-1). Right: picture of the different colored samples batches of the
monoclinic Mg,V,05 phase (A,B) and MgV,0¢ (C,D) phase (lines are the same as on the left side).

The UV-Vis-DR spectra of all samples are showrFigure 2-4. Only LMCT transitions were visible
which are located at wavelengths lower than 600 Wiemadium valences of %, V3" would generate
intervalence and d-d transitions at longer wavdlengrhe absence of such bands matched the average
valence of V° observed in XAS. Differences between the respectample batches considerably
affected the UV-Vis-DR spectra. As shownFigure 2-4,right different sample batches of the prepared
MgV .0 and m-MgV,0- did not have the same color. To gain informatibowt the electronic structure,
UV-Vis edge energies [99,100,127] and low energy@Mband positions were determined. The
differences in gvalue and the low energy LMCT band positidalfle 2-2 between the samples batches
was ~ 0.2 eV. This was more than the deviationsezeld by simple dilution of the sample with the
reflectance standard (< 0.1 eV). In XAS a dampedNES and EXAFS were observed for samples A and
C compared to sample B and Biqure 2-4, righf). XRD structure refinement resulted in poor realdu
(GOF, Ryragg for sample CKigure 2-4, right).

Table 2-2: UV-Vis edge energies (Eg) and low energy LMCT band positions extracted from UV-Vis-
DR spectra in Figure 2-4.

Sample Low energy LMCT [nm] Low energy LMCT [eV] JEV]
MgsV20s 336 3.73 3.44
m-Mg,V20; (Batch A) 330 3.76 3.29
m-Mg,V,0; (Batch B) 315 3.92 3.47
MgV,0s (Batch D) 376 3.30 2.90
MgV.Os (Batch C) 396 3.13 2.73
t-MgV20; 385 3.22 2.85
MgV 10025:28 HO ~ 400 ~31 2.35
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Apparently, structural disorder in the samples haoronounced effect on the UV-Vis-DR spectra and
thus an unambiguous assignment of the structurékeirspectra was difficult. Therefore, UV-Vis-DR
spectroscopy was used to follow changes during éeatpre programmed reactions qualitatively and was
combined with XRD and XAS analysis of the samplefole and after reaction.

Structural stability of the magnesium vanadate ehas oxygen containing atmosphere at elevated
temperatures was tested usingsitu XRD andin situ UV-Vis-DRS (20% Q, 300-773 K). Apart from
MgsV100,¢-28H,0 all phases and referenceQ¢ were stable. The magnesium decavanadate decomposed
to V,05 and Mg\W0Og as shown irFigure 2-5. Water was released in three endothermic stepsfitt

one (298-320 K) not shown frigure 2-5). During the second (320-450 K) and third wat&s04%00 K)
releasing step the detected reflexes decreasedgbtrin the XRD pattern. Apparently, this water
stabilized the tertiary structure between the déifé decavanadate units [70]. Above 600 K crystalli
V.05 and Mg\LOg phases were formed by exothermic decompositiore fuits low thermal stability
MgsV 1002828 HO was not used for further experiments. Duringrif@rtreatment of all other phases in
thein situ UV-Vis-DR cell only a reversible red shift of thé/-Vis edge energy £0.10 — 0.25 eV) was
observed without any structural changes.
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Figure 2-5: Evolution of Cu Ko XRD patterns during thermal treatment of MgsV¢0,5'28H,0
(323-773 K, 20% O, in He) together with the ion current (H,0) measured during /n situ XRD.

2.3.2 Structure and reactivity of YOs and m-MgV,0; under catalytic conditions

The structural characterization of the magnesiumadate phases and,® (as active V° reference)
during selective propene oxidation was condudtesitu using XRD and UV-Vis-DRS combined with
online gas phase analysis. For quantitative arslysthe reaction gas mixture a gas chromatogrageh w
used. Because of the long measurement times ofmi22he gas phase was also monitored and analyzed
gualitatively by a non-calibrated mass spectrométergain sufficient time resolution. During the
temperature programmed reaction none of the magmesianadate phases showed any significant

structural changes in the XRD measurements. Theretmly m-MgV,0; and \,Os will be compared
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and discussed in detalh situ XRD patterns of both samples are depicte&igure 2-6. As mentioned
before no additional phases were detected duriresurement of m-Mgy,0;. This is in contrast to the
V,05 reference sampleFigure 2-6, righf). The initial \LOs (space groufPmmn[140]) phase was
reduced to V@B) (space grouC12/ml [71]) at temperatures above 623 K. The mixed naephase
V4O, [64] was observed as intermediate phase. In camtfar the reduction in hydrogens®;3 was
reported as the main intermediate phase [72]. Yakiat al. described this metastable “0®),V°>*,0;
phase (MO,) as an orthorhombi€mcmstructure. Oy was detected during the reduction gfOy into
VO,(B) with sulfur. Yamazaket al.[64] assumed a different reaction mechanism becaasO,; was
detected. They concluded that during the reduabbi,Os5 to V,Oy 0xygen point defects are formed

while the transformation of D5 into VO,3 proceeds via shearing of the structure.

According to the data from the vanadium oxide phdisggram the formation of a reduced vanadium
oxide phase at 673 K would only be expected thegmanhically at low oxygen content (equilibrium
pressure p(® < 1 Pa) [73,74]. Thus, the presence of reducethdiam oxide phases was not expected
under reaction conditions (pfo~ 5 kPa). However, the phase diagram only comnsidlee oxygen
pressure dependence of the binary vanadium oxgtersyat thermodynamic equilibrium and neglects the
reducing potential of the reactants (propene, @D to the long residence times in thesitu XRD cell,
very high oxygen conversions (> 99%, 650-673 K)emdetected. This caused increased total oxidation
and the formation of CO. Therefore, the formatiémealuced vanadium oxide phases appears likely. For
the magnesium vanadate system the oxygen equitibpiessures where a reduction into the, ¥y or
MgV,0, phases and MgO is thermodynamically favorablenaueh lower than for ¥Os (p(O,) < 1 Pa).
According to the magnesium vanadate phase diag@oulated by Kijimaet al. [73] this oxygen
equilibrium pressure is approximatelyl8*° Pa (673 K). Apparently, no reduction of the butkapes
seemed feasible concerning the low oxygen conuessietected in the employed temperature range

during thein situ XRD experimentsKigure 2-6, lef}.
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Figure 2-6: Selected /n situ powder pattern during treatment in 5% propene and 5% oxygen in He
(temperature range from 300 K to 673 K) of monoclinic Mg,V,0, (left) and V,0s (right); the
diffraction at ~18.9 °20 originates from the sample holder.
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UV-Vis-DRS measurements were conducted in additoRD measurements. The spectra gbyand
m-Mg,V,0; before and after reaction under propene oxidizigditions from 298 K to 653 K are shown
in Figure 2-7 together with the corresponding V K edge XANEScsgze For 4Os the XANES changed
significantly. The pre-edge peak decreased anedige energy shifted to a lower value which indigate
reduction of the sample. This reduction was obskaga prolonged absorption region in the UV-Vis-DR
spectrum (500-2500 nm). XRD analysis after reacsioowed a mixture of ¥0s, V,Oy, and VQ phases.
Thus, the observed absorption bands > 500 nm veerébad to a mixture of d-d and intervalence charge
transfer transitions originating from the reduced’ W¥xidation state. Similar to the XRD results no
distinct changes were detected in the XANES spagftthe m-MgV,0; phase. Small absorption bands
between 500 nm and 1000 nm occurred in the UV-\igsdpectra of m-Mg/,0; samples after propene
oxidation. These bands were attributed to smatitivas of reduced magnesium vanadate phases present
at the surface. An overall reduction of the magmasvanadate phases is not very likely considetirg t
phase diagram [73], as discussed above. HoweverViSN\DRS spectroscopy is much more sensitive
towards partial reduction than XRD and XAS. Furthere, reduction and re-oxidation kinetics of the
involved vanadium centers during the oxidation obpgene play an important role [162]. Thus, the
reduction step of the involved vanadium oxide cenmtay be slower than the re-oxidation step of this
center during propene oxidation. This would cauagially reduced vanadium centers on the surface

during the propene oxidation.
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Figure 2-7: UV-Vis-DR absorption spectra (left) and V K edge XANES spectra (right) of monoclinic
Mg,V,0; and V,0s before and after treatment in 5% propene and 5% oxygen in He (temperature
range from 300 K to 653 K); glitch at 850 nm originates from detector change.

In order to compare the reduction process of aljmeaium vanadates the intensity at 700 nm relative
the normalized absorption maximum in the appliedperature range is depictedrigure 2-8, left The
wavelength at 700 nm was chosen because it i®iratige where d-d absorption bands are locateds, Thu
it is representative for reduced vanadium spedieseover, the wavelength of 700 nm is located keefor
the wavelength of detector change (850 nm) in th&Mis instrument. In the spectra of the two
pyrovanadate phases (m- and t-MgD;) a small increase in the intensity at 700 nm wateated. It was

assumed that these phases were slightly reducest gathlytic conditions. Comparing the evolution of
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the gas phase of m-Mg,O; and \,Os, the formation of oxidation products (water, carbdioxide,
acrolein) was observed above 570 K for both samiégure 2-8, right). Apparently, the onset of
acrolein formation for ¥Os coincidences with the increase in absorption 8ti@ and the appearance of
the V,Oq phase in the XRD pattern. Interestingly, a sigaifit decrease of acrolein and increase of water
and CQ in the gas phase was observed above 635 K. Comgp#nis with the detected structural
transformations in XRDKigure 2-6, right) it was assumed that apart fromQ4 formation a further
reduction towards V&B) occurred. The formation of V{B) seemed to increase the rate of total

oxidation of propene.
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Figure 2-8 Left: Evolution of relative absorption at 700 nhm (compared to maximum intensity in the
respective spectrum) of the UV-Vis-DR absorption spectra of magnesium vanadate phases and
V,0s. Right: evolution ion currents (CO,, water and acrolein) measured during /n sitv UV-Vis-DR
studies (thermal treatment in 5% propene and 5% oxygen in He).

2.3.3 Catalytic performance of the magnesium vanadatesar,Os

Compared to YOs all magnesium vanadate samples showed differectimersions (~ 1%). Moreover,
gquantitative measurements were conducted in a dédwyr fixed bed reactor at 673-684 Kaple 2-3
which allowed the use of a larger sample massdease the conversion. Comparing the conversions of
the magnesium vanadate phases, different activitege detected. Taking the rate of propene cormersi
per gram catalyst as indicator for the activitye fbllowing dependence was found;34 >> m-MgV,0;

> MgV,0s > MgzV,0g >> t-M@,V,0; (no activity). A comparison of the measured sélés could
only be made qualitatively because no isoconveasigonditions were achieved. Compared @y
MgsV,0g exhibited a low conversion and similar amountsotédl oxidation products (CO, GOFigure

2-9, righf). For the two other phases the amounts of totidadion products were slightly higher than that
of V,0s. The detected amounts of partial oxidation prosilcixygenates) were comparable for the

m-Mg,V,0; and MgV ,0g samples.
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Figure 2-9: Propene conversion and selectivity of the magnesium vanadate phases and V,Os in
5% propene and 5% oxygen in He at 673-683 K

Acrolein was formed as the main product (~ 83%hefdxygenates) followed by acetaldehyde (~ 12% of

the oxygenates). Propionaldehyde, acetone andcaaet were detected as minor components. For the

MgV,0s phase the acrolein formation was lower (~ 69%hef dxygenates) and the formation of other

partial oxidation products was slightly higher. ldena lower selectivity towards acrolein formativas

ascribed to this phase. FopQ®% the selectivity towards acrolein was lower (~ 38Pthe oxygenates) and

significant amounts of partial degradation prodwstish as acetic acid (~ 32% of the oxygenates) were

detected.

Table 2-3: Catalytic performance of the magnesium vanadate phases compared to V,0s during the
selective oxidation of propene (40 ml/min 5% O, and 5% propene in He).

Fixed bed laboratory reactor

in situ UV-Vis-DRS cell

Sample rate 673 K rate 658 K
mass Xpropend %] UMObgpene mass Xpropend %0] HMObyopene
[mg] 673 K — [mg] 658 K —
gcatalySIB gcanalyst@s
MgsV2Os 94 <2 <0.3 35 0.8 0.3
m-Mg,V,0; 91 7 11 43 0.7 0.2
t-MgoV.0; 92 - - 61 11 0.3
MgV20s 94 4 0.6 56 0.9 0.2
V205 20 11 8.2 59 12 2.9
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2.3.4 Structural evolution of W\Os and m-MgV,0; under reductive conditions

A common explanation of activities and selectigt® magnesium vanadates in the ODH of propane is
the difference in their reduction behavior [55,5Hkre, temperature-programmed reduction (TPR) in
propene (298-673 K, 5% propene in 95% He) was useihvestigate possible correlations between
catalytic performance and reducibility of magnesiuanadates and )X0s. Comparable to the results
obtained under catalytic conditions almost no reduphases were detected in the XRD patterns of the
magnesium vanadate phas€gy(re 2-10, lef). Only at 673 K a small increase in the intensifythe
diffractions around 35 ®Rand 43 °A was observed. These diffractions may be attribtielgO [75]

and MgVO, [76] which were formed from reduction of m-M&O-, [73]. Due to the low intensity and
the proximity of the characteristic diffractions a@f phases, a more detailed analysis was nothfieasn

the XRD patterns of the other magnesium vanadassgshafter reduction at 673 K these diffractions
were not identified. Conversely,,®@; was reduced to ¥D; in several stepg{gure 2-10, righ). Above

523 K the 4O, phase was formed, which transformed into,{B) above 598 K. Around 648 K \{B)

was further reduced to,®@; via the formation of other VOphases. Similar to the results obtained under
catalytic conditions the formation of the reducdthges was explained by the p(© T phase diagram
[73] and the high reduction potential of propend &0.
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Figure 2-10: Selected /n situ powder pattern during treatment in 5% propene in He (temperature
range from 300 K to 673 K) of monoclinic Mg,V,0, (left) and V,Os (right); the diffraction at
~18.9 °26 originates from the sample holder.
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Figure 2-11: UV-Vis-DR absorption spectra (left) and V K edge XANES spectra (right) of monoclinic
Mg,V,0; and V,0s before and after treatment in 5% propene in He (temperature range from 300 K
to 653 K); glitch at 850 nm originates from detector change.

The UV-Vis-DR and XAS spectra of @5 and m-MgV,0O; before and after the reaction with propene

(298-653 K, 5% propene in 95% He) are showrfFigure 2-11 As expected from the XRD analysis

strong absorption bands above 500 nm were measurdjOs after the reaction. These were assigned to

the reduced vanadium oxide phase®y VO, (different phases), and,@,. From the position and height

of the strongly decreased pre-edge peak in the &¢e XANES spectra of )Ds, the average valence

was estimated to be ~*Vafter the reaction. For the m-M&O- phase the V K edge XANES spectra did

not change significantly during propene TPR. Ongnaall decrease of the pre-edge peak was noticeable

Apparently, the average valence remained. Whe UV-Vis-DR spectra showed a more pronounced

reduction of the m-Mgy/,O; phase Figure 2-11, lef). The evolution of the relative absorption at 700

during TPR with propene in the range from 298-653dK all magnesium vanadates andQY is

presented ifrigure 2-12, left
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Figure 2-12 Left: Evolution of the relative absorption at 700 nm (compared to the maximum
intensity in the respective spectrum) in the UV-Vis-DR absorption spectra of the magnesium
vanadate phases and V,0s. Right: Evolution of the ion currents (CO,, water and acrolein) measured
during /n situ UV-Vis-DR studies (thermal treatment in 5% propene in He).
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Except for the Mgv,0Og phase all samples showed an increased absorptidnthus, reduction at
elevated temperatures above 400-450 K. Relativéhéo maximum absorption peak the increase of
absorption at 700 nm followed the ordegO¢ >> t-Mg,V,0;, M-Mg,V,0; > MgV,0s > MgsV,.0g

(no increase). For XDs above 600 K the slope of the curve increased ieeagent with the detection of
VO, in the XRD pattern. This increase correlated wath enhanced formation of water, £@nd
acrolein. Hence, different reaction kinetics may pgresent when ¥ is fully reduced to ¥". The
evolution of the gas phase during TPR gfO¥ and m-MgV,0- is depicted inFigure 2-12, right For
V.05 two steps were observed in the formation of watet CQ. The first step occurred between 520 K
and 600 K and correlated with the formation ofOy. The second step occurred between 600 K and
653 K, in agreement with the formation of\and \#* phases detected in the XRD pattefig(re 2-10,
right). Increased formation of acrolein was only deteéataring the second step. For m-MgO; several
steps occurred in the formation of water (m/e I8 first step between 300 K and 400 K was ascribed
to dehydration processes. Above 450 K a second wigp accompanied by the formation of £O
(m/e 44). Afterwards the signal for m/e 18 and #ghdly increased. The COformed may be due to

carbonates, which formed during storage of the $@snmder ambient conditions.
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Figure 2-13: The XRD powder pattern of MgsV,0g before (grey) and after (black) treatment in
5% propene in He (300-773 K) together with the structure motif of the possible Mg,.,V1,x04 spinel
type phases.

To reveal the formation of reduced magnesium vaeaplaases as predicted from the chemical potential
diagram [73], MgV,0g was reduced at temperatures higher than the osaitimperature of 673 K. The
XRD patterns before and after reduction at 773 & sdrown inFigure 2-13 New phases were detected
(> 748 K), which were assigned to MgO [75] and M@Y [77]. Mg,VO, [76] (Figure 2-13 and
MgV,0, form together with MgV/,Og spinel type Mg,V 1.0, phases. Hence, the formation of these

reduced magnesium vanadate phases under redustidéions was likely.
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2.3.5 Correlations of structure, reducibility, and catatiig activity of \,Os

The presence of reduced vanadium phases durintyttaaropene oxidation was shown forL®. In
contrast to the literature [64], here g04 phase was mainly detected at lower temperatur693f648 K
(instead of ¥O13). The V,Oq phase was further reduced towards,{E) at higher temperatures of 648-
673 K (Figure 2-6, right; Figure 2-10, righ}. Formation of VQ(B) was accompanied by an increased
oxygen conversion and a decreased formation ofgbartidation productsKigure 2-8, righf). During
reduction in hydrogen dD;; was observed as mixed valence vanadium oxide pgi&}eThis can be
explained via a shearing of the,® structure through the formation of oxygen defdé,71]. In
contrast to propene, hydrogen is much smaller aokiikely to diffuse into the bulk structure of®s.
Thus, the different intermediate structures durieduction in hydrogen or propene may be explained b
the nature of the reducing agent. The observgol 16 not the same )0y phase reported to be formed by
shearing of the ¥Os structure [61,62,65,79]. The main difference tatthhase was the (202) diffraction
at ~ 20.2 °8. Unfortunately, this diffraction was not easilystinguishable from the (001) diffraction of
the W,Os structure (~ 20.3 8. In the XRD pattern ifrigure 2-10 (598 K) residuals of approximately
16 wt% \»,O5 may be present next to,8;. Nevertheless, the )0q structure reported by Yamazadial.

[64] was used here, because it was verified bycsira refinement of the proposed structure to the
experimental powder patterRigure 10-9, appendix For the other reported 8y structure [79] only an
indexed file was found in the PDF databases. Aesgrtation of the vanadium oxide phases formed
during reduction and propene oxidation is depidteffigure 2-14 Yamazakiet al. [64] discussed that
the structure of YOq is similar to (VO)P,O-, structures which are active in many oxidation tieas
[162]. Hence, it has to be investigated if a spediifluence of the proposed structure motifs irsth
structure (V' tetrahedrons and %/ / V** square pyramids and octahedrons) accounts focataytic
activity of V,Os. Alternately, the formation of 47 centers together with oxygen defects and mobilk bu
oxygen may be responsible. However, the formatibl 0 coincides with the formation of reaction
products durindn situ UV-Vis-DR measurements$-jgure 2-8). This leads to the conclusion that®¥ is

not the catalytically relevant vanadium oxide stuwe under selective propene oxidizing conditions.
Moreover, the role of lower vanadium valences ofaby vanadium oxides in the reaction processes of

propene oxidation has to be investigated in motailde

A =Ry.0>2.3 A<2.8 A

Figure 2-14: (100) plane of the phases formed during the reduction and oxidation of V,Os in the
presence of propene at elevated temperatures (left: V,05 Pmmn [140]; middle: V4,09 Cmcm [64];
right: VO,(B) C12/m1 [71]); triangles indicate location of distorted octahedrons with V-O distances
between 2.3 A and 2.8 A
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2.3.6 Correlations of structure, reducibility, and catatig activity of the magnesium vanadate

system

The in situ experiments indicated that the structure actigityrelations of the magnesium vanadate
systems are different from,@s during the selective oxidation of propene in tingployed temperature
range studied here. Compared tgO¥the bulk structures of the magnesium vanadates stable under
reducing and propene oxidizing conditions. OnlyrfeMg,V,0- a slight reduction was detected at 673 K
in the XRD patternKigure 2-10. Deep reduction of the bulk phase was only olebat temperatures
which were higher than the temperature of catajygtapene oxidation at 673 Kigure 2-13. However,

on the surface slight reduction was observed in\i&DRS of all magnesium vanadate phagagyre
2-8, Figure 2-12. For non stoichiometric magnesium vanadate phaseter reducing conditions
(propane) Burrowst al.[80] observed the formation of spinel type M{.,0O, phases on the surface of
the catalysts. Thus, such structures may be presetite surface including the fact that these tires
were formed under reducing conditions at elevagaiperatures (> 748 Ksigure 2-13. Except for the
t-Mg,V,0; phase, magnesium vanadate phases with higher edefreeduction Eigure 2-12) also
showed the higher propene conversiéigre 2-9). Thus, similar to the ODH of propane the activity
may be correlated to the reducibility and the iapf surface anions as proposed by Vdtal.[81] for

the oxidative dehydrogenation of alkanes.

Otherwise, concerning the t-M\,O; phase there seems to be a more complex correlagibveen the
magnesium vanadate phases and catalytic activiVI3-DRS showed that the t-My,0,; phase had
the same reducibility as the m-M&O, phase but no activity was observed in the catabxiperiments
(Figure 2-10, Figure 2-12. A similar decrease of activity between those phases was observed by
Sugiyameet al.[57] during the ODH of propane. A noticeable diffiece between the anion structures of
both pyrovanadate phases are very short V-V disgamé 3.3 A in the t-Mg/,0; phase [139]. This
causes a higher distortion of theQ4* dimers. Moreover, there are vanadium oxygen disgshetween

2 A - 3 A which implies a higher connectivity ofeth/,O,* units than dimers. The X@,* units seem to
form distorted chainsH{gure 2-15. As these chains are not formed via corner spgaetrahedrons like
in the structure of metavanadates gNB,), the oxygen atoms are strongly coordinated by#rmadium
atom. These vanadium centers in t-Mg0; may interact differently with the gas phase prapand
oxygen molecules which adsorb on the surface. Taageper understanding of the catalytic behavfior o

those two phases will provide a more profound kealge of the underlying reaction mechanism.

Comparison of the activity and the selectivity loé tother magnesium vanadate phases showed that the
same amounts of products were observed fos\M@s and the m-MgV,0; phase. For the m-M¥,0,
phase higher conversions were detected. Henceathe catalytically active vanadium centers hawveeto
present in both samples. However, due to the lawducibility and lower vanadium to magnesium
content a lower amount of these centers were présehe MgV ,0Og under catalytic conditions. For the
MgV,0s phase a lower conversion and a decreased formaftiacrolein among the oxygenated products

was detected. This structure and a higher amountaaofdium in the oxide may allow a different
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coordination of the reactants on the surface. eantore, other oxidizing species (more electropldlic
than nucleophilic & [162]) may have formed which are reacting with phepene molecule. Examples of
such distinct differences between the various msigne vanadate phases are not yet found in litezatur
for the reaction with propene. Soloredzal. [51] detected the formation of acrolein solely floe Mg\,Oq
and the m-MgV,0; phase.

Figure 2-15: Scheme of the triclinic Mg,V,0; structure (lines indicate connections between
tetrahedral V,0,* units when the first V-O coordination sphere is extended from 2.3 A to 3A).

2.3.7 Comparison of the magnesium vanadate system an@/

Similar to the binary vanadium oxide system,@y) the catalytic activity of the ternary magnesium
vanadate system seemed to be correlated with theitslity of the vanadium oxide species. Conversel

if the selectivites of the reaction products weoenpared more differences were detected between the
magnesium vanadates angO¢. Especially m-MgV,0; and MgV.Og exhibited an increased total
oxidation of propene compared tgQ®%. This was explained by the enhanced basicity efsilrface due

to the Mg content in the samples. In general, pnedeonsidered as basic molecule) will be moreilgad
adsorbed at acidic centers than at basic centetsoaygenated reaction products (organic acids and
aldehydes) will adsorb more strongly on basic s@fa Thus, through the stronger adsorption of the
oxygenated reaction products consecutive reactiuch as total oxidation seemed to be favored on
magnesium vanadate catalysts. The same conceptusess to interpret their superior performance
compared to YOs in the ODH of propane. However, this concept exglanly the formation of Coand

CO. Comparison of the amounts of oxygenated reagtioducts showed a significantly higher selegtivit
towards acrolein for the magnesium vanadate phg@% - 83% of the oxygenates) than foyOf

(~ 32% of the oxygenates). Fop®%; an increased formation of partial degradation potelwas detected
(acetic acid, acetaldehyde). Thus, a different neatd the oxygen species may be present on thacsurf
According to general concepts [162], electrophiicygen (O) is proposed to be less selective than
nucleophilic oxygen (®). Similar to the concepts reviewed by Gryzybowskaal. [162] the oxygen
species present may be correlated with the re-tgitanechanism of the metal oxide during catalysis.
Therefore, a low re-oxidation rate of the reduceshadium species may be present on the binary

vanadium oxide causes a higher amount of unsete€liv
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2.4 Summary

Various ternary magnesium vanadate phases werbesipéd and tested for the selective oxidation of
propene. Consistent with the results during ODHpodpane the reactivity was correlated with the
reducibility of the surface of the respective magine vanadate phase. The reactivity followed ttdepr
monoclinic MgV,0; > MgV,0s > MgsV,0g. Only the triclinic MgV,0; showed no activity for the
selective oxidation of propene. The different mau® vanadate phases showed only marginal
differences in the selectivities towards oxygenagtemtiucts such as acrolein. Compared to measurement
perfomed with Os total oxidation was increased but among the pdaoi@ation products mainly
acrolein was formed. The overall activity of thegnasium vanadate phases was significantly lower tha
that of the reference  @s. In contrast to the magnesium vanadate systemlkarbéduction was observed
for V,05 during the selective oxidation of propene. Witk tinset of catalytic activity, formation of the
mixed valence phase,¥y; was observed. XDy was further reduced to \YB) at elevated temperatures.
Apparently, the measured activities and selecéigitof the ternary magnesium vanadate and the binary
vanadium oxide system indicated that, apart froeréducibility of the vanadium oxide phases, défer
catalytic mechanisms may apply. In summary, theltepresented here confirm the suitability of thes
vanadium oxides as model systems for studyingrtfieence of vanadium in selective propene oxidation

The formation of reduced phases for both binarytengary systems is subject of further investigatio
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PART II

Spectroscopic and catalytic
iInvestigations of \O,/SBA-15 model
catalysts for selective propene
oxidation
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3 Fundamentals and experimental details

3.1 Catalyst preparation

Mesoporous silica SBA-1Was prepared according to literature procedur@s8g. 1.0 g poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ettene glycol) triblock copolymer (Aldrich, pluronic
P-123) was dissolved in 60.5 ml water and 3.3 nniceotrated k5O, at 323 K in a water bath. After
drop wise addition of 2.3 g tetraethyl orthosiledT EOS), the reaction mixture was stirred for 2dth
323 K. The resulting suspension was heated in sedldottle to 381 K for 24 h. The resulting white
powder was filtered and washed with deionized watet dried at 353 K for 72 h. The dry powder was
calcined at 453 K for 4 h and for 12 h at 823 K.

The ammonium decavanadate precurseas prepared as follows [84]. 1 g WHD; was dissolved in
33 ml water and heated to 343 K for 24 h. The redei was filtered off and 1.4 ml 50% acetic acidwa
added drop wise to the resulting yellow solutiorfiteA addition of 26.5 ml ethanol the deep orange
solution was cooled with a mixture of 1:1 acetond dry ice. The resulting orange powder was fitlere
and washed with 1 ml ethanol and 2 ml diethyl etBéucture and phase purity were confirmed bylsing

crystal XRD analysis and X-ray powder diffractiatata not shown here).

Functionalized SBA-1%as prepared via a grafting ion exchange methaedribed by Hesst al. [32].
SBA-15 was heated in vacuum for 24 h and afterwarflsictionalized by adding
3-aminopropyltriethoxysilane (APTES) to a suspemsid SBA-15 in toluene (1 ml APTES : 15 ml
toluene: 1 g SBA-15). The suspension was stirratbuneflux for 24 h. After distilling off the solm,

the content was washed with diethyl ether and wéeds filtered and washed in a Soxhlet apparattis wi
diethyl ether for 24 h and then dried at room terapge for 72 h. The dry powder was stirred in .3
HCI for 12 hours. The content was filtered agairgshed with water and dried in air overnight
(functionalized SBA-15). Vanadium oxide supported ®BA-15 was prepared by adding appropriate
amounts of ammonium decavanadate to a suspensifunctionalized SBA-15 in water and stirring
under ambient conditions for 12 h. After filtratiand washing with water the resulting powder wasdlr

at 323 K for 2 h and calcined at 823 K for 12 hounscomparison to the samples prepared by the
grafting ion exchange method two samples were pegphy incipient wetness and wet impregnation
method. For théncipient wetness SBA-16 mg of ammonium decavanadate were dissolved il 1
water and added drop wise to 1 g SBA-15 powdeterAdach addition the powder was homogenized and
dried under ambient conditions. The resulting pawalas calcined at 823 K for 12 hours. Roet
impregnationSBA-1510 g NHVO; (Fluka, 99%) were dissolved in 450 ml water. Aféeidition of 5 g
SBA-15 the mixture was stirred at 343 K for 17 MeTsuspension was filtered hot and the resulting
powder was dried for 1 h at 323 K. The powder weatdd to 773 K (rate 1 K/min) and calcined for 3 h.

The samples were stored under ambient conditid® K2 air).
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3.2 Catalyst characterization
3.2.1 X-ray absorption spectroscopy (XAS)

3.2.1.1 Fundamentals

X-rays are able to penetrate condensed matterr pfigsing through the matter the intensity of the
incident light (h) is attenuated, which can be expressed by Lansbéatv (I = b exp(-pd)). The
attenuation depends on the sample thickness (djreniihear absorption coefficient (u). The absorpt
coefficient, expressed as mass absorption coefficiefers to the density of a material. The depeond

of the (mass) absorption coefficient on the enarfgthe incident light and the atomic number (Z)tlodé
absorbing material causes a smooth decay of thergtin coefficient. However, if the energy of the
incident light reaches the specific binding eneffgy) of tightly bound core electrons (1s, 2s, 2p Ieyel
these electrons will be excited to empty states/atibe Fermi levelRigure 3-1, lef). At this energy a
sharp rise in absorption will be detected, whicbdésoted as the absorption edge. The absorptiomisdg
element specific and termed after the ground stitke electron (1s, 2s, 2,p 2p;2) as K, L, Ly, or Ly,
edge. As a consequence of the absorption progaisstaelectron and a core hole at the initial stéhtine
photoelectron are generated. The core hole ide@fldy electrons located at higher energy levele T
energy released by this relaxation process canelecid as fluorescence or as Auger and secondary
electrons, which are generated. The wavelengthefmitted light or the kinetic energy of the reksh

electrons are element specific.

The photoelectron originating from the absorbingnatwill interact with the electron density of adgat
atoms in condensed mattdfigure 3-1, middl¢. The propagation of the photoelectron away friw t
absorbing atom is considered as a spherical watke avivavelengti. = 2r/k, with the wavenumber k

defined as:

k=\/(8n;2mej(hv—EB). (3.1)

Where v is the energy of the incident photon, tihhe mass of the electron and tie binding energy of
the photoelectron. When the outgoing electron waaehes neighboring atoms it will be scattered back
The resulting incoming spherical electron waverferes with the outgoing photoelectron wave. This
interference influences the absorption coefficeamd thus the measured absorption spectra. The frapac
the scattering process of the photoelectron onatheorption coefficient can be explained quantum
mechanically. The absorption coefficient is promoal to the transition probability of the excited
electron. Within a dipole approximation this trdiwsi probability is proportional to a function, vehi
depends on the initial and the final state waveioncof the exited electron (Fermi's golden rul&he
initial state is the localized electron in the cteeel. The final state wavefunction is dependeamttize

contribution from the outgoing electron wave an@ thackscattered electron wavEigure 3-1).
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Moreover the core hole in the initial state of lectron influences the final state wave functidhese
different, energy depended, contributions to timalfwavefunction lead to oscillations of the absiorp

coefficient that can be extracted from the X-ragaption spectra.

photoelectron
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Figure 3-1 Left: excitation process of the photoelectron, middle: scattering process of the
photoelectron, right: typical V K edge spectrum.

Typically XAS spectra are recorded in transmissionde. The sample is placed between two ion
chambers that measure the intensity of the X-raljatimn. Detection with fluorescence radiation or
Auger electrons is also possible in the cases of édement concentration and of light elements
surrounded by a strongly absorbing matrix. The spemre normally recorded from 100 eV before to a
few hundred eV after the absorption edge of thdyaed element in the sample. X-ray absorption spect

can be divided into two sectionBigure 3-1, right). The X-ray absorption near edge structure (XANES)
and the extended X-ray absorption fine structubeAES).

The XANES region is located approximately 50 eVdoefand after the absorption edge. This region
contains information about the electronic properteg. the oxidation state, and the local geometry
around the absorbing atom. The latter is mostlgmeined from pre-edge features that are locateorbef
the absorption edge. These are caused by dipoleraspaadruple transitions of core electrons intgppgm
or partially filled d states near the Fermi lewetiansition metal elements. For K edges (1s, giaiate)
dipole transitions are forbidden (Lapporte’'s rul@) the case of centrosymmetric configurations.
Therefore, very symmetrical octahedrally coordidasdsorption centers will not show significant pre-
edge features. In contrast, absorption centerssinoagly distorted environmers,g.tetrahedral, allow a
mixing of d and p states and will show very intepse-edge features. For 3d transition metal elesnent
(V, Cr, Mn) the mixing of 3d and 4p states is midkely than for higher d band transition metal etnts
(Mo, W). After the absorption edge the XANES spaahow specific oscillations, which are either due
to transitions to higher unoccupied states or tdtiple scattering effects of the photoelectron whis
more dominant. Typically this region is used asdgrprint” region in comparison with the spectra of
well characterized references. A theoretical dpion is more difficult than for the EXAFS regiomtb

possible using software codes like Feff 8 [85].
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Figure 3-2: XAS data reduction, left: extraction of the y(k), middle: k> weighted x(k), right: Fourier
transformed k> weighted y(k).

The EXAFS region at higher energies is dominatedswyllations of the absorption coefficient caubgd
scattering of the photoelectron at adjacent atont®e oscillatory part of the measured absorption
coefficient p(k) can be separated from the atorbgogption of a free atomy(k) and is denoted as the
EXAFS functiony(k):

H(k) = po (k) TL+ x (K)) - 3.2)

The typical steps of XAFS data reduction are deglidh Figure 3-2 For a single scattering event the
EXAFS function can be described theoretically tsjiragle scattering plane-wave approximation, whgch i
well described in the literature [86,87]. The EXAfBiction of an atom in a compound is the sum bf al
scattering events caused by the presence of naigigtatoms:

i

X() =Y A K)sin@kR +9, (K)), (3.3)

=1
with the amplitude

2 —2R; 1 A(k

A (K) =N, %eﬂz”ﬁ'ﬁ (K) . (3.4)
The term N refers to the number of atoms in te doordination shell (coordination numbers). The
fraction term describes the damping of the sigiile amplitude reduction term,’S describes the
intensity loss due to relaxation effects on theaiming electrons of the absorber atom caused bydre
hole. The intensity loss of the spherical electwave is considered by the term 1/RThe term
exp(-2R/A(k)) considers the finite lifetime of the core holeis determined by the average free path
length of the photoelectron. The term expfes’ZB( describes the influence of static and thermabrdisr
on the amplitude. It is determined by the disommametesz. The KK) function considers the specific
backscattering power of each element and is styodgbendent on k. Weighting the EXAFS function
with k allows emphasizes of lighe.g. oxygen, k weight 0) or strong scatteregsg(platinum, k weight

3). Typically the EXAFS function is Fourier trangfeed as shown ifigure 3-2,right The envelope of



37

the Fourier transformed EXAFS function correspotada pseudo radial distribution around the absgrbin
atom. However, the scattering process causes & haft of the electron wavep(k), Equation 3.3.
Therefore, all distances in the experimental fR)¢tk®) are shifted by 0.4-0.5 A to lower values.
Software codes like FEFF [88] allow the calculatioh theoretical scattering paths from suitable
theoretical models. The calculated theoretical patars of the resulting scattering patagy(N, R, ¢,

Eo,) can be refined to the experimental XAFS data.sTdllows the determination of local structure
parameters like coordination numbers, distances,disorder parameters. Modern software codes allow

the consideration of more complex scattering preegsike multiple scattering [89].

3.2.1.2 Experimental details of XAS

In situ transmission XAS experimemisre performed at the V K edge (5.465 keV) at Hwas E4, C,
and Al at the Hamburg Synchrotron Radiation LalwoyatHASYLAB, and at the XAFS beamline at
ANKA using a Si (111) double crystal monochromafbine energy range used for V K near edge scans
(XANES) and extended XAFS scans (EXAFS) was 5.4%e¥ (~ 3 min/scan) and 5.4-6.0 keV
(~ 20 min/scan), respectively. For fast measurem&IEXAFS scans were performed (5.4-5.8 keV,
~ 2.5 min). Forin situ and ex situ XAFS measurements samples were mixed with BN aBd P
respectively, and pressed into self-supportingepel(5 mm and 13 mm in diameter, respectively). In
order to obtain an edge jumpy,, below 1.0 at the V K edge, 2.5 mg of 7.7 wt% ahtl wt%
V,O,/SBA-15 and 3 mg of 1.4 wt% ,0,/SBA-15 diluted with BN (~ 15 mg), and 3-6 mg oflku
vanadium oxides g.g. MgsV.,0g, MgV,0¢) diluted with PE or wax (~ 100 mg) were employed.
Transmission XAS measurements were performed imasitu cell (Figure 3-3) described previously
[90]. Dehydration of WVO,/SBA-15 was conducted in 20%,@nd He (total flow 40 ml/min) in a
temperature range from 293 K to 623 K or 723 K dieating rate of 5 K/min and a holding time of
typically 30-60 min at 623 K. Reaction tests wessfgrmed in 5% propene and 5% @ He in the
temperature range from 293 K to 723 K (5 K/minatdtow 30-40 ml/min). The gas atmosphere was
analyzed using a noncalibrated mass spectrometer rinultiple ion detection mode (Omnistar from

Pfeiffer). Ex situXAFS measurements were performed in He atmosptemmm temperature.
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Figure 3-3 Left: /n situ transmission XAS cell, right: typical configuration of transmission beamlines.
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X-ray absorption fine structure (XAFS) analysias performed using the software package WinXAS
v3.2 [91]. Background subtraction and normalizatadrthe extended XAFS scans were carried out by
fitting linear polynomials to the pre-edge and 8egree polynomials to the post-edge region of an
absorption spectrum, respectively. The extendedayXabsorption fine structure (EXAFS)(K) was
extracted by using cubic splines to obtain a smaattmic backgroundiy(k). The FT{(k)*k), often
referred to as pseudo radial distribution functiems calculated by Fourier transforming tHenkeighted
experimentaly(k) function, multiplied by a Bessel window, into $pace. EXAFS data analysis was
performed using theoretical backscattering phasdsamplitudes calculated with tlad-initio multiple-
scattering code FEFF7 [88]. EXAFS refinements weeeformed in R space simultaneously to the
magnitude and the imaginary part of a Fourier fiamsed K-weighted experimentat(k) using the
standard EXAFS formula [92]. Structural parametalilswed to vary in the refinement were (i) the
disorder parametep® of selected single-scattering paths assuming anmtrical pair-distribution
function and (i) distances of selected single+gratg paths. Coordination numbers (CNy,dhifts, and
the amplitude reduction factor,’Swere kept invariant in the final fitting procedsreTo ensure the
statistical significance of parameters during titinfy procedure correlations of specific parametsere
made to reduce the number of free running parasetest to improve the stability of the refinemertieT
reduction of the parameters was conducted in thiewing steps. First, the number of independent
parameters (\y) was calculated according to the Nyquist theorggm N2/ * AR * Ak + 2. In all cases
the number of free running parameters in the refizr@s was well below N. Second, confidence limits
were calculated for each individual parameter. dha so-called F test was performed to assess the
significance of the effect of additional fitting naaneters on the fit residual. The correspondingegdare

was adopted from the well-known library “Numeri€sdcipes in C” [93].

XANES Analysis was performed in using a shorteigeaaof the XAFS scans. Background subtraction and
normalization of the XAFS scans were carried oufiting linear polynomials to the pre-edge and the
post-edge regions of an absorption spectrum, 5.4865and 5.52-5.60 keV, respectively. Peak heigtt a
energy position (relative to 5.465 keV) were defeed for the point of maximum intensity of the pre-
edge feature. The pre-edge peak area and the ickptrergy (relative to 5.465 keV) were determined
according to a method described by Chauretral. [94]. In short, the section around the absorpédge
(5465 eV) was extracted from the normalized XANp8dra (~ 2 eV before edge, ~ 10-15.0 eV after
edge). The background was fitted by an empiricaltgrpolated function, using a cubic spline funatio
with 12 independently adjustable knots. After satiion of the background the normalized pre-edge
feature was fitted using 2-3 pseudo Voigt functigBauss/Lorentz factor was fixed to 0.7). The cadtr
energy was determined from the center of gravithijctv is obtained from the area weighted energy

positions of the individual pseudo Voigt functions.
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3.2.2 UV-Vis Diffuse reflectance spectroscopy measurengent

3.2.2.1 Fundamentals

UV-Vis (200-800 nm) and near-infrared (NIR, 800-25m) spectroscopy are used for investigations of
electronic transitions of valence electroagy, in transition metal compounds. Electronic exmtas of
transition metal compounds may arise from metatared transitions (MC) where the orbitals involved
are localized at the absorbing metal center. Inctse of vanadium compounds these are mainly due to
d-d transitions of vanadium centers in the oxidastates of +4 and +3. These transitions are Idcatte
wavelengths higher than 600 nm and are weak fortra®mmetric configurations (octahedral
coordination) because they are forbidden accordinghe Laporte selection rule\ (I = + 1). Metal
centered transitions are theoretically well desatilioy Crystal field and Ligand field theory [95,96]
Another class of transitions are charge transfér) (tansitions. These are theoretical describedhiey
molecular orbital (MO) theory. The molecular orlstanvolved are formed by linear combination of
metal and ligand orbitals. The transition takes@laetween an occupied electronic level locate@ on
donor atom to an empty level centered on an acceqton. In the case of highly oxidized transition
metal oxide compounds {aonfiguration) mostly ligand-to-metal charge tf@nstransitions (LMCT)
appear. These are due to a transfer of electrositgirom the oxygen lone pair orbital to an empter

e state of the dtransition metal ion. Mostly these transitions #reated at a wavelength lower than
600 nm and are very intense (Laporte-allowed). @datransfer transitions must be described by
molecular orbital theory which makes interpretatinore complex than for metal centered transitiéms.
example for a calculation of the MgQon is provided by Woodwaret al.[97]. Moreover, interpretation

of UV-Vis spectra becomes more complex in solid poonds as molecular orbitals tend to overlap and

form electronic band structures.

Typically UV-Vis spectra are measured by transmissspectroscopy from liquid phase. According to
Lampert-Beer’s law quantification can be made byasweing the ratio transmitted light)Ito incident
light (lg). The resulting absorbance,jfobtained from the transmission spectrum is priqaal to the

sample thickness (d), the absorption coefficief); @nd the analyte concentration,(g::

I
=—lgl L |=
AA = Ig[ 'oj £} Dtanalytem' (3.5)

However, in the solid phase light will normally no¢ transmitted through the sample. Hence, diffused
reflectance spectroscopy (DRS) is used for powdseadples. It is described theoretically by a model
developed by Schuster, Kubelka and Munk (denote8ka®r SKM model). In the following, a short
introduction will be provided. More detailed degtions are found in the literature [95,98,99].

Due to the fact that the wavelength of incidenihtipas the same dimensions as the illuminatedgbesti
(200-3000 nm) the incident light can be absorbed stattered from the particles. Scattering is nyainl

due to specular (regular or mirror like) and difueflectance which is depicted schematicallfigure
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3-4. Specular reflectance is dependent on the angtecimfence. In contrast, diffuse reflected lightlwi
scattered in all directions. There are three tygfediffuse scattering: (i) single scattering, (ijultiple
scattering and (iii) dependent scattering. The tast is present when phase coherence exists between
photons scattered from neighboring centers. It i&cathen the average distance between two scattering
centers is smaller than 2-3 times the particle di@m which is the case for the®/SiO, samples
studied here. For a theoretical description of ddpat scattering thRadiative Transfer theorfyas to be
employed. Schuster, Kubelka, and Munk simplifie@ #olution of this model with the assumptions
explained below. In short, the incident light ame tscattered light are considered as monochromatic
fluxes in (1) and out (J) of the sample bed. Thilisges are connected to apparent absorption (K) and
scattering (S) coefficients. These coefficients makated to the diffuse reflected light (remittanoe

reflectance) of an infinitely thick sample (Rhat can be determined experimentally:

2
— (1_ ROO) — K . ~ preal _ Riample
F(Roo) = ZROO _E » with R.=R" = R’roefA (36)

R,, cannot be determined directly from spectrometr@asurements. Typically the ratio of the remittance
of a sample related to the remittance of an idddtenstandard reference is measured. White staadard

are MgO, BaSQ Spectralofi (special Teflon) or the support material of a sapgd catalyst.

The SKM model is only valid if some assumptions ar@de. The incident light has to be diffuse and
monochromatic and the scattered light has to b#esed isotropically. Which means that no specular
reflection occurs that is also strongly dependentte absorption of the sample. The sample hagto b
infinitely thick, which in practice is achieved Wwifl-5 mm sample thickness. Also, there must nairye
fluorescence. The distribution of the absorbingteenhas to be homogenous and the concentratithe of
absorbing centers has to be low (E(R< 1.0). The latter has to be considered, if DRSused
quantitatively. However, in practice if no quartiia information is needed a better resolution fiero
achieved for higher F(R values. To exclude spectral artifacts like dargpad signals or asymmetric

signals a comparison with a diluted sample hastpdyformed.

Optical pathway, Praying Mantis

"~ N incident light

diffuse reflection

Figure 3-4 Left: Praying Mantis™ set up, right: illustration of specular and diffuse reflection.



41

Normally diffuse reflectance spectra are measuneatiditional cells, which are placed into a norist
VIS-Spectrometer. All types of measurement cellgehin common that they reduce the amount of
specular reflection and mainly collect the diffusdlected light. Forin situ measurements typically a
Praying Manti§" configuration (Harrick Scientific Products, Inds) used, which allows a horizontal
placement of the sample bdeiqure 3-4). Thein situ cell is depicted irFigure 3-5. A disadvantage of
the Praying Manti®" configuration is the low performance and high smgmoise in the UV range (200-
300 nm) because of the high number of optical mstr&urthermore, in the NIR range heat radiation is

detectable.

3.2.2.2 Experimental details of UV-Vis-DRS

UV-Vis-DRS measurements were conducted in a Jag#B\WV-Vis-NIR spectrometer using &x situ
integration sphere or a Praying Maflisn situ cell (Harrick Scientific Products, Inc.) as depittin
Figure 3-5. MgO (ABCR) or pure SBA-15 were used as reflectastandard. Samples were measured as
is or diluted with MgO for bulk vanadium oxides 8BA-15 in the case of XD,/SBA-15 samples.
Pretreatment was conducted in 20%a0d He (total flow 50 ml/min) in a temperaturegarirom 293 K

to 554-626 K using a heating rate of 4 K/min. Rieactests were performed in 5% propene and 5% O
He in the temperature range from 293 K to 676 K(din, total flow 40 ml/min). The gas atmosphere
was analyzed using a non-calibrated mass specteonieta multiple ion detection mode (Pfeiffer
Omnistar) and a gas chromatograph (se@i@nl). A linear correction (fmpie= 0.80 Thogert 1 [°C]) wWas
applied to the sample holder temperature, which wlhi®ined by a separate measurement using a
thermocouple placed in the sample powder Eigdre 3-5.

optional

thermocouple
sample

Iout

Iin

optional
thermocouple
sample

SiO, window

O-ring viton

sample powder bed

filter fleece

l Heating cartridge

cooling

.......................................... thermo-
| couple
furnace control

Figure 3-5 Left: schematic drawing of the Praying Mantis™ in sitv UV-Vis-DR cell, right: picture of
the /n situ UV-Vis-DR cell. The position of the optional thermocouple that was used to determine
the sample temperature is marked as dashed line.

Data processing and the conversion of the measpectra to Kubelka Munk units (denoted as KM or
F(R,)) were performed using the spectra manger 2.0vaoét package from Jasco. UV-Vis edge energies
(Ey) were determined from the spectra according to glecedure described in the literature [100].
Therefore, the data was plotted as (J¢tRv)? versus energy (eV). A linear function was fittedte first
intensity increase in the spectrum. The intersactibthis fit line with the abscissa was used &s )

value. An example is given irigure 3-6.
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Figure 3-6: Example for the determination of the UV-Vis edge energy Eg of V,0s.

3.2.3 Powder X-ray diffraction (XRD)

The XRD measurements were made with an X'Pert PR Kliffractometer-6 geometry), using Cu K
alpha radiation and a solid-state multi-channel defX detector. Wide angle scans (5-900,°2
step=0.013 °@, time=60 s/step, variable slits) were collectedréflection mode. The sample was
prepared as a cavity mount using a silicon samplden. The cavity had a diameter of 15 mm and a
depth of ~0.1 mm, and the surface of the holderauh$n such a way that no Si-peaks were detedted.
obtain absolute values for the (100) diffractiomeliof SBA-15 small angle scans (0.4-6.0 &hd -0.4-
4.0 °2, step=0.01320, time=90 s/step, fixed slits) were collected mngmission mode with the sample
spread between two layers of Kaptoroil. For comparison small angle scans (0.4-6.00 °2
step=0.013°20, time=60 s/step, fixed slits) were collected irflegtion mode, which had a better
resolution of the higher hkl diffraction lines oBS-15.

3.2.4 Physisorption measurements

Nitrogen physisorption isotherms were measured/aif 6n a BEL Mini Il volumetric sorption analyzer
(BEL Japan, Inc.). The SBA-15 samples were outghsseler vacuum for about 20 min at 368 K and
16-20 h at 443 K before starting the measuremefter dutgassing, the sample color had turned from
orange to a color between white and grey. Datagasing was done using the BELMaster V.5.2.3.0
software package. The specific surface area waslat#d using the standard Brunauer—-Emmett—Teller
(BET) method in the relative pressure @/mnge of 0.05-0.20 with a nitrogen area of 0.468. The
adsorption branch of the isotherm was used to t@&pore size distribution and cumulative poreaare
according to the method of Barrett, Joyner, ancehidh (BJH) [101].
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3.2.5 Elemental analysis

The V content was determined by ICP-OES and X-fagréscence analysis (RFA). FEZP-OES
measurementgJobin Yvon JY 38 Plus) 40-200 mg sample wereotiesl in 0.1 M NaOH using a
100 ml volumetric flask (~ 40 mg/L V content). Sdand solutions made from,@s and SBA-15 were
used for calibration (20- 60 mg/L V contenBFA measurementavere performed on a PANalytical
AXIOS spectrometer (2.4 kW model) equipped with B Ra source, a gas flow detector and a
scintillation detector. Samples were prepared asnb3 pellets (100 mg sample diluted with 100 mg
wax). Quantification was performed using a staniasdanalysis which considered the finite thickradss
the sample in the calculation (Super Q 5 softwarekpge / PANalytical)CHNS Element Analysisvas
performed to determine the nitrogen content aftBfTES funtionalization and the amount of residual
carbon and sulfur content after calcination of SBA-and the functionalized SBA-15 samples. For
CHNS-measurements a FlashEA 1112 NC Analyzer witHNS-O configuration (ThermoFinnigan/

ThermoElectron) was used. The relative error wa%o-

3.2.6 Solid state NMR

The solid staté’Si MAS-NMR-measurements wecarried out on a Bruker Avance Il spectrometer with
an external magnetiteld of 9.4 T (i.e. d&H resonance frequency of 400 MHz) and with a Brukemm
double resonance-H-X MAS-probe. TASi resonance frequency was 79M6iz. Between 2000 and
20000 transients were recorded with a relaxadiglay of 30 s. Proton signals were decoupledng the
acquisition by applying TPPM (Two Pulse Phase Matiah) decouplingThe**Si spectra are referenced
to TMS (tetramethylsilanelsing TKS (Tetrakis(trimethylsilyl)silan) as a secondary refece. Data
analysis was performed using the software packalylitlby Massiot et al. [102]. Three Gaussian
functions were refined to the experimental spectroimhe SBA-15 samples. The NMR shift was

determined for the bare SBA-15 sample and fixethénrefinement of the XD,/SBA-15 samples.

Samples treated under reaction atmosphere weranekn the laboratory reactor and transferred into

the air tight sample containers in a moisture gleeebox.

3.2.7 Raman spectroscopy

Ex situRaman spectra were recorded using a FT-RAMAN speeter RFS 100 (Bruker). For excitation

a Nd : YAG laser was used (1064 nm, resolution 1)cihe laser power was 100 mW as measured at
the position of the sample. Samples were measureglass containers. For dehydrategDy/SBA-15
samples the sample containers were heated in absdindor 12 h at 673 K in a muffle furnace. Difgct
after the sample containers were taken out of theohien (673K) they were closed by melting to avoid

rehydration of the samples.
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In situ Raman spectra were measured at the TU Darmstadirgon ion laser (Melles Griot) at 514 nm
and a helium neon laser at 632 nm were used fdatation. For detection a transmissive spectrometer
equipped with a Pelletier CCD detector (Kaiser €gitiHL5R) operated at 233 K was used. The spectral
resolution was about 5 ¢émThe laser power was 3 mW for hydrategd)y/SBA-15 samples and 3 and
6 mW for dehydrated ¥0,/SBA-15 samples as measured at the position ofsémeple. The powder
samples were introduced into a sample holder dpeeloby Hess and Thielemann [103]. The
accumulation time for the spectra was typically 8. Heating was therefore performed stepwise.
Pretreatment and dehydration experiments were adedun synthetic air (total flow 25-60 ml/min) &
temperature range from 293 K to 623-823 K. Readists were performed in 5% propene and 50

N, in the temperature range from 293 K to 823 K (tbtav 70 ml/min). Gas atmosphere was analyzed
using a non-calibrated mass spectrometer in a phallibn detection mode. Fan situ experiments

V,O,/SBA-15 was pressed at 70 MPa and sieved to obtparticle size between 250 and 355 pum.

3.2.8 Thermal analysis

Thermogravimetric (TG) and Differential thermal bisés (DTA) measurements were conducted using a
SSC 5200 from Seiko Instruments. The gas flow thhothe sample compartment was kept very low to
avoid mass transport of the light SBA-15 partictag of the sample container. It was adjusted to
50 mli/min (20% @ / 80% N). The gas atmosphere was analyzed using a noratalib mass
spectrometer in a multiple ion detection mode (Gutami from Pfeiffer). Heating was conducted with a
rate of 5 K/min in the range from 303 K to 623 K723 K in an aluminum cup. For measurements up to
1173 K a corundum cup was used. To extract therappactivation energy of the dehydration stephef t
Kieselgel 60, SBA-15, and0,/SBA-15 sample heating ratef) ©f 2, 4, 6, 8, and 10 K/min were used.
Before and after heating the furnace temperature vedd for 60 min at 303 K and 623 K, respectively.
The apparent activation energy was determined imgthod described by Vansagttal. [104] for silica
samples. The maximum of the DTA curve (temperatliyg,) was determined and used to calculate the
apparent activation energy for water desorptias) (ESing an Arrhenius type linear plé&duation 3.7).

2InT,—-InB= Ep

+C (3.7)

max

3.2.9 Electron microscopy

Selected samples were measured in a high resolttitathi S-4000 scanning electron microscope
(SEM) to estimate particle size and distributiotneTsamples were prepared using a standard sample
holder with carbon stickers. The same samples \emestigated by transmission electron microscopy
(TEM) on a FEI Tecnai G2 20 S-TWIN instrument. Tihetrument worked with a LaBcathode and a
acceleration voltage of 200 kV. An EDX (EDAX) r-TERBUTW detector (Si(Li)) was used for EDX
measurements. Measurements on both instruments perfermed by ZELMI (Zentraleinrichtung

Elektronenmikroskopie) at the TU Berlin.
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3.3 Catalytic characterization

3.3.1 Quantitative measurements — gas chromatography

Quantitative measurements were performed using barddory fixed bed reactor or thim situ
spectroscopic cells connected to a non calibratadsnspectrometer (Omnistar from Pfeiffer) and an
online GC system. The double GC-system consistedtwad connected Varian CP-3800 gas
chromatographsHigure 3-7). A flow chart is depicted ifrigure 3-7 andFigure 3-8 Hydrocarbons and
partial oxidation products were analyzed with tinst fVarian CP-3800 using a Carbowax 52CB capillary
column (25 m x 0.32 mm) connected via a Deans bwdither to an AIOJ/MAPD capillary column
(25 m x 0.32 mm) or to a fused silica restricti@d fn x 0.32 mm), each connected to a flame iortnati
detector (FID). Permanent gases,(¥,, CO,, CO) were separated using a Varian CP-3800 “Pezmntan
Gas Analyzer” with a Hayesep Q (2 m x 1/8") and ayébep T packed column (0.5 m x 1/8") as
precolumns combined with a back flush by using #al@ valve. For separation a Hayesep Q packed
column (0.5 m x 1/8") was connected via a molesigiv6 m x 1/8") to a thermal conductivity detector
(TCD). sample delivery tubes after the reaction oatlet, valves, and sample loops where constantly
heated to 473 K. Mixtures of 1-5% propene and 2-138gen in helium were used for catalytic tests in
the range of 295-770 K. Reactant gas flow ratesxgfien (20% @(4.8) in He (5.0), relative error + 1%,
Linde Gas, Air Liquide), propylene (10% propenes§dn He (5.0), relative error £ 1%, Linde Gas) and
helium (6.0 Air Liquide) were adjusted through sgp@ mass flow controllers to a total flow of 20-
75 ml/min (1013 hPa, 273 K). Independent of thetiea gas flow rate the flow rate through the sampl
loops was adjusted to 20 ml/min. To ensure repnbdlitg of the measurements the sample gas flow was
stopped for several seconds before injection. hferiion of sample gas was performed simultaneously

in both gas chromatographs. A scan time of appratety 22 min was achieved.
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Figure 3-7: Drawing of the used double GC setting.
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Pure reaction gases (10% propene or 20%n®le, Linde) were used for calibration. Gas miggiwere
employed for the calibration of CO, GQ1 Vol% in He, relative error + 2%, Linde Gas)daacrolein
(0.1 Vol% in He, relative error + 5%, Linde Gas)ll Ather compounds were calibrated using liquid
mixtures, which were injected into the split injgcusing a 1pl syringe. Each mixture contained kmow
concentrations of a solverg.§. pentane or MeOH) and a group of oxygenated predsieth as acids
(acrylic acid, propionic acid, acetic acid), alddbdy (acetaldehyde, propione aldehyde, acetondeagro
and alcohols (isopropyl alcohol, n-propanol, aligtdol) together with acrolein in each mixture. The
measured retention factor of gas phase acroleintamdatio of the retention factor of the acrolein
standard and the respective analyte in the lighiasp were used to calculate the retention facttneof
analyte in the gas phase. Measurement and analf/gise chromatograms was conducted using the

Galaxie Software package from Varian.

gas mixing station
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'g‘ .g‘ .g‘ [>e] 2-way valve
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Figure 3-8: Simplified flow chart of the measurement set up used in the laboratory.
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3.3.2 Laboratory fixed bed reactor

The laboratory fixed bed reactor was made from@, 8ibe (30 cm length, 9 mm inner diameter) which
was placed vertically in a tube furnace. The samale placed on a frit (P3 porosity) in the centethe
isothermal zone of the furnacé-igure 3-9). In addition to the furnace temperature the m@act
temperature was recorded using a thermocouple glaext to the reactor tube. Sample mass was 11 mg
for 7.7 wt%, 22 mg for 4.1 wt% and, 61 mg for 1.8, O,/SBA-15. Boron nitride (Alfa Aesar, 200-

300 mg) was used for dilution. To ensure differ@nteaction conditions the reactor was operatddvat

propene conversion levels.

_ thermocouple =
(standard >

T

-
3,
s
P

reactor |
unit o = ~ reactor

~

Figure 3-9: Picture of the furnace and reactor used for quantitative measurements.

3.3.3 Calculation of conversion, selectivity, carbon balee, and reaction rate

Conversion of propene and selectivity of productseacalculated on the basis of mole flows calcdlate
from the measured volume fractions. The calculatibnonversion (X) of a key compound (k, propene)
and selectivity (S) towards the desired productcgr) be made using the following equatioBs8( 3.9

derived from standard text books [105].

n(k)i” _ h(k)out

Conversion: X = (3.8)

A(k)Nn

_i(p)-f(p)" Jr) (3.9)
k)™ - (k) v(K) |

Selectivity: Sp
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Instead of the mole fraction flowri() of a compound (i) the measured volume fractionsi%) of the

reactants were used for calculation. Both quastigiee proportional if the total pressure (openesyst
total volume, volume flow{ ) and temperature (473 K, GC sample loop) are asdum be constant
during the measurementa({) OV (i) 0Vol%() ). The equations used for conversi@nl() and carbon

balance 8.11) are listed below. Carbon balances were higher €ha5.

Vol%%(k) N —Volos(k) Ut

Conversion:Xk = - (3.10)
Vol%(k)"
Carbon balance:
1
ot Z(apx [V0l%(px)°"") +Vol%(CO,)°"" +Vol%(CO)°" + 3[Vol%(CzH ¢ )™
0,
Vol%(©)™ _ % (3.11)

Vol%(C)™ 3IV0l%(CzHg)"

For calculating the selectivity, a detailed knovgedof the reaction network is required for the
determination of the stoichiometric factors. Howevmartial oxidation of propene may proceed over a
complex reaction network including consecutive tieas and many side products. Therefore, some
simplifications were made for calculating the seléty. Instead of stoichiometric factors the friact of
carbon atoms in a molecule,{arelative to propene (a3) was usedEquation 3.12was used to ensure

the reliability of the selectivities obtained.

a

=2 (3.12)
pn Vol%(k)™ —Vol%(k) " '

pn Eﬂ\/OI%(pn)OUt —Vol%(pn)i”)
k

ap
—— [Wol%(pn)
S, =k (3.13)

=1,
Z(px m/ol%(px)J
x \ S

Measurements were only used if reasonable values eaculated for & (~ 0.8-1.0). Deviations can be
explained by the fact that the analytical GC sysigsed did not permit measuring compounds like
formaldehyde or formic acid, which may be formediwnig the reaction. To ensure comparability of the
selectivity obtained all selectivities were cald¢athusing~ormula 3.13 The selectivity therein does not

refer to the propene conversion but to the sunil oh@asured reaction products.
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Reaction rates for a compound (i) were determirg@dg~ormula 3.14 The catalyst mass refers to the

total mass of the sample used or to the respeatiass (g of the transition metal in the sample
(e.g.V).

co X [Vol% [V mol

: 1= 3.14
S e V. (60 [ri] oD (3.14)

3.3.4 Estimation of mass and heat transport limitations

To ensure that the quantitative gas phase data determined in a regime of kinetic control, mass

transport and heat transport effects were estinfatggropene oxidation reactions.

CsHs (9) + 4.5 Q (g) — 3 CO (g) + 3 HO (9) AHR’ = -1926 kJ/mol
CsHs (9) + 3G (g)— 3 CO (g) + 3 HO () AHR = -1077 kJ/mol
CsHs (9) + G (9) — C3H,0 (g) + HO (9) AHR? = -329 kJ/mol

The selective oxidation of propene towards acroleis chosen as model reaction for th©WSBA-15
catalysts. Many side reactioresg. total oxidation to CO and GCare possible for this reaction. In the
case of total oxidation the reaction enthalpyi4’) is much higher than for the oxidation to acrolein
Thus, an increased heat formation will be obserwedhe case of propene combustion to,C@
calculation of the heat that will occur at 10 % gene conversion (assumption that only,@Xormed) is
shown below. The reaction enthalpies were calcdlaging the parameters Trable 3-1 The parameters

for the mole stream calculation are listed'able 3-2

o

mole stream calculation:n = -Vr = \/O\I/ﬂ X (3.15)
m

heat stream calculation:Q = A[AH & =17J /min (3.16)

With the calculated heat stream of 17 J/min theease of temperature (T) of a 1g material with at he

capacity (@) of 1 J/(g*k) can be calculated.

Q=Cp ONIAT (3.17)

AT = cfmm =17K /min. (3.18)
That the heat formed can be dissipated by the samas stream was inferred from the following
calculation. A sample gas stream of 40 ml/min wssumed with an estimated density of 0.5 dlcm
Therefore a mass stream of 20 g/min gas is preSaetheat capacity (L of the gas was estimated to be
1 J/gK. Considering these values the sample gaarstcan dissipate 20 J/min, which is higher than th

heat of combustion formed. Thus, heat transpomtlshaeot disturb the measurements.
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Table 3-1: Standard enthalpy of formation AH;” for selected compounds in the gas phase.

Compound AH° Ref.

H-0 (g) -241.83 kJ/mol [106]
0, (9) 0 kJ/mol [106]
CG; (9) -393.5 kJ/mol [106]
CO (g) -110.5 kJ/mol [106]
CsHe (9) -20.4 kJ/mol [106]
C3sH40 (9) -67.0 kJ/mol [107]

To ensure that no mass transport limitations dudeomesoporous SBA-15 were present, an estimation

based on the Weisz-Prater criterion was condudted.parameters used are listed able 3-2

— L2 n+1l Feft [pcat
p=

Cuw- <<1 (3.19)

2 Dot ,propene (e propene

Given, that the pore diameteg df 8 nm is much shorter than the particle length- &0 pm Knudsen

diffusion was assumed.

vd b
D¢t UDkn :T , (3.20)
. . . "-. - 8|:kB D—
using the average velocity of propene moleculdbérgas phase:= [————. (3.22)
nﬂnpropene

A resulting Weisz modulus (f) of 0.11 indicates that the reaction proceeds nslolwer than the

propene diffusion into the pores of SBA-15. Thussiansport effects can be neglected.

Table 3-2: Parameters used to estimate the mass and heat transfer.

Parameter Value Description
L 50 um particle length
n 1 reaction order
reit (5 V0I%, 40 ml/min, X=10%) 1.36 mol/(g*s) effecéveaction rate
T 673 K reaction temperature
Moropne 7*10%g mass of propene molecule
R 8.314 J/(mol*K) gas constant
kg 1.38*10% J/IK Boltzmann constant
dp 8 nm pore diameter
M propene 42 g/mol molarmass of propene
Dxn (673 K) 5*108m?/s Knudsen diffusion of propene in SBA-15
Cpropene(673 K, 5 V0I%) 1.36 *16 mol/cn? propene concentrations
Peat 2 glent assumed density of SBA-15
Vi, 22.414 mol/l molar volume of an ideal gas
N (5 Vol%, 40 ml/min, X=10%) 9*10° mol/min mole stream of propene
18.4 m/s average velocity of propene molecules

V (673K)
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4 Comparison of various preparation methods for the

synthesis of supported vanadium oxide catalysts

4.1 Introduction

Various methods for the preparation of supportexhdition metal oxide catalysts are reported in
literature. They range from rather simple methdlls et impregnation [8,40] and incipient wetness
procedures [37,108] to multi step reactions whaeettansition metal precursor is chemically bound t
the support (silica) [32] before the calcinatioepstFor all preparation methods the formation spdise
vanadium oxide structures for calcinegOy/SiO, samples (hydrated and dehydrated state) exhibéting
vanadium density lower than 2.5 V/Amwas reported [23,32]. Three typical preparatiorthoes were
tested to verify that independent of the prepanatitethod applied the same well dispersed vanadium
oxide structures will be present on the SBA-15 suppFirst, samples were prepared by wet
impregnation, which means stirring SBA-15 in an emus NHVO; solution. Second, samples were
prepared by incipient wetness using an aqueous,)EMiHO.¢xH,O solution. Third, samples were
prepared by a grafting/ion exchange method intredury Hes®t al. [32] (Figure 4-1). For all samples
vanadium coverages below 2.5 V/nmwere intended. The structure of the prepared sesnplere
characterized in the calcined (hydrated and delgdyand uncalcined state using XRD, XAFS, Raman
spectroscopy, and UV-Vis-DRS. Additionally, physisiion, electron microscopy, and small angle XRD
measurements were conducted to detect changes mekoporous SBA-15 support.

sio_ o QEt
——si—OH ——Si—0—_ L . Si—0—_I. N
Si(CH,)3NH; CI Si(CHA).NH
Si—OH 1. (EtO),Si(CH,NH, ——Si—0™ (CH2)sNH; sio—SI(CHsNH;
» 1. V405" . 823K, 12h
——si—oH 2MC Si—0—_ o 1 ViOa S0 . .
> . _ _

Si—OH | si-o— SlCH2)sNH; CI ? simo—SiCHNHy" = V10055 —— V,0,/SBA-15
——si—oH ——Si—0—_ / . Si—0—_ .
| si—on | _g——Si(CHaNH C i SICH)gNH,

Figure 4-1: Simplified reaction scheme of the APTES grafting and ion exchange ((NH4)gV1¢0g:xH,0
precursor) preparation process of V,0,/SBA-15 samples.

4.2 Results and discussion

4.2.1 Surface area and vanadium content of thg®,/SBA-15 samples

The results of the vanadium element analysis aaB#T surface area determination are listed@able
4-1. More detailed tables of the physisorption resiudiaall angle XRD, and CHN element analysis are
provided in the appendix éble 10-1, Table 10)2 The vanadium dispersion irable 4-1was referred to

the BET surface area determined for the calcing@ M5BA-15 samples. A similar V dispersion was
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determined on different samples. Therefore, theptamames refer to the vanadium content (ICP) ef th
samples¢.g.7.7 wt% \{O,/SBA-15).

Table 4-1: BET surface area (Sger) and vanadium content of the calcined V,0,/SBA-15 samples: (*)
sample prepared via the ion exchange method in Figure 4-1, (**) sample prepared by wet
impregnation with a NH4VO;3 solution, (***) sample prepared by incipient wetness using a
(NH4)6V100,¢ solution. The values in brackets refer to the V content determined by RFA).

Sample St [M%g7] Wt% ICP (RFA) mmol V/ g Mensity/ NP
3.0 wt% LO,/SBA-15*** 522 3.0(3.1) 0.59 0.7

5.7 wt% \LO,/SBA-15** 403 5.7 (5.7) 1.12 1.7
5.0 wt% \,O,/SBA-15* 270 - (5.0) (0.98) 2.2)
7.7 Wt% \,O,/SBA-15* 386 7.7 (7.3) 1.51 (1.43) 2.4 (2.2)
4.1 wt% \LO,/SBA-15* 427 4.1 (4.1) 0.81 1.1
1.4 wt% \LO,/SBA-15* 542 1.4 (1.4) 0.28 0.3

4.2.2 Structural characterization of the uncalcined X0,/SBA-15 samples

In Figure 4-2 the Raman and UV-Vis-DR spectra of the uncalciradadium containing SBA-15
samples are depicted. The Raman spectrum of the- I¥Bgupport exhibited a broad band at 490'cm
(cyclic tetrasiloxane rings, D1 defect mode) arsklintense bands at ~ 600, 800 and 977 (uyclic
trisiloxane rings, D2 defect mode) [23,32]. In thgectrum of the uncalcined 5.7 wt%QJ/SBA-15
sample (wet impregnation) additional bands at 989, 648, 496, 261, and 212 ¢trwere detected
(Figure 4-2, left, D. These were assigned to crystalline NB3;, which may be a residual from the
preparation process. A broad background in theore§70-1000 cf indicates the presence of a second
vanadium oxide species. V-O stretching vibratiohsanadium V* compounds are typically located in
this spectral range [109]. In the Raman spectruth®B.0 wt% YO,/SBA-15 sample (incipient wetness)
in Figure 4-2 (left, B)two ranges of additional Raman bands were detdet@¥0 crif, 622-850 cn).
Thus, a mixture of different vanadium oxide phasey be present on the SBA-15 support. The Raman
spectra of the samples prepared by the ion exchamgleod are shown iRigure 4-2 (middle)together
with the spectra of the SBA-15 support and APTESlifirexl SBA-15. Characteristic Raman bands for
APTES modified SBA-15Rigure 4-2, middle, i were detected (~ 950 and ~ 1050 'cmssigned to C-C
stretching vibrations of the propylammonium grouopthie grafted APTES group [32]). Heskal. [32]
reported that the decavanadate ion is preservadgltire grafting process. Indeed, characteristim&a
bands of the decavanadate precursor were detec®9® 2658, 321, 253, 221, and 184 c(Rigure 4-2,
middle, G for the high loaded uncalcined 5.0 wt%Qy/SBA-15 sample (2.2 V/nfsimilar to sample
7.7 wt% \O,/SBA-15). Compared to the spectrum of the bulkO4s’” reference the Raman band at
958 cm was broadened and increased relative to the bar@®2 cnt. With decreasing vanadium
loading the low frequency bands < 700 twere not observed in the Raman spectra and thaRaand

at 992 crit decreased significantly. For all samples a baodirat 1040-1050 cthwas observed in the
spectra which was assigned to the grafted APTE® tuhe broad Raman signal at 960 cim the
Raman spectra of all uncalcined®/SBA-15 samples (ion exchange method) more tharvanadium

oxide species may be present.
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Figure 4-2: Raman spectra (left, middle) and UV-Vis-DRS spectra (right) of the uncalcined
V,0,/SBA-15 samples and selected vanadate references: (A) SBA-15, (B) 3.0 wt% V,0,/SBA-15,
incipient wetness (C) 8 wt% V, (NH4)gV190,8-xH,0 mixed with SBA-15, (C") (NH4)eV10025-H,0, (D)
5.7 wt% V,0,/SBA-15, wet impregnation, (E) 8 wt% V, NH,VO; mixed with SBA-15, (E") NH4VO;,
(F) APTES functionalized SBA-15, (G) 5.0 wt% V,0,/SBA-15, ion exchange, (H) 4.1 wt%
V,0,/SBA-15, ion exchange, (I) 1.4 wt% V,0,/SBA-15, ion exchange.

The UV-Vis-DR spectra of the uncalcined samplesetogr with the spectra of the bulk references
NH,VO3; and (NH)eV 100,96 XH,0O are depicted ifrigure 4-2 (right). For all samples no similarity with
the spectra of the bulk vanadate references wasrdis Independent of the preparation method simila
absorption bands were recorded in the spectra ohahlcined VO,/SBA-15 samples. These absorption
bands were located at 405 nm, 335 nm, and 264-BY4The low energy absorption band matches the
maximum in the absorption spectrum of (M¥100,5xH,0. For the 1.4 wt% MO,/SBA-15 sample
prepared via the ion exchange method the band &tn4® was hardly detectable. The UV-Vis edge
energy was determined for the uncalcing®YSBA-15 samples according to a method described by
Gao and Wachs [100]. The UV-Vis edge energy carigeoinformation about the coordination and the
degree of polymerization of the absorbing vanadépecies. A more detailed introduction and discussio
will be provided inChapter 5 UV-Vis edge energies in the range of 2.7-2.9 efendetermined for the
high loaded sample (5.0 wt%,®,/SBA-15) prepared via the ion exchange method andhie samples
prepared via the incipient wetness method. Fordheloaded 4.1 and 1.4 wt%,8,/SBA-15 samples
prepared via the ion exchange method UV-Vis edgeges in the range of 3.3-3.4 eV were determined.
In the UV-Vis-DR spectrum of uncalcined 5.7 wt%Q//SBA-15 prepared by wet impregnatidfiqure

4-2, right, D two regions of the absorption spectrum could beduto determine the UV-Vis edge
energy. UV-Vis edge energies at 2.8 and 3.2 eV tayderived from the UV-Vis-DR spectrum.
Considering the presence of lWHD; in the Raman spectra of this sample the second by indicate a
NH,VO; species (UV-Vis edge energy 3.2 eV) on the suppalues in the range of 2.7-2.9 eV were an
indicator for a higher polymerized species presanthe support exhibiting at least a 5-fold or kigh
coordination. Values between 3.2-3.4 eV were assigio less polymerized vanadium oxide centers
(small chains or dimers) which exhibit a tetrahédasher than a square pyramidal coordination ef th

absorbing vanadium species.
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Figure 4-3: V K edge XANES spectra (left), x(k)*k®> (middle), and FT(yx(k)*k®) (right) of the
uncalcined V,0,/SBA-15 samples and selected vanadate references: (A) (NH4)gV19025'xH,0, (B)
NH,VOs3, (C) 5.7 wt% V,0,/SBA-15, wet impregnation, (D) 3.0 wt% V,0,/SBA-15, incipient wetness
(E) 5.0 wt% V,0,/SBA-15, ion exchange, (F) 4.1 wt% V,0,/SBA-15, ion exchange, (G) 1.4 wt%
V,0,/SBA-15, ion exchange.

XAFS measurements were conducted to obtain infoomedabout the structure of the main vanadium
oxide phase of the uncalcineq®/SBA-15 sample. The V K edge XANES spectra, theveery(k)*k >,

and the Fourier transformegk)*k® are depicted ifFigure 4-3 The XANES spectra of the uncalcined
5.7 wt% (wet impregnation), 3.0 wt% (incipient wes$s), and 7.7 wt% (ion exchange)Oy//SBA-15
samples were comparable to that of the WA O.gxH,O reference sampleFigure 4-3, lef). In
contrast to the decavanadate reference sampled¢hedge peak was enhanced in the XANES spectra of
the uncalcined YO,/SBA-15 samples. The(k)*k® of the uncalcined 5.7 wt% (wet impregnation),
3.0 wt% (incipient wetness), and 7.7 wt% (ion exad® \O,/SBA-15 samples showed oscillations
similar to thex(k)*k3 of the (NH)eV100.6XH,O reference. The amplitude of these oscillations wa
decreasedrigure 4-3, middl§. After the Fourier transformation of thgk)*k® of the uncalcined 5.7 wt%
(wet impregnation), 3.0 wt% (incipient wetness)dah7 wt% (ion exchange),2,/SBA-15 samples
mainly two signals in the range of 1-2 A and 3-4vAre detected in the envelope of the JR)Xk?)
(Figure 4-3, right not phase shift corrected). The first signal wassigned to V-O scattering
contributions and the second signal was assignat\foscattering paths. Comparing the KK)*k?) of

the high loaded uncalcined®,/SBA-15 samples with that of the (N)}gV100,5xH,0 reference no direct
similarity was observed. The increased V-O sigfié? A) in the FTg(k)*k>) of these samples resembled
that of lower coordinated vanadate species likg\WbB}. Therefore, a mixture of decavanadate vanadium
centers and lower coordinated vanadium centerstragyesent on the SBA-15 support. With decreasing
vanadium loading the signal at higher distanced 8- decreased in the F(k)*k® of the uncalcined
V,O,/SBA-15 samples prepared by the ion exchange meffiuel first signal (1-2 A) in the FfK)*k?)

of the uncalcined 1.4 wit% and 4.1 wt%QJ/SBA-15 samples (ion exchange) was slightly enhénce
compared to the 5.7 wt% and 7.7 wt%Oy/SBA-15 samples. Nevertheless, it was still smathan in

the FT§(k)*k®) of most tetrahedral vanadate reference compo(@Hapter 5.2.5 like NH,VOs. Thus

vanadium centers exhibiting a strong structuradmier may be present. The rather high pre-edge ipeak
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the XANES spectra of the uncalcined 1.4 wt% andwt% V,O,/SBA-15 (ion exchange) suggested that

these vanadium centers may have a tetrahedralioatich Chapter 5.2.4.

4.2.3 Vanadium dispersion in the calcined,0,/SBA-15 samples

XRD measurements were conducted to exclude thempcesof crystalline vanadium oxide phases on the
support after calcination of the,®,/SBA-15 samples. The resulting powder patternsdagicted in
Figure 4-4. A physical mixture of ball milled 305 and SBA-15 was prepared (8 wt% V) for reference.
The domain size of the )5 crystallites was estimated from the integral bteagsing the Debye-
Scherrer equation. It was approximately 170 A (j2@ifraction line, 15.38 °@). The powder pattern in
Figure 4-4 shows that a mixture of these® crystallites and SBA-15 still exhibited well reged and
characteristic diffraction lines of )@s. Only the 5.7 wt% YO,/SBA-15 sample (wet impregnation)
showed characteristic diffraction lines 0. The \V,Os in the sample prepared via wet impregnation
was probably formed by decomposition of NiD; residuals that were detected in the Raman spettra

the uncalcined 5.7 wt%,0,/SBA-15 sample (wet impregnatiorfjigure 4-2, lef).
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Figure 4-4: XRD powder patterns (Cu K,) of the calcined V,0,/SBA-15 samples, bare SBA-15, and a
physical mixture of ball milled V,0s and SBA-15 (8 wt% V).

XRD is not sensitive to minority phases of lesstb& phase fraction. Therefore, Raman spectraeof th
calcined \O,/SBA-15 samples were recorded.Aigure 4-5 (left and middle)the Raman spectra of the
hydrated (as prepared) and the dehydrated (airkKB72 h) state of the calcined,®,/SBA-15 samples
are depicted together with the Raman spectrum gysical mixture of YOs and SBA-15 (3 wt% V).
The spectra of all calcined,®,/SBA-15 samples showed characteristic bands forhgyerated state
(1028, 706, 270, 160 ¢t and dehydrated state (~ 1040 Ynof dispersed vanadium oxide centers on
silica supported samples as reported in the liteeaf23,32]. Therefore, after calcination a dispers
vanadium oxide species may have formed as the ityajuitase on the SBA-15 support in all samples.
Characteristic Raman bands ofQ4 were only detected for the 5.7 wt%Q(/SBA-15 sample prepared
via wet impregnation.
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Figure 4-5: Raman (left, middle) and UV-Vis-DRS spectra (right) of the calcined V,0,/SBA-15
samples and selected vanadium oxide references: (A) 3.0 wt% V,0,/SBA-15 incipient wetness, (B)
5.7 wt% V,0,/SBA-15 wet impregnation, (C) 7.7 wt% V,0,/SBA-15 ion exchange, (D) 4.1 wt%
V,0,/SBA-15 ion exchange, (E) 1.4 wt% V,0,/SBA-15 ion exchange. (samples diluted 1:1 or 1:2
with SBA-15 for UV-Vis-DRS measurments).

The characteristic Raman bands e¥ were present in the hydrated and dehydrated stdke calcined
5.7 wt% VO,/SBA-15 (wet impregnation). Crystalline vanadiumidexphases (determined by Raman
spectroscopy) originating from the preparation rodthwere excluded for samples prepared by the

incipient wetness and ion exchange proceduresinahge of V loading employed.

UV-Vis-DRS and XAFS play a pronounced role for 8teuctural characterization of the ®,/SBA-15
model catalysts as will be discussed in more datahe following chapters. In order to show that &ll
preparation methods used similar spectra and thmdas dispersed vanadium oxide species were
obtained all samples were dehydrated and investigatsitu using UV-Vis-DRS and XAFSrigure 4-5
(right) shows the UV-Vis-DR spectra of all calcinedOy/SBA-15 samples after dehydration at 554 K
(20% G in He). The spectra of all@0,/SBA-15 samples exhibited absorption bands withaaimum in

the range of 280 nm (dehydrated 1.4 wt% and 3.0 W§&,/SBA-15) and 310 nm (dehydrated 4.1 wt%,
5.7 wt%, and 7.7 wt% MD,/SBA-15). These absorption bands were assigned haglay dispersed
tetrahedral vanadium oxide speci€hépter 5.2.). Furthermore, in the spectra of the calcined and
dehydrated YO,/SBA-15 samples (except for the 1.4 wt%Oy/SBA-15 sample) a small absorption
band at approximately 405 nm was observed. Thisrpben band was significantly pronounced in the
spectrum of the 5.7 wt% ,0,/SBA-15 sample (wet impregnation). Considering phesence of YOs in

the Raman spectrum and XRD pattern of this saniy@eabsorption band at 405 nm was assigned to a
V,05 phase. The absence of characteristi©MRaman bands in the Raman spectra of all otherlsamp
indicate that the slight increase at 405 nm inUWkeVis-DR spectra was caused by very small amounts

of crystalline \4Os.
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XAFS measurements of dehydratedOySBA-15 samples corroborated that the majority diuma
oxide phase on SBA-15 was a dispersed tetraheteaep(dehydrated sampl&sgure 4-6, 623 K, 20%

O; in He). For all dehydrated ,@,/SBA-15 samples similar V K edge XANE(K)*k® and Fourier
transformedy(k)*k® were obtained. The )Ds phase present in the 5.7 wt%QO//SBA-15 sample (wet
impregnation) was not visible in the XAFS speciraerefore, the fraction of crystalline,®s in 5.7 wt%
V,O,/SBA-15 was less than 5-10% of the vanadium oxpeies present on the (SBA-15) support in this
sample. The F(k)*k®) of the dehydrated 5.7 wit%,8,/SBA-15 sample prepared by wet impregnation
resembled that of the dehydrated 4.1 wt% and 7% W§O,/SBA-15 samplesHigure 4-6, right). All
three samples showed an increased amplitude aetitjtances (3-4 A) in the Fk)*k®. The low
loaded 1.4 wt% (ion exchange) and 3.0 wt% (incipieetness) dehydrated,¥,/SBA-15 samples
exhibited a comparable envelope of the jR)X*k®). At higher distances (3-4 A) the amplitude was
reduced. In the UV-Vis-DR spectr&igure 4-5, righf) of these samples the absorption maximum was
shifted from ~ 300 nm to ~ 280 nm compared to hecta obtained for the higher loaded dehydrated
V,O,/SBA-15 samples. Hence, minor differences in thecsiire of the supported dehydrated vanadium
oxide species may be present in the spectra ofotie(1.4 and 3.0 wt% V) and higher loaded (4.1-
7.7 wt% V) dehydrated ¥0,/SBA-15 samples. A more detailed discussion ofghesults is given in
Chapter 5
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Figure 4-6: V K edge XANES spectra (left), x(k)*k*> (middle), and FT(x(k)*k®) (right) of the calcined
and dehydrated V,0,/SBA-15 samples (20% O, in He, 623 K): (A) 5.7 wt% V,0,/SBA-15 wet
impregnation, (B) 3.0 wt% V,0,/SBA-15 incipient wetness, (C) 7.7 wt% V,0,/SBA-15 ion exchange,
(D) 4.1 wt% V,0,/SBA-15 ion exchange, (E) 1.4 wt% V,0,/SBA-15 ion exchange.

4.2.4 Characterization of the SBA-15 support of the,®,/SBA-15 samples prepared by the ion

exchange method

The grafting/ion exchange method allowed the pratpar of V,O,/SBA-15 samples exhibiting a disperse
vanadium oxide species even at high vanadium lgadim contrast to the wet impregnation method, no
crystalline \bOs species were present after preparation of a higlildd sample with a vanadium

dispersion of 2.4 V/nfa Therefore, samples prepared by this method weed for further investigations.
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In order to ensure that the mesoporous SBA-15 stippas not affected by the preparation process,
physisorption, small angle XRD, and electron micops/ measurements were conducted before and after

vanadium anchoring.

In Figure 4-7 the N, adsorption and desorption isotherms of SBA-15 #ed calcined YO,/SBA-15
samples (ion exchange) are depicted. A detailelg w@bthe physisorption and small angle XRD results
for all samples is given in the appendiXable 10-). The SBA-15 samples exhibited a type IV
physisorption isotherm according to the IUPAC dlésation [110]. This is characteristic for mesopos
samples (pore diameter Jd2-50 nm). The significant decrease at lower,p/plues indicated that
micropores (g < 2 nm) were present in all SBA-15 samplEgre 4-7, left). The BET surface areas
determined for the bare SBA-15 samples ranged %6 and 818 fig. For all samples a significant
decrease of the BET surface area (30-50%) was \wbefor the calcined MO,/SBA-15 samples
compared to the initial SBA-15 samples. The chartic diffractions of the hexagonal SBA-15
structure were detected in the small angle XRDepiast ((100), (110), (200) diffraction) of all samgl
(Figure 4-7, left, inset. Hence, the mesoporous SBA-15 structure remainedffected by the
preparation. The cell parameter determined fron{10€) diffraction was slightly decreased (0.1-0m,

1-4 %) in the calcined ¥O,/SBA-15 samples compared to the initial SBA-15 mate This was
interpreted as a shrinking of the SBA-15 pore stmecof the supported samples compared to thaliniti
SBA-15 samples. Herbert [111] showed that a shmimkif ~ 30 % of the mesoporous SBA-15 structure
was not an unusual observation. This was obseryddebbert for thermal (calcination, 923 K, 24 hyan
hydrothermal (water, 373 K, 24 h, autoclave) treathof SBA-15 samples [111]. The shrinking did not
affect the shape of the hysteresis of the sorpsiotherms of the SBA-15 samples. For the 1.4 wt% an
the 4.1 wt% VO,/SBA-15 sample the type IV physisorption isotheraswstill present.
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Figure 4-7: N, adsorption (open symbols) and desorption (filled symbols) isotherms. Left: initial
SBA-15 (grey, same symbols as V,0,/SBA-15 samples) and calcined V,0,/SBA-15 samples prepared
via the grafting/ion exchange method (colored: squares 1.4 wt% V; triangles 4.1 wt% V; circles
7.7 wt% V). The inset depicts the small angle XRD powder patterns of the calcined 7.7 wt%
V,0,/SBA-15 sample and the initial SBA-15. Right: initial SBA-15 (black, squares), SBA-15-APTES
after calcination (blue, circles), and calcined 7.7 wt% V,0,/SBA-15 (red, triangles). The inset
depicts the respective pore size distributions obtained from the adsorption isotherm (BJH model).
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Figure 4-8 top: REM images of the calcined 7.7 wt% V,0,/SBA-15 sample; middle: TEM images of
the initial SBA-15; bottom: TEM images of the calcined 7.7 wt% V,0,/SBA-15 sample.
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For the high loaded 7.7 wt%,8,/SBA-15 a second step (p/p 0.5) was visible in the desorption
isotherm Figure 4-7, righf). Two different interpretations of this step aeadible. A possible origin for
the additional step in the desorption isotherm rhaya change of the SBA-15 mesoporous structure
during the ATPES grafting step in the preparatibthess sample. This argument was excluded because
the shape of the desorption isotherms did not chaog the lower loaded 4.1 wt% and 1.4 wt%
V,O,/SBA-15 samples, which were prepared in the samg (f#égure 4-7, lef). Moreover, the
desorption isotherm exhibited only one step, if finectionalized SBA-15-APTES sample was calcined
before the ion exchange step. For such a sampleceeake of the BET surface area of ~ 53% was
observed. Thus, the APTES functionalization stegretesed the BET surface area but did not change the
SBA-15 pore structure. Another explanation for sgond step in the desorption isotherm of 7.7 wt%
V,O,/SBA-15 may be a pore plugging of some of the SBAriesoporous channels by the supported
vanadium oxide phase. Similar plugging effects esadption isotherms were reported by Van der Voort
et al. for PHTS SBA-15 materials [112] and Meyehal. for SBA-VS-15 materials [113]. The fact that
the vanadium oxide phase at higher loading may ptuge of the SBA-15 channels indicated that it was
possible to disperse the vanadium oxide phase th#opores of the SBA-15 using the grafting/ion

exchange method.

That the SBA-15 channel structure was preservedhgluhe preparation process was visible in the
electron microscopy images of the samplegyre 4-8). In the TEM images of the initial SBA-15 and
the calcined VO,/SBA-15 samples a channel structure was detectaue®f the TEM images showed
the hexagonal orientation of these channels whiatharacteristic for SBA-19-{gure 4-8, middle and
bottom). The wall thickness between the channels wamastid to be 3 nm and the channel diameter was
approximately 6-7 nm for bare SBA-15. For the caddi 7.7 wt% VO,/SBA-15 the wall thickness was
estimated to be 3-5 nm and the channel diameterapsximately 5-7 nm. The slight decrease of the
channel diameter and the increase of the wall ti@sk indicates that either Si of the APTES reaaant
vanadium oxide were attached to the channel wBlle to the low element contrast of V and Si this
could not be discriminated. However, EDX measuramehowed that a high vanadium dispersion was
present on the 7.7 wt%,®,/SBA-15 sample. No areas of higher V content thamwi% were identified

(3 measurements, spot size ~ 30 nm). In order termiéne the particle size and morphology, SEM
images Figure 4-8, top were recorded of 7.7 wt%,®,/SBA-15. The main fraction of particles was

typically 30-70 pm long and 10 pm wide.

4.3 Summary

V,O,/SBA-15 samples were prepared by incipient wetness, impregnation, and a grafting/ion
exchange methodn situ UV-Vis-DRS, XAFS, and Raman measurements were wcted to determine
the nature of the vanadium oxide species presenSBA-15. Spectroscopic measurements of the
uncalcined YO,/SBA-15 samples suggested that mixtures of diffevanadium centers were present on

SBA-15. Features corresponding to vanadium oxidgecs with higher (5-fold or 6-fold coordination)
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and lower (4-fold or 5-fold coordination) degreepuflymerization were observed in the spectra of the
uncalcined 3.0 wt% -7.7 wt% ,D,/SBA-15 samples. From Raman and XAFS measuremestems
likely that the higher polymerized vanadium centeray exhibit a structure similar to that of the
decavanadate ion. With decreasing vanadium loatim@mount of the less polymerized (4-fold or ol
coordination) vanadium oxide centers increasedhénspectra of uncalcined 1.4 wt%Q)/SBA-15 no
higher polymerized vanadium oxide phases were w@bdeiThe probability that the lower polymerized
vanadium oxide centers were formed during the pegjwam was higher for the grafting/ion exchange
process. In addition, residuals of crystalline NB; were detected in the Raman spectrum of the

uncalcined sample prepared via wet impregnation\{§% V,O,/SBA-15).

Calcination of the VO,/SBA-15 samples yielded well dispersed vanadiund@xenters on SBA-15.
Raman spectra of as prepared and thermally tresdetples (dehydrated in 20%, @ He, 673 K)
showed characteristic bands for the hydrated aedhtghly dispersed dehydrated state of supported
vanadium oxides, respectively. These Raman bantishethose of YO,/SiO, samples reported in the
literature [23,32]. Therefore, the,®,/SBA-15 samples investigated here were comparablbighly
disperse YO,/SiO, samples reported in the literature [23,32].

No distinct differences resulted from the pregaratnethod employed, as observed in the Raman, UV-
Vis-DR, and XAFS spectra of the,8,/SBA-15 samples in the dehydrated state. For alipdes, the
majority phase in the dehydrated state was a higisiyersed tetrahedral vanadium oxide speciestheor
sample prepared by wet impregnation with an aquétidg/O; solution, small amounts of crystalline
V.05 were detected. Therefore, samples prepared bynibihod were not used for further structural
characterization and catalytic reactivity testsmfkes prepared by the incipient wetness method were
also not used as model catalysts although onlyspedsed vanadium oxide species was detected. The
preparation of larger sample batches (5-10 g SBAdStg this method is impractical and may cause an
inhomogeneous vanadium distribution on the SBAEpsrt during the drying process of the uncalcined
samples. Therefore, the ion exchange method waferpgd for sample preparation. The calcined
1.4 wt%, 4.1 wt%, and 7.7 wt%,8,/SBA-15 (ion exchange) samples shown in this chaptee used

for structural characterization of the dispersedadium oxide species and for catalytic testing.

The mesoporous structure of SBA-15 was not affebiethe preparation method chosen. A decrease of
the BET surface area was observed for aD¥SBA-15 samples. Except for the 7.7 wi%Oy/SBA-15
sample the characteristic type IV physisorptioriieams were still present after anchoring the vamad
oxide phase and calcination. A second step in &@s®mbtion isotherm occurred for the calcined 7.%wt
V,O,/SBA-15 sample. Hence, the supported vanadium opldese may be present inside the SBA-15
channels, which causes plugging of some pores ®@mitth loaded sample. TEM and small angle XRD

measurements showed that the hexagonal channetiusgwf SBA-15 was maintained in this sample.
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5 Structural characterization of hydrated and
dehydrated YO,/SBA-15

5.1 Introduction

Structural characterization of, 8, supported on SiOhas been subject of many spectroscopic studies
including IR [44,114,115], XPS [116,117,118], Ramaf23,32,40,117,118,119], UV-VIS
[23,32,40,100,118] and EXAFS [21-23,37,108,120,122,]. A recent review of spectroscopic
investigations and structural characteristics afotes supported vanadium oxides has been preségted
Weckhuysen and Keller [18]. It is assumed, thatdimacture of supported vanadium oxide depends on
both amount of vanadium and degree of hydration]. [B®nce, most studies were performed on
V,O,/Si0, samples exhibiting low vanadium loading (< 2.5 ifh At these loadings a monolayer of
supported VO, species is assumed and crystallingdy/is not detectable [30,31,32]. Under ambient
conditions the structure of hydrated vanadium ox#lgported on SiQresembles that of XDs
[23,117,108]. Thermal treatment in oxygen resuitsiéhydration of the vanadium oxide species, which
will be discussed in detail i€hapter 6 The dehydrated state has been proposed to cafisstlated
“VO,’ tetrahedrons bound to the SiQGupport [21,23,123,124]. However,,&% dimers or further
extended structures supported on Si@ve not been excluded [40]. In total, the stmectof dehydrated

vanadium oxide species supported on,3&nains under debate.

Here, the combination of the spectroscopic metiddsVis-DRS and XAFS was used to elucidate the
structure of hydrated and dehydratedOYSBA-15. Both methods provide information about the
electronic and geometric structure, and they arécpéarly suitable to study supported catalystslem

reaction conditions.

UV-Vis-DR spectroscopy allows the investigationetéctronic transitions of valence electrons. From t
nature of the observed transitions (CT, intervadertzd) information about the oxidation state amel t
geometric configuration can be derived [95,125]. éxample of how UV-Vis-DRS can be used to
identify the oxidation states of supported transitinetal oxides like, for instance,,Oy/SiO; is given by
Weckhuyseret al. [126]. For the vanadium oxide on Si@odel system investigated here the vanadium
oxidation state of ¥ can be distinguished from the lower vanadium cidtastates (¥",V**) by
UV-Vis-DRS. Furthermore, in the last decade a semapproach for deriving information about the
geometric structure and the degree of polymerimatibtransition metal oxides {aonfiguration) from
UV-Vis-DR spectra was described by several autfib®9,127]. They observed that the edge energy E
of d” metal oxides is influenced by the coordinationtloé metal oxide structure and the degree of
polymerization. Wachst al. correlated the number of covalent M-O-M bonds adbuhe central
transition metal cation fdV, Mo, W) with the position of the UV-Vis edge emy § [100,128,129]. A
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linear correlation was observed that allowed digtishing MQ/MOg polymers from MQ polymers and
isolated MQ metal oxide structures. From this kind of plot Wset al. [100] concluded that X0, is

present as an isolated [\[Qetrahedron in the dehydrated state of,\é@ the silica support.

Comparable to UV-Vis-DRS it is possible to deriméormation about the local geometric and electronic
structure from XAFS. The average valence, for imsta can be obtained by comparison with known
reference compounds [130]. Moreover, Waatgal. and Chauraneét al. [94,131] described how the V

pre-edge peak in the XANES region can be useddavidg information about coordination and valence

of the vanadium oxide species.

Elucidating the geometric structure in more defadim XAFS, however, is often difficult. In the
conventional approach theoretical XAFS scatteringpl#tudes and phases are calculated for a suitable
model structure. Subsequently, a sum of theoreKéd#tS functions is refined to the experimental data
Structural parameters like coordination numberarest neighbor distances, and disorder parametgys m
be determined. However, more often than not, thralbrar of potential parameters exceeds the number of
“independent” parameters. The upper limit may blEwated from Fourier theory and must not be
exceeded. Nonetheless, it appears that even redimsnmemploying a much smaller number of freely
varied parameters may yield ambiguous structurslilte The often used Nyquist criteria may not be
sufficient to evaluate a fitting procedure. Badigabne pair of strongly correlated parametersisef to
render a seemingly good agreement between expdadameiata and theoretical model structure
meaningless. While this case may be clearly inditdtty the correlation matrix of the refinement,esth
pitfalls may be less obvious. Hence, proceduresanght that enable evaluating the significanceaah

fit parameter individually.

This chapter focuses on elucidating the local stingcaround the vanadium centers in the hydrateld an
dehydrated state of,0,/SBA-15 model catalysts with different vanadiumdireys. The UV-Vis-DR and
XANES spectra of the ¥0,/SBA-15 model catalysts and suitable vanadium oxieferences were
investigated. In addition, a detailed XAFS datalgsig, in particular of higher V-V distances, was

performed together with a detailed evaluation efshgnificance of the fit parameters employed.
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5.2 Results and discussion

5.2.1 UV-Vis-DR spectra of YO,/SBA-15 compared to those of'Vreferences

In a first approach the UV-Vis-DR spectra ofQ//SBA-15 were compared to the spectra of selected
vanadium oxide referenceBigure 5-1). All spectra shown were measured inithsitu cell. Apparently,
both hydrated and dehydratedQ//SBA-15 exhibited only LMCT charge transfer bandsich are
located at wavelengths shorter than 500 nm. Abgoriiiiands which are due to lower vanadium valences
(V*, V), such as d-d or intervalence transitions, wergeab Hence, the average valence of

V,O,/SBA-15 is assumed to be +5.

15

10

F(R.)
FR.)

220 400 600 800

Wavelength [nm] Wavelength [nm]

Figure 5-1 Left: UV-Vis-DR spectra of vanadium reference compounds (MgsV,0s (......... ), m-Mg,V,0,
(---2) tMgV,0; (---), MgV:06 (—.-), MgsVig0z8XH0 (—..-), V05 (—)) and 7.7 wt%
V,0,/SBA-15 in the hydrated (—_) and dehydrated () state. Right: UV-Vis-DR spectra of
V,0,/SBA-15 with different loading in the hydrated and dehydrated state (1.4 wt% (.......), 4.1 wt%
(=.2), 7.7 wt% (—)).

In Table 5-1the positions of observed absorption bands fSrniénadium oxide compounds measured in
a standard integration sphere are listed. The satubrackets refer to the positions obtained @irhsitu
cell. The error for each absorption band positi@s wstimated to be + 5- 10 nm. Compared to therspec
measured in the standard cell the spectra recandbein situ cell were less well resolved. The positions
of absorption bands at wavelengths longer than @7Owere similar for both measurement cells.
However, for wavelengths shorter than 260 nm thsitipms of the absorption bands were shifted to
longer wavelengths in the situ cell. This may be caused by the significantly lowgensity of the
incident light below 260 nmHKgure 10-1 and Figure 10-2, Appendix Therefore, the insufficient
resolution in then situ cell has to be considered if the absorption bargition in this region is compared
to that of L O,/SBA-15 samples. Dilution of the samples did ngh#icantly change position and type of
the absorption band3¢ble 5-3. The position of the low energy charge transtemdin the UV-Vis-DR
spectra of hydrated \0,/SBA-15 was located around 365 nm for all loadi(fgigure 5-1, right, Table
5-2).
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Table 5-1: Absorption band position and UV-Vis edge energy determined from UV-Vis-DR spectra of
vanadium oxide reference compounds (Figure 5-1, left) together with the assumed covalent V-O-
V bond (CVB) number (reference of the theoretical structure which matched the experimental XRD
powder pattern, Table 10-3, appendix). Values in brackets refer to measurements in /in situ cell.

Sample Absorption Band [nm] ofeVv] CVB No.
NagVO,4 230, 255, 290 3.91 0
K3VO4 272, 313 3.54 0
CaV,0g 225, 250, 297 3.77 0
MgV 20 271, 336 (280-320 plateau) 3.44 (3.51) 0
m-Mg,V,0; 273, 315 (276, 311) 3.47 (3.53) 1
CaV,0, 261, 326 3.14 2
t-Mg2V20; 285, 385 (293, 382) 2.85 (2.94) >1
NaVvO; 225, 281, 347 3.14 2
NH,VOs 225, 284, 357 3.17 2
KVO; 248, 295, 371 3.11 2
CaV,0s 250, 272, 344 2.90 3
MgV20s 240, 376 (248, 370) 2.90 (2.97) 3
MgsV 10028:XH,O 250, broad ~ 400 nm (broad ~ 400 nm) 2.35 5
(NH4)6V 10028 XHO 240, 370, 440 (broad ~ 400 nm) 2.35 5
V205 241, 334, 390, 460 (264, 334, 390h, 468) 2.35 5

A second absorption band located at ~ 300 nm fer7itii \LO,/SBA-15 sample was blue shifted with
decreasing V density (~ 293 nm 4.1wt% V, 260 nmit% V). A weak shoulder at 460 nm may be
present igure 5-1,right). Similar bands were found for references withasgupyramidal coordination
(pseudo octahedral) such agh¢ and Mg\LOg (Table 5-3. An interpretation of the observed bands was
given by Centiet al. [132]. They reported that the charge transfer bdunel to the V=0 double bond is
observed at ~ 380 nm. It can be calculated fronditierences in electronegativity between the matel
the ligand for an octahedral coordination of vanadioxo compounds [133]. However, this does not
explain the band at 460 nm. According to Centi tiarge transfer band is due to “delocalized donor
acceptor sites” originating from higher “conjugatsiles like octahedral V§chains” [132]. The
absorption band at 460 nm in the spectra of hydrsf®©,/SBA-15 was rather weak. Thus, the structure
of hydrated VO,/SBA-15 seems to have a square pyramidal coordmabut, in contrast to XDs, it

seems to be less extended.

During thermal treatment of hydrated®/SBA-15 in oxygen (20% ©in He, 554-626 K) a loss of water
and a distinct change in structure were obserffedure 5-1, Table 5-2. For dehydrated 7.7 wt%
V,O,/SBA-15 the low energy LMCT band is located at -9 30n and was blue shifted with decreasing
loading of V (~ 285 nm, 1.4 wt% V on SjO The bands of undiluted crystalline vanadateresfees with
tetrahedral coordination are located in these regidor instance N¥O,4, NHVO3;, m-MgV,0;, and
MgsV,0g (Table 5-). Referring to Centet al. [132] the charge transfer bands of tetrahedrahdam
oxo compounds are located below 333 nm. Therefotetrahedral structure of dehydrate@y/SBA-15

is assumed. A more distinct determination of thgrele of polymerization of the tetrahedral vanadium
oxide species seemed not feasible from comparifygtba absorption band positions of theOy/SBA-

15 samples with those of the references. The irgtapon of the charge transfer bands of solid
compounds remains challenging. The interpretatip@éntiet al. [132] considers the vanadium oxide as

solely molecular a cluster similar to the commaeiipretation of molecular coordination complexes.
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Table 5-2: Absorption band position and UV-Vis edge energy determined from the UV-Vis-DR
spectra of hydrated and dehydrated V,0,/SBA-15 samples (Figure 5-1, right) together with the
calculated covalent V-O-V bond (CVB) number. Values in brackets refer to diluted samples
(F(Roo)max"’ 1'2)-

Sample Absorption Band [nm] ofeVv] CVB No.
7.7 wt% V hydrated 300, 368 (300, 368) 2.76 (2.74) 3.5
4.1 wt% V hydrated 293, 364 (283, 363) 2.80 (2.79) 3.4
1.4 wt% V hydrated 260, 365 (260, 368) 2.88 (2.80) 3.0
7.7 wt% V dehydrated 309 (302) 3.43 (3.37) 1.0
4.1 wt% V dehydrated 309 (305) 3.42 (3.44) 1.0
1.4 wt% V dehydrated 286 (280) 3.59 (3.60) 0.4

Moreover, if this interpretation was sufficientdescribe the LMCT absorption bands even though more
than a single transition would occur for an isalaieee VQ ion [134]. Calculations may provide more
detailed information about the type and intensityhe absorption bands that can be expected. FOg V
monocrystals Lazukovat al. received a good agreement between the experimamtiathe theoretically
calculated electroreflectivity spectra [135]. Roreteal. [134] calculated the position of the charge
transfer band for isolated tetrahedral compountie rEnge obtained (240-330 nm) agrees well with the
values of tetrahedral vanadate references fourel kEwever, these results do not allow us to disiish
unambiguously between different connectivities efrahedral vanadium oxide compounds such as
isolated, dimeric or chain-like structures. Onempt to distinguish different arrangements of sufgub
vandium oxide clusters was reported by Avdeg¢\al. [136]. They concluded that for isolated [WO
structures on SiPtwo absorption bands at 238 and 263 nm are pre$aese bands are red shifted to
250-260 nm and 270-290 nm if dimeric tetrahedrahpounds are present (V-O-V linkage). These
results match with the absorption bands of dehgdrat,O,/SBA-15 with the maximum at 286 and
309 nm found hereT@able 5-3. Therefore, for all loadings a dimeric tetrahédstucture is present.
Avdeev et al. [136] attributed an increase in coordination frdafiold to 5-fold to absorption bands
located at 340 nm in the spectra of hydratg@XSiO, samples (here 365 nffiable 5-2. Identifying the
contributions of these transitions in the experitael/V-Vis-DR spectra would provide more detailed
information. However, considering the broad absorpbands and the insufficient resolution in the UV

range {n situcell) a reasonable refinement seems not verylikatl thus was not performed here.

5.2.2 Correlation of the UV-Vis-DRS edge energy, Bvith the local structure of vanadium
oxide references

To gain more insight into the nature of the dispdrganadium oxide species present on the suppert, t
UV-Vis edge energy Eof the LMCT band was correlated with the numberveD-V bonds in the
measured crystalline vanadium oxide referencesepsried by Wacht al. [100]. The F values
obtained are summarized Trable 5-1and the resulting plot is depicted Figure 5-2 (left) For clarity,

all references were measured undiluted in the iatem sphere cell. Samples measured inithsitu
Praying Manti&" cell, as shown iffigure 5-2 (left),are depicted as grey symbols. The linear cormaiati
of the V-O-V bond number (CVB) with Fvas almost linear (grey line). The t-M&O; reference was

not considered in this correlation. As discusse@hiapter 2.3.6the connectivity of [WO]«x polyhedrons
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may be higher than that of dimers and thus the V-@mber is larger than one. The linear function

obtained here was

CVB = 13.74 — 3.72:H# 5%, R=0.98).

(5.1)

Deviations from the equation found by Wagdtsal. (CVB = 14.03 — 3.95-F(+ 0.34)) [100] can be

explained by the larger number of reference comgsuwsed here. A second reason was that all samples

were measured undiluted here. Compounds likgvBa or K;VO, tend to dehydrate when they are

diluted, which causes significantly lower values Ey (~ 0.5 eV) as observed by Wacttsal. [100].

Dilution of all other samples with the white reflance standard caused a shift gfii the range of

+0.01-0.08 eV.
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Figure 5-2 Left: Covalent V-O-V bond number (CVB) versus UV-Vis edge energy (Eg) of vanadium
oxide reference compounds (NasVO,4 ( ), K3VO4 (o), CazV,0g (), MgsV,0g (¥), m-Mg,V,0; (A),
CaV,0;7 (@), t-Mg,V,0; (), NavOs (¢), NHVOs (%), KVOs (®), CaV,0¢ (0), MgV,06 (1),
MgsV100,8-XH,0 (%), (NH4)6V19028-XH,0 (), V,05 ( + ), grey symbols refer to measurements in /n
situ cell), right: UV-Vis edge energy versus average V-O bond length in the first coordination
sphere of vanadium references exhibiting a tetrahedral coordination.

The linear correlationHigure 5-2, left) can be explained according to Welsdtr al. [127]. They
concluded, in a simplified, assumption that “thge@nergies of moleculary sized clusters shoultktra
with the extent of spatial delocalization of the lemmlar orbitals involved in the electronic traiwit
associated with the UV-visible edge” [127]. Hentge energy needed for an electronic transition is
lowered with increasing number of participating emllar orbitals. Accordingly, the determinationtiod
UV-Vis edge energy allowed an estimation of theesif the vanadium oxide clusters present in the
V,O,/SBA-15 samples. Relatively high errors (+ 5%) webgained for this linear correlation. These are
mainly due to the wide range of, Ealues determined for isolated tetrahedral comgeuiCVvB = 1).
Similar spreading of Fwith decreasing CVB number was observed by Watled. for W and Mo based

d’ transition metal oxide systems [128,129]. Theyotadied that not only the CVB number influences the
Ey position but also the distortion of the coordinatpolyhedron [128]. The effect of the distortiditioe
coordination polyhedron seems to be stronger &8 polymerized vanadium oxide structures. Thisceffe
cannot be explained by the delocalization of mdkacorbitals. It seems more likely that the aversg®

bond length in the first coordination sphere, aficator for the distortion, influences the energyte
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LMCT transitions. A similar trend was proposed bynideet al. for the absorption band maxima [134].
Figure 5-2, right shows the edge energy versus the average V-O lemyih for several vanadates
exhibiting tetrahedral coordination. A decreaseEgfwith increasing distortion (average,.R) was
obtained. Moreover, the slope of the linear coti@tadecreased with increasing V-O-V number from
orthovanadate to metavanadate structures. For thagieedinated structures exhibiting a V-O-V number
of 3 or 5 no comparable correlation was found. Kemmnly the effect of delocalization determines the
electronic structure of higher polymerized vanadenters. Conversely, in lower coordinated tetredied
compounds the electronic structure of the vanadienters is rather described with molecular orhitals
which are present in molecular coordination compéexMoreover, it is possible that the electronic
structure of the absorbing vanadium centers is mseresitive towards disturbances of the surrounding
cations than the electronic structure of the vamadcenters in the higher clustered vanadium oxide
anions like \\Og> or V;00,¢>. A more detailed explanation was not possible bgeaf the limited data
set of isolated and dimeric tetrahedral vanadiuideoreferences or missing calculations of the ebeat
structure of model compounds. However, as a reduliese contributions (delocalization and distor}i

to the electronic structure of vanadium oxidesetnathedral coordination, an unambiguous discrinonat

between dimeric and isolated structures is hawtigible.

5.2.3 UV-Vis E;- indicator for the local structure of hydrated andehydrated YO,/SBA-15

Accordingly, the linear correlation of the V-O-V mber and the UV-Vis edge energy was used only as
an indicator for the structure of the,®{/SBA-15 structures. Irifable 5-2the values obtained for
hydrated and dehydrated®[/SBA-15 are listed for all loadings employed. Tr#ues in brackets refer
to diluted samples. No distinct changes were olesewith dilution. Hence, undiluted samples wereduse
for further reaction experiments as described & fallowing chapters. For the hydratedOy/SBA-15
samples UV-Vis edge energies from 2.76 to 2.88 edfewobtained, which increased with higher
dispersion of vanadium oxide on the SBA-15 suppbiie CVB numbers were determined to be between
3.0 and 3.5. These values supported the observaltiove that hydrated,@,/SBA-15 exhibits a square
pyramidal coordination. For dehydratedQy/SBA-15 V-O-V numbers of 1.0 were obtained for the
4.1 wt% and the 7.7 wt% V on,®,/SBA-15 sample which confirmed the dimeric tetrafaédtructure
that was indicated by the position of the absorpbiands. The low loaded 1.4 wt%®/SBA-15 sample
exhibited a reduced V-O-V number of 0.3 which swstgiean isolated [V structure. According to
Weberet al. [127] the value of 0.3 may also indicate a mixtafésolated and dimeric structures on the

support. Similar results were recently observeddarloaded MO, on SBA-15 samples [137].

The absorption band positions and UV-Vis-DRS edgergies detected here were comparable to those
reported by other authors for vanadium oxides sttpdoon SiQ in a monolayer coverage [23,100].
However, mostly an isolated structure was assumeltbiv loaded dehydrated,®@,/SBA-15, which is in
contrast to the dimeric structures discussed Hérerefore, a detailed XAFS analysis was performed o
hydrated and dehydrated®,/SBA-15 to obtain additional information about toeal structure around

the V atoms.
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Figure 5-3: V K edge XANES spectra of hydrated and dehydrated V,0,/SBA-15 samples with
different vanadium loadings (1.4 wt%, 4.1 wt%, and 7.7 wt%). V K edge compared to the spectra
of various V** reference compounds (dotted line refers to 7.7 wt% dehydrated V,0,/SBA-15).

5.2.4 XANES analysis — coordination and distortion of \pecies in VO,/SBA-15

The XANES spectra of hydrated,®,/SBA-15 are depicted ifrigure 5-3 (top left) The spectra
resembled those of vanadium oxide references wherganadium centers exhibit a distorted octahedral
or distorted square pyramidal coordinatidriglire 5-3, top righ). The XANES spectra of hydrated
V,O,/SBA-15, V05, MgV,0q, CaV,0s, (NH,)6V1¢028-XxH,0, and MgV 40,5 xH,O all had a pre-edge
peak of similar height. Because the pre-edge peaghh is determined by the coordination of the
vanadium centers, as discussed in more detail bdigdrated YO,/SBA-15 also appeared to exhibit a
distorted square pyramidal coordination of the \htees. During thermal treatment of as-prepared
hydrated O,/SBA-15 in oxygen (20% ©in He) a loss of water and a distinct change riucstire were
observed (discussed @hapter §. After thermal treatment dehydratedQf/SBA-15 was cooled to
293 K (20% Q in He) without exposure to air or watéidure 5-3 top middlg No changes in the XAFS
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spectra were observed during cooling. Comparetid¢ovinadium oxide references, the overall XANES
region of dehydrated XD,/SBA-15 resembled those of metavanadate refereit@dNH,VO; KVOs;,
and NaVvO, and distorted pyrovanadate references like \M@, and CaV,0; (Figure 5-3 botton). In

the local structure of these references the vanadienters are tetrahedrally coordinated by fourgexy
atoms. Compared to the XANES spectrum of dehydratgal/SBA-15, NHVO;, KVO;, and NavQ
exhibit very similar pre-edge peak heights in tBéMNES spectra. Conversely, the pre-edge peakisan t
XANES of CaV,0g KiVO,; NaVO, and MgV,0s are much higher than that of dehydrated
V,O,/SBA-15 Figure 5-3, bottom righ}.

More detailed correlations of the position and heigf the pre-edge peak with the average valende an
coordination of the vanadium center were descrifpe@Vonget al.[131] and Chaurandt al. [94]. Here,

a method referring to a report by Woegal. was chosen to investigate the coordination ofatteorbing
vanadium centers in the,8,/SBA-15 samples. Wongt al. [131] showed that a plot of the intensity of
the pre-edge peak feature versus a “molecular s&geparameter” such as the average V-O bond length
results in a linear correlation. With increasingtdition in the same coordination and with incnegsi
coordination number (tetrahedral to octahedral)earehse of the intensity was observed. Thus, an
identification of different coordinations of thesasbing vanadium center is possible. In contra¥vimg

et al. the intensity of the pre-edge peak was not detexdchby the product of its height and its width at
half height. Due to the asymmetry of the observerlquige peaks the area was determined by a method
described by Chauranet al. [94]. For the analysis the energy range aroundpifeeedge peak was
extracted from the normalized spectra. The incredgbe absorption edge was eliminated by using an
empirical background as shown kigure 5-4 (right). The resulting background corrected signal was
fitted using three pseudo Voigt functions. The sy product of the area and the pre-edge peadghiei

at peak maximum (PHA) was plotted versus the aeetaand length (Ro) of the measured reference
compounds (structure confirmed by XRD refinemdrable 10-3 appendiy. As shown inFigure 5-4
(left) a linear correlation was obtained. The differesdrdinations (4,5,6-fold) are separated by a sffift
the average {, of 0.08-0.10 A. The signals of tetrahedral refeemnrange from 1.70 -1.74 A, those of
distorted square pyramidal references from 1.83-A8and that of octahedral references are found at
1.92 A. Interestingly, the G¥,0; sample, which consists of a mixture of distortqdase pyramidal and
tetrahedral VQ units (average coordination number 4.67), fitsyverell in the linear correlation.
Compared to the UV-Vis edge energy, no influencehef delocalization of the orbitals involved was
found. In contrast to the UV-Vis edge energy, ipassible to identify the coordination of the vainaad
centers in the oxide cluster. Moreover, informatarout the degree of distortion around the absgrbin

vanadium center can be derived.

Compared to references, the coordination of theagm centers in hydrated,®,/SBA-15 may be
distorted square pyramidal similar to compound$ag&\,0s and Mg\L,Og. This has also been observed
by Bell et al. [108]. Dehydrated YO,/SBA-15 seemed to exhibit a coordination and di&ormore
similar to references like NNO3; and KVG;.
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Figure 5-4 Left: Correlation of the product of the V K edge pre-edge peak intensity and area versus
average V-O bond length R in the first coordination sphere (CasV,0g (e), MgsV,05 ( V), m-Mg,V,0,
(A), CaV,0;7 (@), t-MgyV,07 (), NaVOs (¢ ), NH4VO; (* ), KVO; (#), CaV,06 (©), MgV,0s (1),
MgsV100,8-XH,0 (%), (NH4)eV10028-xH,0 (%), V505 ( + )), right: subtraction of the background from
V K edge pre-edge peak of 7.7 wt% V,0,/SBA-15 (top) and an example of the peak fit to the
background corrected signal (bottom). The pre-edge peak heights for V,0,/SBA-15 are indicated as
lines. (Refer to text and Table 10-4 for details).

The average V-O bond length around the absorbingdiam centers was estimated by using the linear

correlation:
PHA = 13.28 — 6.58- R, (+ 7-9%, R=0.96). (5.2)

For the hydrated MO,/SBA-15 samples R, was 1.88 A and for dehydrated ®/SBA-15 R.o was
1.77 A. The latter value suggests the presencestfomgly distorted VQtetrahedron in the vanadium
oxide structure of dehydrated,®/SBA-15. Both R.o values were increased compared to the bulk
vanadium oxide references. This may be an influeridde high dispersion of the supported vanadium

oxide, which may cause a higher distortion.

5.2.5 Local structure of dehydrated ¥0,/SBA-15 — Comparison to V oxide references

In addition to the UV-Vis-DRS experiments and theeistigations of the XANES structure a detailed
EXAFS investigation of samples with different V thags in the hydrated and dehydrated state was
performed. In particular, the contribution of higtseattering shells to the XAFS signal was analytped
possibly reveal the presence of V nearest neighbmothe local structure of vanadium oxide species
supported on Si© In the corresponding literature only a few aushpresent XAFS refinements of
supported vanadium oxide samples [21,22,37,1141P20-124]. Typically the first V-O coordination
sphere was analyzed by XAFS refinement [22,94]. efailed XAFS analysis of higher shells in the
FT((K)*k>) has been largely neglected. Only Kekeral. [37,114,120-122,124] discussed contributions
of higher V-O and V-Si shells located at distaneez A. They excluded higher V-O-V contributions to
the FT{(k)*k®) of highly dispersed dehydrated®, samples supported on Si0r Al,Os.
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Figure 5-5 left: V K edge y(k) of dehydrated V,0,/SBA-15 with different vanadium loadings
(1.4 wt%, 4.1 wt %, and 7.7wt %) and NH,VO;. middle, right: V K edge FT(x(k)*k®) of dehydrated
V,0,/SBA-15 (7.7 wt %, dotted) compared to those of various references.

The EXAFSy(k)*k® of dehydrated VO,/SBA-15 with different V loadings are depicted Figure 5-5
(left). The usable range extended from 2.7 to 1035 Fhe V K edge FT(k)*k®) of the dehydrated
V,O,/SBA-15 sample (7.7 wt%) measured at 293 K are shiowigure 5-5. FT((k)*k®) andy(k)*k® are
not phase shift corrected. Thus, the distancesenFT§(k)*k>) are shifted to lower values by ~ 0.4 A

compared to crystallographic distances.

The FT§(k)*k® of various vanadium oxide references exhibitirtgteahedral coordination are compared
to that of dehydrated \0,/SBA-15 (Figure 5-5, middle and right) In contrast to the XANES spectra the
FT((K)*k®) of NaVvO, and KVO, are not shown. The high tendency for dehydratibnthese
compounds caused a high level of noise in the tiagyl(k)*k®. The first V-O peak in the Fj(k)*k°) at

~ 1.4 A (not phase shift corrected) for all referes shown corresponds to a [)@etrahedron in the
respective structures. The spectra of the metaed@atructures like Nj¥O; and KVGQ; resembled that
of dehydrated YO,/SBA-15 most closely. In the FI)*k® of the pyrovanadate structures like
Mg,V,0; and CaV,0; and the orthovanadate structures likg\G&®g and MgV ,0g the first V-O peak is
significantly higher than in the FfK)*k®) of dehydrated VO,/SBA-15. In contrast to the Flk)*k®) of
MgsV,0s and the pyrovanadates, a0, and monoclinic MgVv,0O;, which exhibit a significant
amplitude at distances above 2 A, the fRYX*k®) of CaV,0s KVO3, NH,VO;, triclinic Mg,V,0;, and
dehydrated YO,/SBA-15 show little amplitude at higher distancelareover, looking at the differences
between the F'ﬁ(k)*ks) of CaV,0g KVO3;, NH,VO3, and triclinic MgV,0,, the latter two appear to
yield the best agreement with that of dehydratg@ X5BA-15. In all references the low amplitude of the
FT(x(k)*k® at R > 2 A is characteristic of the local struettaround the tetrahedral V centers. In
conclusion, based on comparing the XANES andyKJtk®>) of dehydrated VO,/SBA-15 to those of
potential references, NMO; and triclinic MgV,0; have been identified as suitable references teeser

as model systems for a more detailed structurdysisa
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5.2.6 Local structure of higher connected tetrahedral vadium oxide cluster - XAFS

refinement of a reference based model structure

Before we discuss the details of analyzing the XAl&& of dehydrated, 0,/SBA-15, a suitable analysis
procedure for the higher V-V contributions in th&BS spectra of the references NHD; and triclinic
Mg,V,0; was sought. As an example, and to reduce the nuwbéables here, the application of
confidence limits and F parameter to distinguishlysis fitting procedures is described below faeth
refinements of a suitable model structure to theeeimental FT{(k)*k®) of dehydrated VO,/SBA-15.

0.0

FT(x(k)K’)
FT(x(K)K’)

experiment
........... theory

-0.051

{ Vo

. 2xV-0 (1) 2x V-0 (1)
< v-o@) YV v 2X V-V (1)
Vo Y A

RA] RA]

Figure 5-6: Experimental (solid) V K edge FT(3x(k)*k®) of the NH,VO; (right) and the Mg,V,0; (left)
reference together with a theoretical XAFS function (fitting results are given in Table 5-3). Also
shown are the Fourier transformed x(k)*k® of the individual scattering paths together with the
corresponding coordination number in brackets.

The model structure consisted of a tetrahedraldination of the V center with four oxygen atoms at
~1.7 A (NH\VO3), two vanadium atoms at ~3.4 A (BWHO;) and 3.6 A (triclinic MgV,05), one oxygen
atom at ~2.9 A (triclinic MgV,0;), and one Si atom at ~2.8 Adble 5-3. Experimental FT((k)*k®) of
triclinic Mg,V,0; and NHVO; and the corresponding XAFS refinements are shawhkigure 5-6.
Deviations between the theoretical and experimesgtattra of triclinic Mgv,0; in the range from 2-4 A
are caused by several Mg neighbors and nearlyrlimegtiple-scattering paths in triclinic Mg,0; that
contribute in this range. These are not sufficieaticounted for by the simplified refinement praoed
used here. Similar arguments hold for \M@;. The results of the XAFS refinement for dehydrated
V,O,/SBA-15, NHVO;, and triclinic MgV,0; are summarized ifiable 5-3 Apparently, the distorted
[VO,] tetrahedron in NgEVO3; required two different V-O distances to be incldda the refinement,
while triclinic Mg,V ,0; and dehydrated ¥D,/SBA-15 exhibited a single V-O distance. It seehwt the
distortion in the [VQ] units of the crystalline reference triclinic M&O; could not be resolved by the
XAFS analysis procedure employed. Accordingly, wdbc? was obtained (0.0013%ffor NH,VO;
compared to those of dehydratedOy/SBA-15 and triclinic MgV,0O; (0.0079 K and 0.0058 A
respectively). In contrast, a single V-V distant847 A (CN = 2) sufficed for Nf¥O3 (consisting of
chains of [VQ] units), while two V-V distances had to be incldder triclinic Mg,V,0; (consisting of
adjacent [MO7] units) and dehydrated,,/SBA-15.
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Table 5-3: Type and number (N) of atoms at distance R from the absorbing V atom in a model
system assuming an ordered arrangement of V,0, units (Figure 5-9, right) compared to
experimental distances and XAFS disorder parameters (0%). The parameters were obtained from
the refinement of this model structure to the experimental V K edge XAFS FT(y(k)*k®) of
dehydrated V,0,/SBA-15 (7.7 wt%), t-Mg,V,0;, and NH4VO; (k range from 2.7-10.5 A1, R range
0.84-3.62 A, Ning = 16, Eo = 0 eV in all cases, fit residual 3.9 (dehydrated V,0,/SBA-15) (Nfee = 8),
10.7 (t-Mg,V,07) (Nfree = 7), 14.7 (NH4VO3) (Nfee = 5)) (subscript ¢ indicates parameters that were
correlated in the refinement, subscript f indicates parameters that were fixed in the refinement).

Confidence limits and significance to the fit parameters are given in Table 5-4.

N Roodel [A] deh. 7.7 wt% t+MgV.O; NHVO,
Type RIA] o?*[A7 RIA] o*[A7 RA] o*[AF
V-0 1 1.63 178 0.0079 174 0.0058 1.69 0.0013
V-0 1 1.70 178 0.007% 1.74, 0.0058 1.69 0.0013
V-0 2 1.76 178  0.007% 1.74, 0.0058; 1.84 0.0013
V-0 1 2.87 2.89 0.0012 2.77 0.0113 - -
V-V 1 3.42 3.29 0.0116 3.33 0.0148 3.47 0.0143
V-V 1 3.62 3.60 0.0116 3.52 0.0148 3.47 0.0143
V- Si 1 2.80 2.54 0.013 - - - -

In the cases of the references, a simifaparameter for the V-V contributions of about 0.08%was
obtained. For dehydrated ,8,/SBA-15 it was slightly decreased (0.012) AThe corresponding
confidence limits and significance parameters Fgaven inTable 5-4 In fitting procedure #1 two V-O
distances in the first V-O shell were allowed toyimdependently (both with a CN of 2 and the safe
Moreover, i was also allowed to vary in fitting procedure Because Ny = 16 and Nee = 11 the
refinement procedure #1 would be taken as religueording to the Nyquist criteria. However, F
parameter of 0.6 and 0.9 were obtained with proeedd for R and? of the V-O distances. Moreover,
E, exhibited a confidence limit of £ 0.25 and F =.0Mpparently, fitting procedure #1 already exceeded
the number of meaningful parameters and yieldediguolis structural parameters. On the one hand, the
reduced amplitude of the Fk)*k® of dehydrated VO,/SBA-15 compared to that of references
consisting of undistorted [Vfunits (Figure 5-5) suggested the presence of more than one V-Ondista
including a short “vanadyl” V=0 distance. On théethand, however, the resolution in the experialent
FT((k)*k®) and the available degree of freedom did not pierefining more than one V-O distance in
the procedure used. Therefore, the fitting procedvas modified: Ewas kept invariant in the refinement
and only one V-O distance at ~1.75 A was used.dntrast to procedure #1, procedure #2 yielded
reasonable confidence limits and acceptable F peteam Conversely, the’ parameter of the V-Si at
2.5 A and the V-O contribution at 2.9 A exhibiteather high confidence limits. Apparently, both V-O
and V-Si neighbors in the distance range from 2.8 2.9 A are required for a good refinement of the
model structure to the experimental data. Thisndicated by the confidence limits and F parameters
calculated for the corresponding distanceable 5-J. Nevertheless, the higtf obtained for the V-Si
contribution and the rather low” obtained for the V-O at 2.9 A indicate a certambiguity of the

corresponding fit results.
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Table 5-4: V K edge XAFS parameters (Z for distances R and disorder parameter o) obtained from
three different procedures of fitting a model structure (i.e. “ordered V,0, dimers” on SiO, support)
to the experimental XAFS FT(y(k)*k®) of dehydrated V,0,/SBA-15 (7.7 wt %) (details of fit given in
Table 5-3) together with confidence limits (£ z, referring to 95 % of fit residual) and significance
parameters F (details given in text).

Procedure #1 Procedure #2 Procedure #3

Pair N Z +z F Z +z F z +z F
R(V - 0) 2(4) 1.75 0.008 0.6 1.78 0.001 -~ 1.78 00.0
oV - 0) 4 0.0072 0.0001 - 0.0080 0.0001 - 0.0079 0.0001
R(V-0) 2(-) 1.80 0.002 - - - - -
R(V - 0) 1 2.89 0.01 2.89 0.01 - 2.89 0.01 -
02(V -0) 1 0.0001 0.0006 0.9 0.0001 0.0008 - 0.Q012 -
R(V-V) 1 3.27 0.02 - 3.28 0.02 - 3.29 0.01
02(V -V) 1 0.0125 0.0006 - 0.0128 0.0007 - 0.0116 0.0007
R(V-V) 1 3.60 0.02 - 3.60 0.02 - 3.60 0.02
R(V - Si) 1 2.53 0.01 - 2.54 0.01 - 2.54 0.01 -
o4V - Si) 1 0.0114 0.002 0.4 0.0120 0.0013 0.3 00013 0.0008

Eo -0.9 0.25 0.4 0 - - O -
Residual 4.1 3.8 3.9

The reason may be a considerable static disorder thas, a broadened V-Si distance distribution.
Therefore, the” parameter was fixed in the final procedure #3 teasonable value, which was obtained
empirically. This constraint yielded a more rel@lbnfidence limit for the” parameter (+ 0.0008%fof

the V-Si contribution at 2.5 AT@ble 5-9. Calculating and evaluating confidence limits afdests
permitted us to arrive at a meaningful and relidhtang procedure. Moreover, the approach employed
appears to be superior to calculating only the Nstagriteria. In total, procedures #2 and #3 workedy
well for the XAFS data analysis of dehydrate@d)y/SBA-15 and triclinic MgV,0;. In contrast, the local
structure around V centers in WAD; was best described by assuming two different Vistadces in the
first coordination shell and only one V-V distarae3.47 A (CN = 2) Table 5-4. A V-O distance at

2.8 A was found to be insignificant.

5.2.7 Local structure of dehydrated ¥0,/SBA-15 — XAFS refinement of “V@ based model

structures

After having identified two suitable references m®del structures for XAFS refinements to the
experimental FT(k)*k®) of dehydrated VO,/SBA-15 (Figure 5-5, middle and right the XAFS
analysis approach chosen shall be described in oetal. In addition to using confidence limits and
F tests as introduced above, the suitable XAF8ditprocedure was developed stepwise as outlined in

the following.

First, we started with a common assumption fromliteeature. UV-Vis-DRS or Raman measurements
reported in the literature revealed that dehydratid V,O,/SBA-15 resulted in a characteristic change
from a distorted square pyramidal to a distortéchkedral coordination [23,117,100]. The local stuve
of vanadium oxide species supported on,Si@s assumed to correspond to isolated JM@its. Hence,

in a first tetrahedron approach the theoretical ®AfEnction of a [VQ] tetrahedron consisting of two
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slightly different V-O distances was refined to f€(y(k)*k®) of dehydrated VO,/SBA-15 Figure 5-7
left). Because of the similar height of the pre-edgekpe the XANES Figure 5-3 bottom left and the
first V-O peak in the FT{(k)*k®), phases and amplitudes employed in the refinemene calculated
using the model structure of N¥iO; (ICSD 1487 [138]).Figure 5-7 (left) shows a good agreement
between theoretical and experimental FK)*k®) of dehydrated VO,/SBA-15 for the first V-O peak
below 2 A. Naturally, the amplitude between 2 A @nd in the FT{(k)*k® could not be accounted for.
Hence, a structural model assuming only isolate®,J\Vspecies cannot adequately describe the local
structure around the V centers in dehydrate@D XSBA-15. Therefore, we assumed that higher
coordination shells around the vanadium centersifaigntly contribute to the F}(k)*k®) of dehydrated
V,O, /SBA-15. These shells have to be included in #ftnement. A seemingly expected contribution
may arise from silicon backscatterers in the ;3Qpport at distances of less than 3.0 A. Thiskdeen
proposed previously by Kellet al. [120]. Thus, in extension of the tetrahedron apphoa silicon atom
at a V-Si distance of 2.8 A was included in theotletical model. In the corresponding\O-Si” unit a
Si-O distance of 1.62 A is assumétgure 5-7, middlg, as it is found in various silicates. The resilt
the XAFS refinement of the “¥-O-Si” model to the FTy(k)*k®) of dehydrated VO,/SBA-15 is
depicted inFigure 5-7 (middle) The additional Si backscatterer resulted in aebetgreement between
theoretical and experimental F(K)*k®) at distances of about 2.4 A (not phase shiftemed). The
resulting V-Si distance amounted to 2.54 A, combplaréo the distance obtained by Keltdral. (2.61 A
[120]). However, it can be seen easily fréigure 5-7 (middlg that the amplitude in the F(k)*k?) of
dehydrated YO,/SBA-15 between 2.4 and 4.0 A is still not accodnfer. In addition to the V-Si
contributions in the range of 2-3 A Kellet al.[114] proposed the presence of V-O contribution®.a

A, which are caused by the oxygen atoms of the Siport.
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Figure 5-7: Experimental (solid) V K edge FT(x(k)*k®) of dehydrated V,0,/SBA-15 (7.7 wt%)
together with theoretical XAFS functions (left: “isolated VO,” model, middle: addition of a V-Si path
to the “isolated VO,” model, right: addition of support oxygen to “isolated VO,” model). Insets
show the [VO,] tetrahedron (left) and a schematic representation of the V-Si path employed
(middle). Also shown are the Fourier transformed y(k)*k® of the individual scattering paths together

with the corresponding coordination number in brackets.
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Thus, to simulate this contribution a V-O distanciginating from the triclinic Mgv,0; [139] at 2.8 A
was added to the refinement. The result of the XA&8hement is shown ifrigure 5-7 (right). The
extended refinement procedure resulted in a bagerement between the theoretical XAFS function of
the model structure and the R{K)*k®) of dehydrated VO,/SBA-15. However, for distances higher than
3 A the refinement of the Ffk)*k>) of dehydrated VO,/SBA-15 was still not sufficient.

5.2.8 Local structure of dehydrated ¥0,/SBA-15 — XAFS refinement of “YO;* based model

structures

Figure 5-7 shows that an “isolated \Omodel did not properly describe the local struetbetween 2 A
and 4 A around vanadium centers in dehydratgd M5BA-15. Hence, considering the results from UV-
Vis-DRS it was assumed that at least,OQy dimers” would be needed to achieve a good agreemen
between theoretical and experimental XAFS;ER)}k ). [V,0-] units are present in the structures of the
references NEVO; and triclinic MgV,0; whose spectra resembled the XANES and EXAFS speftr
dehydrated YO,/SBA-15 (Figure 3 and Figure 5-5. Therefore, a V-V scattering path at 3.4 A was
included in the model used for the XAFS refinemértis distance corresponds to the V-V distance
between two corner-sharing [V\[Aetrahedrons in “¥YO; dimers” of NHVO3; and MgV,0;. The result of
the corresponding XAFS refinement is shownFigure 5-8 Apparently, a structural model based on
isolated [WO;] dimers was equally unsuited to describe the logtalicture around V centers in
dehydrated YO,/SBA-15. The agreement between theoretical andraxpatal FTg(k)*k3) in the range
from 2 to 4 A is still not sufficientRigure 5-8, lef). Also, adding a V-Si distance to this “isolategOy

dimer model” only resulted in a minor improvemehtte refinement (not shown).
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Figure 5-8: Experimental (solid) V K edge FT(x(k)*k®) of dehydrated V,0,/SBA-15 (7.7 wt%)
together with a theoretical XAFS function (i.e. “ordered arrangement of V,0,” model). Fit results
are given in Table 5-3. The inset shows a schematic representation of the arrangement of V,0,
units in Mg,V,0;. Also shown are the Fourier transformed y(k)*k® of the individual scattering paths
together with corresponding coordination number in brackets.
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Figure 5-7 and Figure 5-8 (left) clearly show that neither an “isolated YQOnodel nor an “isolated
V,0;" model describe the local structure of the majodf V centers in dehydrated,¥,/SBA-15
properly. Hence, in the next step an ordered aeamegt of neighboring [MD;] units was assumed.
Because of their similar XANES and EXAFS spectra& again referred to NNO; and triclinic
Mg,V ,0; as references. pd;] units form chains in NgWV O3 with one V-V distance. Conversely, {§/]
units are neighboring but more separated in f\M@-, resulting in two distinct V-V distances (ICSD
2321 [139]). Accordingly, two additional scatteripgths were added to the previous “isolatef¥/
model. These two paths correspond to V-O (2.8 A) dsV (3.6 A) distances between two neighboring
[V204] units in the structure of t-MY,0;. The result of the corresponding XAFS refinementhe
FT((K)*k>) of dehydrated VO,/SBA-15 is shown irFigure 5-8 (middle)together with the various V-O
and V-V distances used. Apparently, assuming neighd [V,O;] units in an ordered arrangement
supported on SBA-15 yielded a good agreement betwleeoretical and experimental KK)*k®) of
dehydrated YO,/SBA-15 over the extended R range from 1 A to 4The structural and fitting
parameters obtained from the XAFS refinement to eh@erimental FT(k)*k® of dehydrated
V,O,/SBA-15 and triclinic MgV,0; are given inTable 5-3and Table 5-4 The similar V-O distances, V-
V distances, and® parameters of dehydrated®/SBA-15 and t-MgV,0; corroborated our choice of
model system to describe the local structure araunenters in dehydrated,®,/SBA-15.
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Figure 5-9 left: Experimental (solid) V K edge FT(x(k)*k®) of dehydrated V,0,/SBA-15 (1.4 wt%,
4.1 wt%, and 7.7 wt%) together with a theoretical XAFS function. The fit results are given in
Table 5-5. right: Schematic structural representation of dehydrated V,O,/SBA-15. The most
prominent distances employed in the XAFS refinement procedure are indicated.

5.2.9 Schematic structural representation of dehydratedOJ/SBA-15

A schematic structural representation of the omlieagrangement of [¥D;] units in dehydrated
V,O,/SBA-15 is depicted ifrigure 5-9 (right). In contrast to previous results on low loaded (¢/nn)
V,O,/Si0, samples [21,121] it is concluded that isolated [V@nits are not the major vanadium oxide
species present in the dehydratg@)yYSBA-15 samples studied here. Of the different ilngsl studied,
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only the 1.4 wt% WO,/SBA-15 sample possessed a vanadium content otHags0.5 Vinr The three
dehydrated YO,/SBA-15 samples exhibited only minor differenceshieir XANES spectraHigure 5-3),
FT((k)*k®) (Figure 5-9), and XAFS fit resultsTable 5-§. Similar results were obtained for a 2.8 wt%
sample prepared by Hessal.[41]. Hence, in the range of 2.8— 7.7 wt% V on Sii@e local structure of
the majority of V centers in dehydratedQy/SBA-15 is best described by an ordered arrangemient
neighboring [MO;] units (Table 5-5, Figure $. The presence of non-monomerigOy species in
dehydrated YO,/SBA-15 samples was concluded recently based on AfESXstudies combined with
theoretical calculations [42,43]. However, the HygHispersed 1.4 wt% MD,/SBA-15 sample leaves
some ambiguity. Concerning the low CVB number af Getermined from the UV-Vis edge energy, it
may be possible that a lower connectivity g0y or even isolated [V§) tetrahedrons were present on
the SiQ support. In the corresponding refinemeRalfle 5-9 higherc® were obtained for the V-O and
V-V distances and a decreasetl for the V-Si distance was obtained for the dehtgital.4 wt%
V,O,/SBA-15 sample compared to samples with higheritegsd Thus, the low vanadium loading caused
an increased disorder of thg(¥, structure motifs on the support. Comparing the \@i€&ances no
significant change was obtained for the differerdings. Thus, a change of the distortion of th@Vv
tetrahedrons and the primary structure of dehydratg,/SBA-15 was not observed with increasing
dispersion. Furthermore, a decreased amplitudeeiFT §(k)*k ) was observed for the second feature at
higher distances (~ 3-4 A).This indicates thatitifience of higher V-V distances is less pronouhce
Moreover, it may be possible that isolated [y@trahedrons are present on the support togettibra

dimeric tetrahedral species.

Oxygen and silicon atoms of the Si€upport are not depicted in the schematic reptasen shown in
Figure 5-9 (right). In particular Si atoms in the topmost layer ddSbelong to the second coordination

sphere of the V centers.

Table 5-5: Type and number (N) of atoms at distance R from the absorbing V atom in a model
system assuming an ordered arrangement of [V,0;] units (Figure 5-9, right) compared to
experimental distances and XAFS disorder parameters (0%). The parameters were obtained from
the refinement of this model structure to the experimental V K edge XAFS FT(x(k)*k®) of
dehydrated V,0,/SBA-15 with different V loadings (i.e. 7.7 wt %, 4.1 wt %, 1.4 wt %) (Figure
5-9, left) (k range from 2.7-10.5 A%, R range 0.84-3.62 &, Ni,g = 16, Niree = 8, Eg = 0 eV in all
cases, fit residual 3.8 (7.7 wt%), 7.0 (4.1 wt%), 5.6 (1.4 wt%)) (subscript c indicates parameters
that were correlated in the refinement, subscript f indicates parameters that were fixed in the
refinement). Confidence limits and significance of fit parameters correspond to those given in
Table 5-4 for the 7.7 wt % sample.

dehyd. 7.7 wt% dehyd. 4.1 wit% dehyd. 1.4 Wt%
Type N ReelAl | RAL AT RA] o*[A7 RA] o*[A7
V-0 1 1.63 1.78 0.0079 1.78 0.0088 1.78 0.01
V-0 1 1.70 1.78 0.0079 1.78 0.0088 1.78¢ 0.01¢
V-0 2 1.76 1.78 0.0079 1.78 0.0088 1.78; 0.01,
V-0 1 2.87 2.89 0.0012 2.90 0.003 2.87 0.003
V-V 1 3.42 3.29 0.0116 3.30 0.0119 3.35 0.0129
V-V 1 3.62 3.60 0.0118 3.61 0.0119Q 3.61 0.0129
V - Si 1 2.80 2.54 0.013 2.55 0.0118 251 0.0109
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Previous reports have indicated that V-Si distanoay contribute to the experimental k{K)*k>) of
dehydrated VO,/SBA-15 [37]. Therefore, a single V-Si scatteriragipwas included in the refinement of
the “neighboring YO;” model described aboveFigure 5-8, righf). The structural parameters and
refinement details are given frable 5-3andTable 5-4 Comparing fit residuals, confidence limits, and F
parameters, a significant improvement was obser@dncerning the low distance of the V-Si
contribution an angle between V and Si (V-O-Sijabbut 90 ° has to be present. This may explain the
high average V-O bond length and the distortiothefdehydrated ¥0,/SBA-15 structure as concluded
from the XANES analysis (1.77 A) and XAFS refineménh78 A). Apparently, both the local structure
in V,Oy, species and the interaction with the S&ipport are required to describe the HREK) of
dehydrated VO,/SBA-15 samples.

5.2.10 Limitations of the XAFS analysis of dehydrated,®,/SBA-15

Eventually, the limitations of the XAFS analysis aghydrated YO,/SBA-15 presented here should be
discussed. XAFS is not a very sensitive techniquth wespect to distinguishing and identifying
additional minority species. Experimental XAFS dpecare clearly dominated by the signal of the
majority phase. Hence, the presence of minorityadaurm oxide species in dehydratedOy/SBA-15
with concentrations of less than ~5% cannot beusbarl. Only if the contribution of additional phases
amounts to more than ~5-10%, will the distortionttd FT§(k)*k®) and the deviation from the model
structure assumed be detectable. In particulas, libids, if these minority species happen to be les

ordered than the majority phase.

Moreover, XAFS is an averaging technique. Certaitiligher shells should be taken into account
properly and various references should be meadarezcbmparison. Even then, however, it may remain
difficult to distinguish unambiguously between naisés of various species or structures. Hence, & mor

detailed discussion concerning the vicinity of éi#nt vanadium oxide species needs to be performed.

Some constraints have to be made when an equalnaiaf isolated [VG] and neighboring [YO;] units

is assumed for the high dispersion sample. Fingt,f-O distances in the first “VOshell of the two
species would have to be the same, which was autdig the refinement@ble 5-5. Otherwise a strong
reduction in amplitude of the first V-O peak in tH&(y(k)*k®) caused by destructive interference would
be discernible. Secondly, isolated [\J@vould not contribute to the Ff(k)*k®) in the range from 2 A to

4 A. Thus, reduction in amplitude and much higieparameters compared to the t-MgO- reference
would be detectable. This was not observed in tKRARS analysis of the dehydrated®(/SBA-15
presented hereTéble 5-3andTable 5-5. A similar statement holds for isolated,f¥] units or a less
ordered arrangement of neighboring,¥] units. Both would result in a reduction in the (jgk)*k?)
amplitude because of missing contributions in th& & range or destructive interference caused by a
broadened distribution of distances, respectivilgreover, for isolated or less ordered,4] units a
single V-V distance would suffice to describe theerimental XAFS spectrum. However, a partial
reduction in amplitude in the range of 2-4 A waseafied for the low loaded 1.4 wt% dehydrated
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V,O,/SBA-15 sampleKigure 5-9, lef). Furthermore, the refinement procedure employiddhdt allow
the variation of the” of both vanadium distances independently. Thusarinot be excluded that isolated
V,O, species (besides dimeric) were also present ordéfgdrated 1.4 wt% ¥D,/SBA-15 sample,
especially if the low CVB number of 0.3 is takemoimccount. For higher loadings the fitting proaedu
has shown that an ordered arrangement of “ordedauieric VO, clusters without the presence of
isolated species is more likely than a mixturesofated and dimeric vanadium centers. This is supgo
by an average CVB number of 1.0 obtained from tveWis edge energy together with the position of
the absorption band at 309 nitaple 5-2. Eventually, higher V-Si distances may have tabesidered

in addition to the V-Si distance of ~2.5 Agble 5-3. However, a significant contribution of V-Si
distances in the range above 3.0 A in theyfjtk®) would require a highly ordered arrangement of

V,Oy species on the Si&upport and a very narrow distance distributidnis Seems to be unlikely.

In summmary, assuming a structural arrangementanfdium centers in dehydratedQy/SBA-15 that
has already been established for reference vanadiides (i.e. t-MgV,0;) is simple and results in a
good agreement with experimental data. More comatekartificially constructed arrangements Oy
species supported on Si@ay be conceivable but appear to be less likebghBRIV-Vis-DRS and XAFS
analysis corroborate a local structure around tlegonty of V centers in dehydrated,®,/SBA-15
similar to the ordered arrangement of neighboriWgQd;] dimers in the structure of t-MYy,0O, for
loadings in the range of 2.8-7.7 wt% dehydratg®YSBA-15. With increasing dispersion (< 0.5 VAm

isolated centers may be present.

5.2.11 Local structure of hydrated YO,/SBA-15 - Comparison to V oxide references

The EXAFSy(k)*k® of hydrated VO,/SBA-15 (as-prepared) with different V loadings aepicted in
Figure 5-10, left The usable spectral range extended from 2.7 duttr 11 A for the 7.7 wt% sample.
The EXAFSy(k)*k® of the lower loaded samples was limited to 2.7 A’ because of the high noise
level. The V K edge FF(k)*k® of hydrated VO,/SBA-15 are shown irFigure 5-10 (middle) The
Fourier transformeg(k)*k* and the V K near edge spectra of hydrate@®XSBA-15 are compared to
those of vanadium oxide referencesHigure 5-10 (right) The range of potential model structures
describing the local structure of hydrateqOyY/SBA-15 can be narrowed down by comparing the
corresponding F(k)*k®). Considering peak positions and relative pealightsiin the FT{(k)*k?), it
appears that from the references available thg(RJFk®) of V,0s and Ca\Og resemble that of hydrated
V,O,/SBA-15. However, from the detailed comparison, toeresponding XANES spectrum of,®%5
seemed to be more suitable than that of gVCompared to ¥Os, hydrated VO,/SBA-15 may possess
a more disordered structure, because of the lontensity in the FT((k)*k®. On the one hand, the
positions of the various peaks in the XANES of fagdd \LO,/SBA-15 are similar to that of XDs
(Figure 5-3, top righ}. On the other hand, the lower peak intensitiesRii(k)*k ) are indicative of a
disordered YOs like structure of the vanadium oxide species idrated VxOy/SBA-15 Figure 5-10,

right). Therefore, the local structure of®% was used for further structure refinement.
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Figure 5-10: V K edge FT(x(k)*k®) of hydrated V,0,/SBA-15 (7.7 wt%) compared to those of
various references (e.g. V.Os and MgV,0s) and the FT(x(k)*k®) and y(k)*k® of hydrated
V,0,/SBA-15 samples with different vanadium loadings (1.4 wt%, 4.1 wt%, and 7.7 wt%).

5.2.12 Local structure of a square pyramidal vanadium oxiccluster - XAFS refinement of a

“V ,05" model structure

Comparison of the XANES and Fk)*k>) of hydrated VO,/SBA-15 with those of various references
identified W,Os as the most suitable model structure for a detalXAFS analysis. Therefore, a
theoretical XAFS function calculated on the badisad/,05s model structure (ICSD 60767 [140]) was
refined to the experimental Ffk)*k®) of hydrated VO,/SBA-15. Before the “local ¥0s” model was
applied to hydrated ¥0,/SBA-15, the VOs model structure was refined to the F(ki*k®) of V,0s to
validate the procedure chosen. Good agreement betthe theoretical XAFS function of ®; model
structure and the FJ(K)*k®) of V,0s was obtainedRigure 5-11). As described above, the validity of the
XAFS analysis approach chosen was evaluated bylatileg confidence limits and F parameteFalfle
5-6). The model structure employed corresponds toldbal structure around V centers in bulkQ{
(Figure 5-11, righ). In fitting procedure #1 three V-O distances (A.61.8 A, and 2.0 A) and two®
(one for R = 1.6 A and one for all other V-O distas) in the first V-O shell were allowed to vary
independently. Additionally, three V-V distancesl(®, 3.4 A, and 3.6 A) with the sam@ were refined.
Moreover, k5 was also allowed to vary in fitting procedure #Afain because of fjj = 17 and Nee = 10
the refinement procedure #1 would be consideradhiel according to the Nyquist criteria. Reason#&ble
values (F < 0.2) were calculated for the V-V disemand the” (V-V) parameter. However, rather high
confidence limits of the V-O and V-V distances o8 A and a F parameter of 0.8 for the faS(V-O)
parameter were obtained with procedure #1. Moreokgexhibited a confidence limit of £ 0.5 and
F = 0.6. Hence, fitting procedure #1 clearly excei number of meaningful parameters. Therefboee, t
fitting procedure was modified and the number ekefparameters was reduced.viias kept invariant

again in the refinement and only asfe(V-O) parameter was used.
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Figure 5-11: Experimental (solid) V K edge FT(x(k)*k3) of V,0s (left) together with theoretical
XAFS functions (V,05 model, red lines refer to the V-O scattering path, black lines refer to the V-V
scattering paths) and a representation of the structural V,0s model (right). Prominent distances
employed in the XAFS refinement procedure are indicated.

In contrast to procedure #1, procedure #2 yieldssonable confidence limite.g. + 0.01 for V-O
distances) and acceptable F parameters (mostly. FE® theoretical local structure of,0 from
refinement procedure #1 and #2 represents the kioatture motif of connected square pyramids in
V,0s. These square pyramids are connected via edgearandithin the layers of the @5 structure
(Figure 5-11, righd. In order to test if it is necessary to assuni@yared structure to fully describe the
local structure of crystalline XDs, the refinement procedure was extended by a fourth distance at

~ 2.8 A (procedure #3). Froffable 5-6it is obvious that a reasonable refinement with Emnfidence

limits and acceptable F parameters (all F=0) waaionéd.

Table 5-6: V K edge XAFS parameters (Z for distances R and disorder parameter o) obtained from
two different procedures of fitting a model structure (ie. V,0s5) to the experimental XAFS
FT(x(k)*k3) of the V,Os reference together with confidence limits (£ z, referring to 95% of fit
residual) and significance parameter F (details given in text).

Procedure #1 Procedure #2 Procedure #3

Pair N z +z F Z +z F Z +z F
R(V-0O) 1 1.58 0.327 - 1.59 0.009 -- 1.59 0.008
o4V - 0) 0.0076 0.08 0.8 0.0077 0.0004 - 0.0081 0003 -
R(V - 0) 3 1.87 0.13 - 1.88 0.003 - 1.88 0.003
o4V -0) 0.0087 0.0004 - - - - - -
R(V-0O) 1 2.01 0.13 - 2.03 0.02 0.1 2.02 0.02
R(V - 0) 1 - - - - - - 2.72 0.02
R(V-V) 2 3.13 0.05 -- 3.13 0.01 -- 3.13 0.005 -
cZ(V -V) 0.0056 0.0003 - 0.0057 0.0003 - 0.0058 .00D3 -
R(V-V) 2 3.42 0.10 0.2 3.42 0.02 - 3.42 0.02 -
R(V-V) 1 3.64 0.08 - 3.64 0.01 - 3.63 0.01

Eo 2.8 0.5 0.6 28 -- - 2.8 --
Residual 8.8 8.7 7.1
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Moreover,Figure 5-11 shows that the resulting theoretical fgkj*k>) of V,Os from procedure #3 was
more similar to the experimental one for intermealidistances (2-3 A) than the one obtained from
procedure #2. Evidently, the assumption of a layetteucture is necessary for a good descriptiothef

local structure of the V centers in crystallingDy.

5.2.13 Local structure of hydrated YO,/SBA-15 — XAFS refinement of a “¥Os* based model

structure

Applying the refinement procedure introduced abdwehydrated VO,/SBA-15 resulted in good
agreement between the theoretical XAFS functiora 8f,0s model structure and the BTk)*k®) of
hydrated VO,/SBA-15 Figure 5-12, lef). However, an increased F parameter and a strastyfted
V-0 distance at 3.1 A with a rather high confidefiogit was obtained Table 5-7, procedure #SBA1
Therefore, this distance was not seen as meanirigfublescribing the local structure of hydrated
V,O,/SBA-15. The structure of hydrated®[/SBA-15 seems to be less extended than the lay&©d

structure.
T T T T T T
Procedure Procedure
00 [ #SBA1 1
n;; s
= 0.0 v\/ v
=
'_
L
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Figure 5-12: Experimental (solid) V K edge FT(y(k)*k®) of hydrated V,0,/SBA-15 (7.7 wt%)
together with theoretical XAFS functions. The procedures refer to the subsequent reduction of the
theoretical V,05 model. Details are provided in the text and the fit results are given in Table 5-7.
Also shown are the Fourier transformed y(k)*k® of the individual scattering paths together with the
corresponding coordination number in brackets.

Removing the V-O contribution at 2.8 A from theO4 model structure resulted in a higher R value of
the refinementTable 5-7, procedure #SBA2Apparently, the local structure of hydratedOy/SBA-15

is similar to that of YOs but not identical. To improve the structure modséd for the refinement of
hydrated VO,/SBA-15 the number of V-V distances was reducegréicedure #SBA3 the V-V distance
of 3.42 A was neglected. This distance is foundvben two V centers in the,@s structure which are
only connected to each other via the corner of {ly@quare pyramidsF{gure 5-11, righ). This V-V
distance is not found in the structure of ternaapadates such as C#&¥, which are also built from

square pyramidal units like XDs.
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Table 5-7: V K edge XAFS parameters (Z for distances R and disorder parameter o) obtained from
four different procedures of fitting a model structure (ie. V,0s) to the experimental XAFS
FT(x(k)*k®) of hydrated V,0,/SBA-15 (7.7 wt%) (details of fit given in Table 5-8) together with
the confidence limits (% z, referring to 95% of fit residual) and the significance parameter F (details
given in text).

Procedure #SBA1 Procedure #SBA2 Procedure #SBA3 roceBure #SBA4

Pair N Z +z F z +z F z +z F Z +z F
R(V - 0) 1 1.62 0.01 - 1.63 0.01 - 1.62 0.02 -- .63 0.01
oV - 0) 0.0105 0.0003 - 0.0106  0.0003 - 0.0104.0005 --| 0.0105 0.0003
R(V-0) 3 1.88 0.003 - 1.88 0.003 - 1.88 0.004 - |- 1.88 0.003
R(V - 0) 1 1.97 0.02 0.3 1.97 0.02 0/4 1.98 0.03 --1.98 0.02 0.3
R(V-0) 1() 3.07 0.06 0. - - - - - - - - -
R(V-V) 2 3.07 0.01 - 3.07 0.006 - 3.06 0.01 -- 3.08 0.006
02(V -V) 0.0121 0.0005 - 0.0114 0.0005 -+ 0.0114 .0005 --| 0.0087 0.0004
R(V-V) 1(-) 3.42 0.03 0.1 3.43 0.03 0R - - - 3.33 0.02
R(V-V) 2(1) 3.66 0.02 - 3.66 0.02 = 3.66 0.02 - |- 3.60 0.02

Eo ; - - G - - G - - O -
Residual 8.5 10.0 14.7 8.6

As shown in figureFigure 5-12 (middle)and Table 5-7 the reduced refinement procedure #SBA3
resulted in a rather weak agreement between tloedtieal XAFS function of the model structure ahd t
FT((K)*k>) of hydrated VO,/SBA-15. This was expected from the lower simijafdund in the XANES
spectra of hydrated 7.7 wt%,8,/SBA-15 and Ca¥Os (Figure 5-3, top righ}. Moreover, from the UV-
Vis-DR spectraKigure 5-2, left) an average V-O-V number of 3.0-3.5 was deterthiioe the hydrated
V,O,/SBA-15 samples. This indicated that the localctre of hydrated YO,/SBA-15 was more similar
to square pyramidal [VE] chains than to a layered structure of square pg@manadium centers like
in V,0s5 (V-O-V number = 5). Therefore, the refinement #SBAas modified by separating the single V-
V distance at ~ 3.6 A with a coordination numbe afito two individual distances of 3.4 and 3.6eé¢ch
exhibiting a coordination nhumber of 1. As shownFigure 5-12 (right) and Table 5-7 this refinement
procedure (#SBA4) resulted in a better residual; émnfidence limits, and mostly zero F parameters.
Hence, it is assumed that the local structure dlfrdied VO,/SBA-15 can be described by a chain-like
square pyramidal [V€), structure. However, the differences between mesttekctures assumed for the
local structure of ¥Os and hydrated YO,/SBA-15 are small. As shown figure 5-13 (bottom left)it
was possible to describe,®s with the reduced structure model applied to hysia¥,O,/SBA-15
(Figure 5-13 right). Details of the resulting parameters are givedable 5-8 Higher R values and
increased F parameters (F=0.6) for the refineme¥itOs indicate that procedure #SBA4 is not sufficient
for describing the YOs structure. Nevertheless, the disorder parametdos the V-O and V-V scattering
paths used in the XAFS refinement increased fordted \\O,/SBA-15 compared to the @5 reference
(Table 5-8. This indicates an increased disorder in thellstacture of hydrated XD, species supported
on SBA-15 compared to bulk,@s. The structural similarity between hydrated vanadioxide species
supported on SiQand WLOs has previously been observed by Raman spectrogtdy. Evidently, the
local structure of hydrated,@,/SBA-15 used here is very similar to other matsragscribed previously

in the literature [23,117].
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Figure 5-13: left: Experimental (solid) V K edge FT(y(k)*k®) of hydrated V,0,/SBA-15 (7.7 wt%)
(top) and of V,0s (bottom) together with the theoretical XAFS functions. Right: A representation of
the reduced V,0s model structure used for the refinement. The most prominent distances
employed in the XAFS refinement procedure are indicated.

In addition to the 7.7 wt % ¥D,/SBA-15, samples with lower loadings of 1.4 wt% ahtl wt% V were
measured Kigure 5-10. The amplitude of the FJ(k)*k®) decreased with increasing dispersion.
Especially in the range of 2-4 A a strong decreafsthe amplitude was visible. Hence, the disorder
increased with decreasing V loading. Similar trem@se observed in UV-Vis-DR spectraaple 5-3
where the average CVB number decreased from 330tavith decreasing loading. Therefore, a lower
degree of “hydration” was assumed for low loadedl it% V,O,/SBA-15. Apparently, the degree of
hydration (V-V contribution) in the hydrated statepends on the vanadium dispersion. Conversely, in
the range of V loadings from ~ 1.4 to 7.7 wt% tbeal structure of dehydrated®,/SBA-15 was largely

independent of the amount of vanadium oxide supposh SBA-15.

Table 5-8: Type and number (N) of atoms at distance R from the V atoms in a V,05 system
compared to the experimental distances and the XAFS disorder parameter (g%). The parameters
were obtained from the refinement of a reduced V,0s model structure (ICSD 60767 [140]) to the
experimental V K edge XAFS FT(y(k)*k®) of hydrated V,0,/SBA-15 (7.7 wt%) and bulk V,0s. (k
range from 2.7 - 11.0 A, Rrange 0.9 - 3.8 &, E (V4O,/SBA-15) = 0.0 eV, Ey (V,05) = 0.0, fit
residual 8.6 (V4O,/SBA-15) and 12.5 (V,0s), Ning = 17, Ngee = 8) (subscript ¢ indicates parameters
that were correlated in the refinement). Confidence limits and significance of the fit parameters are
given in Table 5-7.

hydrated 7.7 wt%

V20 V,0,/SBA-15

Type N | RpoelA] R [A] ?[A7] R Al *[A?]
V-0 1 1.58 1.59 0.0073 1.63 0.0105
V-0 1 1.78 1.86 0.0073 1.88 0.0105
V-0 2 1.88 1.86 0.0073, 1.88, 0.0105,
V-0 1 2.02 2,01 (F=0.6) 0.0073 1.98 (F=0.3) 0.0105
V-V 2 3.08 3.11 0.0075 3.08 0.0087
V-V 1 3.42 3.53 (F=0.2) 0.00%5 3.34 0.0087
V-V 1 3.56 3.64 0.0075 3.61 0.0087
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5.3 Summary

Both UV-Vis and X-ray absorption spectroscopy aegyvsuitable techniques for studying the local
structure of dispersed metals or metal oxides aiowa support materials. Here, the local strucifre
vanadium oxide supported on nanostructured, JEEBA-15) was investigated. Three samples with
different vanadium loadings (1.4 wt%, 4.1 wt%, &nd wt% V on SBA-15) were employed.

For hydrated VO,/SBA-15 a square pyramidal structure similar tgOy was assumed to be present.
Compared to bulk ¥Os a lower degree of extension and higher distortibthe [VOs] vanadium centers
was inferred from the UV-Vis edge energy positiod ¢he XAFS refinement. Thermal treatment in air at
623 K resulted in characteristic structural changéshe V oxide species. UV-Vis-DRS and XAFS
measurements of dehydratedOy/SBA-15 showed that the local structure could becdbed by a model
structure consisting of an ordered arrangemeneighioring [WO5] units in the range of 0.5-2.5 V/fm
This is in good agreement with NEXAFS studies ameotetical calculations that also concluded the
presence of V-O-V bonds in the®, species supported on SBA-15 [42,43]. Howeverpael loadings

(< 0.5 V/nn?) isolated [VQ] tetrahedrons, besides dimeric tetrahedral strasfumay also be present. A
similar trend was recently observed for low loadénlO,/SBA-15 samples [137]. The influence of the
SiO, support was not negligible and caused a high istoof the tetrahedral vanadium oxide cluster in
dehydrated YO,/SBA-15.

The local structures of dehydrategQy/SBA-15 were found to be mainly independent of thiwading
over the range employed. Conversely, in hydratg@A5BA-15 a decrease of the number of V-O-V
contributions in FT{(k)*k® and of the structural disorder of the hydratedasg pyramidal vanadium
centers with increasing vanadium dispersion wasemesl. A more detailed discussion about the
formation processes of hydrated and dehydratgnl/8BA-15 as a function of time and atmosphere will

be given in the next chapter.

In contrast to conventional XAFS analysis, an edéshapproach to evaluate the significance of stratt
fitting parameters in XAS data analysis was empioy&fter fitting the theoretical XAFS functions af
suitable model structure to the experimental dedafidence limits and F parameters were calculated
identify suitable analysis procedures. Becausentimaber of parameters often exceeds the number of
“independent” parameters, evaluating the reliabihd significance of a particular fitting proceets
mandatory. It was shown that the number of indepahgarameters (Nyquist) alone was not sufficient t

verify a reliable refinement procedure.
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6 Dynamic changes in the local structure of
V,O,/SBA-15 model catalysts in oxidative and water

saturated atmospheres

6.1 Introduction

In the previous chapter the structure of dehydratedi hydrated vanadium oxide supported on SBA-15
was discussed. The hydrated structure was proposednsist of chainlike square pyramidal vanadium
oxide centers. The dehydrated vanadium oxide stggp@n SBA-15 was described by dimeric vanadium
oxide units with tetrahedral coordination of thenadium centers. For lower vanadium loadings
(< 0.3 VInnf) these centers may be present together with &bltgtrahedral centers. However, these
results represent only a picture of the vanadiundeoxstructure present on SBA-15 under static
conditions. Because these samples were introdusechaglel catalysts it is crucial to know how the

transformation between the hydrated and dehydsited proceeds under reaction conditions.

In situ investigations of structural changes during thértmeatment have been subject of only a few
reports.In situ IR and NIR measurements reported [23,27,40,1141%2] a decrease of the isolated Si-
OH bonds with increasing vanadium loading. The gmee of V-OH bands (3660 cinwas reported for
hydrated and dehydrated,®,/SiO, samples.In situ Raman [32,34,143] and UV-Vis-DRS [24,144]
measurements showed that at temperatures abov& 4haracteristic Raman bands and UV-Vis-DRS
absorption bands of the dehydrated state were mrastependent of the presence of water in thetimac
atmosphere. Furthermore, it was reported that higaraand dehydration processes were reversible
[24,35,145]. In contrast, Xieet al. [34] reported the formation of )05 crystallites after repeated
hydration and dehydration of samples with dispergadadium oxide species below the monolayer
coverage (2.5 V/nf). They assumed that,@snH,0O gels were formed during the hydration process,
which decomposed to ;@5 clusters and served as “nuclei” for the growthcofstalline \b0s. Raman
[23], IR [23,115,141], and MAS NMR [146] measurerneimdicated that some of the silanol groups of
SiO, are consumed during formation of the dehydratatesind that the respective tetrahedral vanadium

oxide species is linked via V-O-Si bonds to thepsmrp

Given these diverse results on the dehydration geodound in the literature, it was intended to
investigate the dehydration process qOYSBA-15 in more detail here. Therefore, the evolutof the

vanadium oxide structure on SBA-15 was investigadeding temperature programmed reaction in
oxygen containing atmospheres using UV-Vis-DRS, XA8d Raman spectroscopy. Furthermore, the
impact of the vanadium loading and the influencewatter vapor on the hydration and dehydration

process were investigated.
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6.2 Results and discussion

6.2.1 Impact of pretreatment temperature on dehydratedOy/SBA-15 phase

Various temperatures for the oxygen pretreatmeatqss (dehydration process) were reported in the
literature. They range from rather low temperatwes73 K [35,146] and 623 K [32] up to 773 K [23]
853 K [141], and 1073 K [40]. Therefore, variougfpeatment temperatures were tested for dehydration
of the L O,/SBA-15 samples. IrFigure 6-1 the FT§(k)*k®) and UV-Vis-DR spectra of 7.7 wt%
V,O,/SBA-15, dehydrated at different temperatures értinge of 554-773 K are shown (20%i®He).

The UV-Vis-DR spectra of 7.7 wt%,,/SBA-15 treated at 554 K and 626 K showed only alsbiue
shift of a few nm of the UV-Vis absorption edge wihcreasing temperatur€igure 6-1, lef). The blue
shift in the UV-Vis-DR spectra did not affect theesage V-O-V number of ~ 1 (dimeric tetrahedrons)
determined from the UV-Vis edge energy. The expenial FT{(k)*k® of 7.7 wt% VO,/SBA-15
treated at 623 K, 723 K, and 770 Ridure 6-1, right) showed only minimal differences, and they were
simulated successfully using the model structurelediydrated YO, (ordered arrangement of f&/]
units, introduced irChapter §. The amplitude of the fist V-O shell at 1.78 A time FT§(k)*k®) of

7.7 wt% \,O,/SBA-15 increased after calcination at 770 K fdr Bompared to dehydration at 623 K for
30 min. The disorder parameterof the V-O scattering path decreased from 0.007iA.0063 & with
increasing dehydration temperatuf@lle 6-3, Table 6-4, page 104 and }0®his indicates a wider V-O
distance distribution and, thus, a slightly inceshstructural order of the first V-O coordinatiqrhsre.
Apparently, above a certain temperature the delgdrstate of vanadium oxide on mesoporous, 0
present with only small changes in average V-O bhlendgth and structural order. Higher temperatures

than 773 K were not investigated because of theuggmperature limits of tha situ cells used.
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Figure 6-1 Left: UV-Vis-DR spectra of 7.7 wt% V,0,/SBA-15 dehydrated at different temperatures.
All spectra were recorded at 298 K. Right: V K edge FT(x(k)*k®) of 7.7 wt% V,0,/SBA-15 after
different dehydration procedures. The dehydration was performed in 20% O, in He.
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A more detailed knowledge of the dehydration preagas obtained frorm situ XAS and UV-Vis-DR
spectra recorded during temperature treatment. UWe/is-DRS measurements are depicted only for
1.4 wt% VO,/SBA-15 and the XAS results only for 7.7 wt%Q{/SBA-15. Dehydration experiments
were conducted for all loadings (1.4, 4.1, 7.7 wi%n SiQ,) using both spectroscopic methods. The

results were similar for all loadings employé&tigure 6-2).

6.2.2 Dehydration process investigated by in situ UV-\[RS

In situ UV-Vis-DR spectra of 1.4 wt% ¥D,/SBA-15 during dehydration and the evolution of thater

ion current (m/e 18) are depicted kigure 6-2, left Immediately after starting to heat the sample a
change in the UV-Vis-DR spectra was visible (294-40, which was accompanied by an increased
formation of water. The intensity of the absorptioaximum at ~ 365 nm decreased, which caused a blue
shift of the UV-Vis absorption edge. A direct cdatéon between UV-Vis edge energy and vanadium
structure as discussed @hapter 5.2.3was not made because of the temperature broadehihg UV-
Vis-DR spectra. Typically a red shift of the UV-\ésige energy of 0.1- 0.2 eV was observed gDV
and magnesium vanadate references during heatiG§nd<. However, the strong blue shift of the UV-
Vis edge energy between 294 K and 400 K indicates thanges in coordination geometry of the
absorbing vanadium centers from square pyramidétrahedral proceeded mainly in this temperature
range. A red shift to 286 nm and an increase enisity were observed for the second absorption band
260 nm in the UV-Vis-DR spectra. At temperatures\ah 550 K a slight decrease of this band was
detected. The increase in intensity of the ban8& nm was enhanced after the low energy band at
365 nm nearly disappeared. In the temperature r&4@@540 K) where the absorption band at 286 nm

reached its maximum a second step of water format&s observed.
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Figure 6-2 Left: /n situ UV-Vis-DR spectra of the 1.4 wt% V,0,/SBA-15 sample and the water ion
current m/e 18 (554 K, 4 K/min, 20% O, in He) during dehydration. The inset shows the 2D
spectra depicted in the 3D color map. Right: V K edge in situ XANES spectra during dehydration of
the 7.7 wt% V,0,/SBA-15 sample (623 K, 5 K/min, 20% O, in He, E4 Beamline).
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6.2.3 Dehydration process investigated by in situ XAS

The V K edge XANES spectra of 7.7 wt%Q{/SBA-15 recorded during dehydration (298-623 K,
5 K/min, 20% Q in He) are shown ifrigure 6-2, right Similar to the changes observed in the UV-Vis-
DR spectra of 1.4 wt% XD,/SBA-15 significant changes were observed direetfier starting the
temperature treatment (298-440 K). Apparently, ttlearacteristic XANES spectra of hydrated
V,O,/SBA-15 changed rapidly into a XANES spectrum, whizas characteristic for the dehydrated state
of V,O,/SBA-15 (Chapter 5.2.4 The strong decrease of the first absorptionufeabetween 5.487 and
5.497 keV in the spectrum of hydratedOy/SBA-15 was indicative for this transformation. tine
temperature range from 298 to 440 K a strong foionabf water as reported for the UV-Vis-DRS
mesurement was observed (data not shown). At texhypes above 440 K no distinct changes above the
V absorption edge were detected in the XANES speiiti7.7 wt% VO,/SBA-15.

The results of a principal component analysis (PG&the XANES spectra are showigure 6-3. Two
components were identified to be present inithsitu XANES spectra recorded during the dehydration.
This was inferred from the minimum of the indicat@ue and the R*CN product (product of residual
and component number) of the second component. djatehydration proceeded directly from the
hydrated state to the dehydrated state OXSBA-15 and no intermediate phases were formed.
Therefore, the XANES spectra of hydrated and dedtedr 7.7 wt% WO,/SBA-15 were assigned to the
two phases obtained. Evolution of the resultingsehfaactions is depicted Figure 6-3together with the

V K pre-edge peak height and position (referred/t& edge 5465 eV). The pre-edge peak intensity
increased immediately with increasing temperatune r@ached a constant value at 550 K. The intensity

increase seemed to correlate with the increasiagtifm of the dehydrated phase during thermal

treatment.
T T T T T T T LI T T T 1
N |
_ : ) I TTE i
1.0 m\% ramp I—"{"-\./' L1 0.64
L ]
1 A _ P
IE\ ! 570 < P
08} :\g\ /./’ . 5 062 3
! | o <
z : O /. | g_ S
6F ° '
S R . 1565 ] {060 T
— | AD. : o :
o | ) X @ 8
é 04r %D\ : % 058%
Q | O | T . U
s LA ! 1560 & 8
\ O 1 = =
02} \ | S T
: ‘\ 0 | AA, = Ho0s56 &
Ps WA TaA, 4,4 2 g
R 11 WA oA AT =
ol i DoBl 555
, .
11 L 1 L 1 L 1 L 1 L 1 L 1 . 054

321 392 465 533 605 623 623
Temperature [K]

Figure 6-3: Evolution of the V K pre-edge peak height (®) and energy position (A) together with

the resulting concentration of the hydrated (O) and dehydrated (m) phase of 7.7 V,0,/SBA-15,
derived from the XANES spectra depicted in Figure 6-2, right (623 K, 5 K/min, 20% O, in He, E4
beamline).
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Figure 6-4: V K edge pre-edge peak height as a function of average V-O bond length (left) and
relative energy position and centroid energy (right) of vanadium oxide reference compounds
measured at Al beamline. The values determined for dehydrated and hydrated 7.7 wt%
V,0,/SBA-15 are indicated as lines (symbols as in Figure 5-4, Chapter 5.2.4, details Table
10-4).

The energy position decreased in the temperaturgerérom 298 K to 440 K and remained constant
above 440 K. In contrast to the evolution of the-pdge peak height no direct correlation of thegne

position with the evolution of the,0,/SBA-15 phases was observed.

In Chapter 5.2.4the linear correlation between the pre-edge peakhhand the average length of V-O
distances was discussed. Only the pre-edge pegktheas used here and not the product of the pge-ed
peak area and heighFigure 6-4, lef). The reason behind this was that the spectra show
Chapter 5.2.4were recorded at beamline Al whereas the speotrarshere were measured at different
beamlines (Al, C, E4; Hasylab). Small differenaeshie resolution of the beamline spectrometer cause
small differences in the XANES spectra. For instatite pre-edge peak height of dehydrated 7.7 wt%
V,O,/SBA-15 was 0.64 at beamline E4 and 0.74 at bea#ith. Due to the fact that not all references
shown inFigure 6-4 were available on all beamlines the linear funt{®.2) was not derived for all data
sets and applied to the XANES spectraFigure 6-2, right (E4 beamline). Nevertheless, the pre-edge
peak height showed a linear dependence with theagee/-O bond length as depictedrigure 6-4, left
(beamline Al). Referring t€hapter 5.2.4 the pre-edge peak height represents the ave@u Ibngth

of the V-O distance in the first coordination sghdgiven this relation appears that a continuogsedese

of the average bond length took place during theydeation process. However, the point where the
vanadium centers in ,X0,/SBA-15 changed from a square pyramidal to a tettedd coordination could
not be determined directly from the pre-edge pegight (average V-O bond length). An estimate was
made from the relative energy position of the ptgeepeakFigure 6-4, right depicts the relative energy
position and centroid energy of the pre-edge pdalanadium reference compounds as a function of the
average V-O bond length. In contrast to the presquiEpk height no linear correlation was found. dalolr
range of energy positions between 4.7 eV and 5.1welé detected for tetrahedral compounds.

Conversely, almost the same energy positions betie2 eV and 5.5 eV were determined for square
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pyramidal and distorted octahedral compounds. €laive energy position obtained from the maximum
of the pre-edge feature and the centroid energgrohiied according to Chauraetial. [94] showed the
same dependence. Only®% exhibited an increased centroid energy of 6.0T\s, the energy position

is more sensitive towards the coordination of theoabing vanadium centers than towards the average

bond length.

Apparently, the energy position of hydrated andydedted 7.7 wt% VO,/SBA-15 deviated from the
energy positions determined for bulk vanadium oxidferences Kigure 6-4, righ). Hence, energy
position of the absorption edge is affected by mooenplex factors than only coordination of the
vanadium centers. One factor may be a strong infleeof the Si@ support that cannot be neglected
because of the high dispersion of the vanadium eoxitlisters. However, the strong impact of the
vanadium coordination on the energy position alldwetermining the point where the square pyramidal
coordination of vanadium centers changes into aahetlral coordination during dehydration. No
significant change of the energy position of the-pdge peak was detected for temperatures abovi 440
(Figure 6-3). It seems that the transformation from hydratedehydrated YO,/SBA-15 was completed
at this temperature. This temperature was highar the transformation temperature determined fioam t
UV-Vis-DR spectra inFigure 6-2, left (~ 400 K). The increase of the pre-edge peak he#gh
temperatures above 440 K may reflect the decreadisigrtion of the tetrahedral @, species. A
temperature of 440 K coincidences with the obs@manf the characteristic Raman band at 1048 cm

measured bin situ Raman spectroscopy (data showappendix 10.4, Hesset al.[32,38,115,117]).

For both methods, UV-Vis-DRS and XAS, the same Iteswere obtained. Moreover, the same
dehydration process was inferred for the 1.4 wt@®@NSBA-15 (UV-Vis-DRS data shown) and the
7.7 wt% V,O,/SBA-15 sample (XAS data shown). Apparently, thaydigation process was independent
of the vanadium loading on the SBA-15 support.

6.2.4 Dehydration of the silica SBA-15 support

The dehydration process of the vanadium oxide sgestipported on SBA-15 discussed above cannot be
fully understood without knowledge of the processieast occur on the silica support. Dehydration
(desorption of physically adsorbed water) and detwylation processes (decomposition of silanol
groups) were reported for pure silica samples. &esiwere presented by Zhuravlev al. [147] and
Vansantet al. [104]. Thermogravimetric (TG) measurements wengdcsted to compare the dehydration
process of VO,/SBA-15 samples with that of bare SBA-15 suppdiigure 6-5, left depicts the
thermograms for bare SBA-15, 1.4 wt% and 7.7 wi\@YSBA-15. All three curves show the same
progression of mass loss in the temperature ramgdoged. Given that a mass loss was already detecte
at room temperature (303 K), a holding time of 6@ mias adhered before starting to heat. After 668 mi
at 303 K only an insignificant mass loss was detéciAfter reaching the maximum temperature of

623 K, the temperature was held for 30 min.
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Four steps of mass loss were observed in the meghshermogramsH{gure 6-5). In the case of pure
silica samples such as SBA-15 they can be ascritmedifferent stages of dehydration and
dehydroxylation [147]. Zhuravlev reviewed the temgtere dependent water desorption processes of
various silica samples in vacuum [147]. The firsass loss of SBA-15 occurred already at room
temperature (step 1, 303 K). According to Zhura\le47] it was ascribed to desorption of physically
adsorbed water present in a multilayer coveragehenSiQ support. The second step (step 2) was
detected between 33 and 380 K. In this range an increased water dévmiuwas detected in the gas
phase by online mass spectrometry. Water formatiothis step was ascribed to physically adsorbed
water in a coverage below one monolayer. Increangerature led to the third step (step 3). Igeah
from ~ 380 K up to the maximum temperature of 623tKvas accompanied by the fourth step (step 4)
during hold at 623 K. According to Zhuravlev [14fi¢ dehydration process of physically adsorbed wate
was accompanied by a dehydroxylation process oéitlea where the surface silanol groups decompose
to surface siloxane groups Gi — O — SiE) and water. A decrease from 4.6 to ~ 1.8 OH — gsmnt

was reported for the employed temperature treatr@38-773 K) in vacuum [147]. Furthermore, the
temperature of 453-463 K was discussed as the clieaistic temperature where dehydration (in vacuum)

is complete and a “dry” and fully hydroxylated Si€urface (maximum Si-OH) is present.

Differences in the temperature ranges reported dmrgared to those reported by Zhuravlev may be due
to deviating measurement methods. Here, TG expeatsngith a constant flow of 50 ml/min 20% @

He were conducted. The similarity of the thermogsamh SBA-15 and YO,/SBA-15 did not allow a
discussion of the dehydration of hydrated vanadaxide species and the dehydration of the SBA-15

support independently from each other.
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Figure 6-5 Left: Thermograms of bare and V,0,/SBA-15 samples. Right normalized relative mass
loss detected for the observed steps derived from the thermograms (left side).
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A comparison of the relative mass loss is depiateligure 6-5, right The mass loss was referred to a
BET surface area of 400°fg. The highest total mass loss of ~ 10.0% (4G0yyrwas detected for
7.7 wt% O,/SBA-15. A total mass loss of ~ 6.2% (406/g) was detected for 4.1 wt% and 1.4 wt%
V,O,/SBA-15 and a mass loss of 3.6% (408ghfor bare SBA-15. Thus, the presence of vanadiam
the SBA-15 support allows the adsorption of a higdmaount of water on the same surface area as on
bare SBA-15. Comparing the mass loss of the indalidteps showed that step 1 and step 4 seemed to b
independent of the vanadium loading on the catalyst loss of mass in step 2 and step 3 decreasied w
decreasing vanadium loading on SBA-15. Thus, irsghsteps the additional adsorption of water in
hydrated O,/SBA-15 played a pronounced role. The temperatmge of step 2 was 303-380 K. In this
range the structure transformation from the hydratethe dehydrated state was observed in the W/-Vi
DR and XANES spectra. Hence, the additional watempared to bare SBA-15, was adsorbed or bound
in the structure of hydrated,®,/SBA-15. The water evolution in step 3 may orig;&tom a further
water evolution from the vanadium oxide speciefa@n the dehydroxylating SBA-15 support. Which of
these processes is more likely cannot be deternsokdy from the thermograms. Thve situ UV-Vis-

DRS and XAS measurements indicated that in thippégature range (400-600 K) structural changes
were still proceeding. These were ascribed to ¢nmdtion and ordering of the tetrahedral dehydrated
V,O,/SBA-15 phase.

6.2.5 Determination of the apparent activation energy whter desorption - &

The apparent activation energy for step 2 was debted to reveal the effect of the vanadium oxide on
the water desorption process. A method accordingatosantet al. [104] was chosen. The maximum of
the differential thermogravimetry (DTG signal) wased to determine a maximum rate temperature
(Tmaxy) as a function of the heating rate £ 2,4,6,8,10 K/min). By using an Arrhenius typetpthe
apparent activation energy for water desorptiop) (Eas determined from these valuEgjure 6-6. In
addition to bare SBA-15 a measurement of Kiesefife(reference used by Vansaital. [104]) was
conducted Figure 6-6 depicts the Arrhenius plots for the 7.7 wt%Oy/SBA-15 sample. Desorption
energies are listed iffable 6-1 An apparent desorption energy of 40 kJ/mol waterdened for

Kieselgel 60, in agreement with the values repotefansantt al.[104].

Table 6-1: Apparent activation energies of water desorption E4 determined from the plot of
IN(Tmax/B) as a function of 1/Tmax (Figure 6-6), * freshly calcined sample, ** two year old
sample.

Ep [kJ/mol]
Sample bare silica support ¥D,/SBA-15
7.7 wt% \LOy-SBA-15 1117 83 +10* (91 £ 7)**
4.1 wt% O,-SBA-15 - 72+5
1.4 w% \,Oy-SBA-15 101 +12 757
Kieselgel 60 40+9
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Vansantet al. [104] compared this value with “the latent vapatian heat of waterAH,=41 kJ/mol)”

and approximated that the “desorption of water lmamlepicted as vaporization of liquid water outhsf
silica pores”. However, comparing the value obtdifer Kieselgel 60 with the one detected for SBA-15
a significantly higher apparent desorption energgswdetected for the SBA-15 support (~100-
110 kJ/mol). This indicated that a pronounced attton of physically adsorbed water and SBA-15 was
present. One possible explanation may be a “stnemiitg of the hydrogen bonding” of adjacent
hydroxyl groups in small pores [104]. This may fesua higher density of surface silanol groupd an
increased interaction of the silanol groups witle tphysically adsorbed water. Therefore, the pore
structure of SBA-15, consisting of meso- and mioregs, could cause the higher desorption energy.
Vanadium oxide supported on SBA-15 exhibited a loajparent desorption energy of 72-83 kJ/mol.
This lower value may be caused either by a decdessdace area and a changed distribution of pores
after APTES functionalization and vanadium graftorgby the pronounced effect of the adsorbed water
to the structure of hydrated samples. The compariddhe relative mass losseshigure 6-5 suggests
that the water evolution in step 2 may be morelyilexplained by the dehydration of the supported
hydrated vanadium oxide species than by the detigdraf the silica support. Therefore, the apparent

energy of water desorption is mostly due to loswater from the hydrated,®,/SBA-15 structure.
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Figure 6-6 Left: TG and DTG signals recorded for 7.7 wt% V,0,/SBA-15 (10 K/min, 623 K), location
of Tmax is indicated; right: plot of In(Tma/B) as a function of 1/Tmax for bare SBA-15 and 7.7 wt%
V,0,/SBA-15.

6.2.6 Types of silanol groups on the SiGupport -*°Si CP-MAS-NMR

However, no direct information about the changesth&f SiQ support was obtained from the TG
measurements. HencgSi MAS-NMR measurements were conducted for SBA- far hydrated and
dehydrated 7.7 wt% ¥D,/SBA-15. In Figure 6-7, left the possible types of Si atoms that can be
distinguished are depicted schematically. Intei®aktoms that are located in Si@trahedrons are

denoted as Qcenters and have a chemical shift of -110 ppncediers with geminol silanol groups
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(HO-SiO,-OH) are termed as“@enters and they have a chemical shift of -90 gprthe case of isolated
(HO-SIiG;) or vicinal silanol groups (§3i-OH---HO-SiO;) a chemical shift of -102 ppm was observed,
and the Si centers are denoted dscénters. The resulting spectra are depicte8igure 6-7, right
Approximately 35% of the MAS-NMR signal of bare SBA was due to Si centers exhibiting OH
groups. In the MAS-NMR spectrum of hydrated 7.7 wi,/SBA-15 the fraction of Si centers with
OH groups decreased to 16%. Geminol type Si ce(@jswvere hardly detectable. This lower amount of
Si-OH groups suggests that the missing fractio8igdH groups may have formed bonds to the hydrated
vanadium centers (Si-O-V). Similar results wereorggd by Dzwigagt al.[146].
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Figure 6-7 Left: A picture of different types of silanol groups of silica materials; right: 2Si CP-MAS-
NMR of bare and 7.7 wt% V,0,/SBA-15 treated at different temperatures: (A) bare SBA-15, (B)
hydrated 7.7 wt% V,0,/SBA-15, (C) dehydrated 7.7 wt% V,0,/SBA-15 (653 K, 1 h), (D) calcined
7.7 wt% V,0,/SBA-15 (843 K, 12 h). The red curve is the envelope of the Gaussian deconvolution.

Thermal treatment according to the standard delipdrarocedure at 653 K (1 h hold, 20% i® He) did
not significantly change the number of silanol-tyiecenters in the sample. Differences compareateo
hydrated sample are within the error of the refiaptrprocedure employed. Therefore, the number of
Si-O-V bond formed did not change during the dehtidn process. Nevertheless, a light yellowish ccolo
was observed for dehydrated 7.7 wt%OySBA-15 (653 K, 1 h), which may be explained byragi
effects (see below). No signal fo@nd @ type Si centers was detected for a higher dehydrat
temperature of 843 K, as used in the calcinatid28(&, 12 h, 20% @in He). Recalcined 7.7 wt%
V,O,/SBA-15 exhibited a white color after high tempaerattreatment. A decrease of silanol type Si
centers can be explained by a pronounced dehydrioyl of the silica SBA-15. However, this did not
explain the total absence of any silanol type Sitexs. According to Zhuravlev [147fhe number of
silanol groups could be reduced by a thermal treatrat 843 K but a complete dehydroxlation of ailic
would only be achieved at temperatures higher than3 K (vacuum). Hence, in addition to the
dehydroxylation of the SBA-15 support, a certaiacfion of silanol groups formed Si-O-V bonds with

the vanadium oxides species.
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6.2.7 The hydration process

Typically, freshly calcined samples changed thelocfrom white to yellow and orange after expostare

air under ambient conditions. This process is dahals hydration. To investigate the hydration pseae
rehydration of the dehydrated®,/SBA-15 samples was conducted at room temperafinegases used
were saturated with water for rehydration. A watentent of 1.3-1.6 Vol% in the gas phase was
achieved, which equals the humidity of ambientRigure 6-8, leftdepicts the V K pre-edge peak height
and the water in the gas phase (m/e 18) as a @umofitime. The inset shows the corresponding XANES
spectraFigure 6-8, right shows the evolution of the UV-Vis edge energy drel water detected in the
gas phase (m/e 18). Apparently, hydration of theadéum oxide species of dehydratedOy/SBA-15
started immediately after water was detectablénéndgas phase. During the hydration process a decrea
of the pre-edge peak height and an increase imditjein the XANES spectra (5.48-5.49 keV) was
observed. Furthermore, after exposure to wateeaedse of the UV-Vis edge energy from 3.4 eV to
2.8 eV was detected. Both, the decrease of theeddé pre-edge peak height and the decreasing UV-Vis
edge energy showed that the hydrated phasg@§/SBA-15 was formed immediately after exposure to
water. The transformation was completed after apprately 2-3 minutes, indicated by a constant pre-
edge peak height in the XANES spectra. The mainedse in the UV-Vis edge energy was reached after
2 min. After a longer period of time (60 min) ordysmall decrease (< 0.1 eV) was detected compared t
the value after 2 minutes. This rapid transfornmatiuring rehydration is explained by the strong
distortion of the vanadium oxide tetrahedrons fatroa the SBA-15 support. An average V-O distance
of 1.78 A was determined for the, ®,/SBA-15 samples investigated here. Typical averdge bond
lengths of bulk vanadates are shorter, in the rafide70 A (CaV,0g) to 1.74 A (KVQ). Furthermore, a
small Si-O-V distance (2.53 A) was determined byP8Arefinement, which may explain the strong
distortion. Coordination of an additional ligand,(®) may cause a decrease in the tension present in the
distorted tetrahdral structure of dehydratedOYSBA-15 and, thus, explain the rapid hydration of
dehydrated vanadium centers igQOy/SBA-15.
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Figure 6-8 Left: V K edge XANES spectra (inset), pre-edge peak height and water ion current
during rehydration of dehydrated 7.7 wt% V,0,/SBA-15 (298 K, 1.6 Vol% H,0). Right: UV-Vis edge
energy and water ion current during rehydration of dehydrated 7.7 wt% V,0,/SBA-15 (298 K,
1.3 Vol% H,0).
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6.2.8 Reversibility of hydration and dehydration processe

The reversibility of the structural transformation$ hydrated and dehydrated,®/SBA-15 was
investigated in cyclic reaction tests. As prepavg@,/SBA-15 samples were dehydrated in a 20%nO
helium atmosphere (623 K for XAS, 554 K for UV-MBRS analysis) and subsequently rehydrated for
0.5-1 h at ~ 298 K using a saturated gas atmosplieBel.6 Vol% HO in He). A second cycle was
conducted after this first dehydration/rehydratiycle. The second dehydration was performed atenigh
temperatures (723 K for XAS, 634 K for UV-Vis-DR8adysis).Figure 6-9 depicts the F(k)*k?) of

7.7 wit% VO,/SBA-15 (XAFS) and UV-Vis-DR spectra of 1.4 wt%®[/SBA-15 measured at ~ 298 K
after the respective treatment. Apparently, thetspef dehydrated 7.7 wt% and 1.4 wt%Oy/SBA-15
showed no differences when comparing the specttiaedfirst dehydration cycle with those of the seto
dehydration cycle. Hence, the dehydration processeversible for the 7.7 wt% and 1.4 wt%
V,O,/SBA 15. A more detailed discussion will be givealdw. Comparing the results obtained for
hydrated 7.7 wt% and 1.4 wt%,®,/SBA-15, minor deviations were observed after eagfydration
cycle. As prepared 1.4 wt%,8,/SBA-15 showed the lowest intensity of the low gyeabsorption band
at ~ 360 nm compared to the more intense absorfiteord at 280 nm. Thus, a “higher degree of
hydration” was present in hydrated 1.4 wt%Oy/SBA-15 after the first and second rehydration egcl
Furthermore, this was corroborated by a decling®UV-Vis edge energy of the hydrategOy/SBA-15
samples after each rehydration cyclalfle 6-2. A similar trend was observed in the kK)*k® of
7.7 wt% \LO,/SBA-15. The as prepared sample showed a significkawer amplitude in the range of 2-
4 A. According toChapter 5 the amplitude in this range is caused by V-Vriatéons that are found in
the structure of hydrated 7.7 wt%Q®(/SBA-15. The higher intensity in the range of 2-4ffer the first

rehydration cycle (~ 45 min) may indicate the fotiora of an increased number of V-O-V bonds.
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Figure 6-9: FT(x(k)*k®) of 7.7 wt% V,0,/SBA-15 (left) and UV-Vis-DR spectra of 1.4 wt%
V,0,/SBA-15 (right) after various hydration and dehydration cycles: as prepared (A); first
dehydration at 623 K/ XAS, 554 K/ UV-Vis-DRS, 30 min (B); first rehydration, 1.3-1.6 Vol% 60-
90 min (C); second dehydration at 723 K/ XAS, 634 K/ UV-Vis-DRS, 1 h (D); second rehydration,
1.3-1.6 Vol%, 60 min (E). The line types on right side refer to the same procedure as on the left
side.
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Table 6-2: UV-Vis edge energy E; of hydrated V,0,/SBA-15 samples determined after various
rehydration procedures. Dehydration treatments as described in Figure 6-9.

Eq[eV]
Sample as prepared 1. rehydration 2. rehydration
7.7 wt% \LOy-SBA-15 2.74 2.71 2.67
4.1 wt% LO,-SBA-15 2.79 2.76 2.73
1.4 wt% \LO,-SBA-15 2.80 2.79 277

6.2.9 Impact of aging on the structure of YO,/SBA-15

An increasing V-V signal at 2-4 A in the FTk)*k®) was observed in the XAFS spectra of hydrated
7.7 wt% VO,/SBA-15 measured at different timesigure 6-10 depicts the FT(Kk)*k>) of hydrated
samples measured after two weeks and after twosy®dlowing preparation. For comparison, the
FT((K)*k® of V,0s and the rehydrated samples are also depicted. dRation experiments were
conducted using the two week old 7.7 wt%OySBA-15. The first signal (V-O tetrahedron) in the
FT((K)*k®) of as-prepared 7.7 wt%,8,/SBA-15 was asymmetric, thus, part of the dehydratkase
was still present. A least-squares XANES refinenveet conducted to quantify the remaining fractibn o
dehydrated phase in the spectrum of the two wesgk a1 wt% \O,/SBA-15. Spectra recorded after the
first dehydration and after the first rehydratigetle of 7.7 wt% VO,/SAB-15 were used as references.
Approximately 18% of the dehydrated phase was pteisethe spectrum of two week old as-prepared
7.7 wit% VO,/SBA-15. A similar trend was observed for 4.1 wt%tdal.4 wt% VO,/SBA-15. The
presence of dehydrated,®,/SBA-15 two weeks after preparation suggests thardiion of freshly

calcined samples is significantly slower (weekshtihehydration of dehydrated samples (~ 1 hour).
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Figure 6-10 Left: FT(x(k)*k®) of differently hydrated 7.7 wt% V,0,/SBA-15 and V,0s. Right: result
of the least-squares fit (- - - ) using the V K edge XANES spectra of dehydrated and rehydrated
7.7 wt% V,0,/SBA-15 (........... ) recorded after the first de-/rehydration cycle (Figure 6-9, left) to
the experimental XANES spectrum ( )of two week old as-prepared 7.7 wt% V,0,/SBA-15.
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Figure 6-11, leftshows the UV-Vis-DR spectra of one year old 7.%wW,0,/SBA-15 and recalcined
7.7 wt% V,O,/SBA-15. On the right side dfigure 6-11spectra of 1.4 wt% ¥0,/SBA-15 measured as-
prepared and one year later are depicted. (Spefcird wt% \,O,/SBA-15 were normalized because the
as prepared sample was diluted with SBA-15.) Arrdase of the absorption band at 370 nm in the
UV-Vis-DR spectra of the hydrated samples was ofeskefor both loadings. I€hapter 5this band was
assigned to vanadium centers exhibiting a squarengiglal structure. Concidering the intensity insea
in the FT(k)*k® of 7.7 wt% \O,/SBA-15 at higher distances (2-4 A), the increaéehe band at
370 nm may be caused by an increased number ofdted’ square pyramidal vanadium centers. This
aging effect was interpreted as clustering of hiadtaenters on the SBA-15 support. Significant gean

of the UV-Vis edge energy in the spectra of hydiatgO,/SBA-15 were not detected. Thus, the average
V-O-V number remained three (chains of square pidaincenters) and the dispersion of hydrated
vanadium oxide species remained high. The extenefothe hydrated vanadium oxide species on
SBA-15 seems to be two-dimensional rather thanetdimensional as in the case of vanadium oxide

crystallites.

The “growth” of hydrated YO, species on SBA-15 during storage raised the duresthether aging of
hydrated VO,/SBA-15 affected the dehydration 0f®[/SBA-15. Thermal treatment at 554 K (30 min)
of those differently hydrated X0,/SBA-15 samples yielded UV-Vis-DR spectra that weharacteristic
for dehydrated VO,/SBA-15 (igure 6-11). However, in the case of an one year old 7.7 wt%
V,O,/SBA-15 a broadening of the absorption band in théVis-DR spectrum was observed. Such
broadening was absent in the UV-Vis-DR spectrurongf year old dehydrated 1.4 wt%QO{/SBA-15.
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Figure 6-11: UV-Vis-DR spectra of 7.7 wt% V,0,/SBA-15 (left) and 1.4 wt% V,0,/SBA-15 (right):
as-prepared (1.4 wt%)/ hydrated after calcination (7.7 wt%) (............ ); dehydrated "as-prepared"
sample ( ); hydrated one year old sample (— . ), dehydrated one year old sample (- - - .);
dehydration parameters: 20% O, in He, 554 K, 30 min, all spectra recorded at 298 K.
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Similar broadening effects in the absorption sgeaf dehydrated MO,/SBA-15 were reported by
Grueneet al. [28]. They assigned the UV-Vis band at 405 nmrtal V,Os clusters present on SBA-15
because characteristic bands @Y were present in the Raman spectra of these sarfip&8.1 V/nm

V on SBA-15). These ¥Os clusters were not detectable by XRD [28]. Simikesults were obtained for
7.7 wt% O,/SBA-15 (2.5 V/nm) here, usingn situ Raman spectroscopy. The Raman spectrum of
dehydrated 7.7 wt% ¥D,/SBA-15 (723 K, ~ 1 h) is shown ifrigure 6-12, left Apart from a
characteristic Raman signal of the dehydrate@ XSBA-15 species at ~ 1040 &nfi23,32] several other
Raman bands were detected. Comparison with the Rapectrum of a mechanical mixture of0¢ and
SBA-15 (~ 3 wt% V, 298 K) showed that charactecisi@nds of YOs (284, 305, 407, 703 and 994 ¢m
were present in the spectrum of the one year gl@,8BA-15 sample. The amount of,®s was
estimated according to Xiet al.[34] assuming a 10 times larger cross section/f@s compared to the
dispersed tetrahedral species. Comparing the itieisf the Raman signal at 995 and 1042' eows
that approximately 3% X¥Ds have been formed by dehydration of aged 7.7 wi@ MBA-15.

To investigate the impact of a recalcination one@iy7.7 wt% \O,/SBA-15 thermal treatment for 12 h

at 823 K in a muffle furnace was conducted. Aftecalcination and dehydration of 7.7 wt%
V,O,/SBA-15 characteristic ¥0s bands were absent in the Raman spectrum. Thusafon of \,Os
clusters on the SBA-15 support during dehydratieenss to be a reversible process. To estimate the
fraction of \,Os in the UV-Vis-DR spectra a least-squares refinegmsing three Gaussian curves was
performed. Two Gaussian functions were introduced the dehydrated phase according to the
calculation of Avdee\et al. [136].The Gaussian curves were allowed to varyeeh 270 and 290 nm
and between 300 and 330 nm. A third Gaussian fométi the range of 390-430 nm was introduced to

account for \Os.
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Figure 6-12 left: Raman spectra of (A) a 3 wt% V V,05:SBA-15 mixture (1064 nm, 100 mW) and
(B) SBA-15 and /n situ spectra (514 nm, 6 mW) during dehydration of (C) one year old 7.7 wt%
V,0,/SBA-15 at 723 K (20% O, in N,) and (D) a 7.7 wt% V,0,/SBA-15 sample that is dehydrated at
623 K (20% O, in N,) after recalcination at 823 K for 12 h in a muffle furnace; (spectra C-D, 514
nm, 6 mW); right: least square fit (- - .) of three Gaussian functions (......... ) to the UV-Vis-DR
spectrum (—) of dehydrated one year old 7.7 wt% V,0,/SBA-15 (554 K, 30 min, 20% O, in He).



104

Peak heights were allowed to vary between 0 an&®ikelka Munk units and the full band width was
allowed to vary independently for each Gaussiarctfon. The resulting refinement yielded a good
agreement between experimental and refined curvekepgicted irFigure 6-12, right For the one year
old sample approximately 10% of the area of the WS-DR signal was caused by®s. In dehydrated
7.7 wt% O,/SBA-15, which was recalcined, this fraction wadueed to below 1%Hgure 6-11).
However, after storage of the recalcined sampleséveral days the fraction of,8s increased again.
After 7 days a fraction of 6-7% was determined. Téa& concentrations will be lower because a strong
decrease of intensity was measured below 300 ntieirdV-Vis-DR spectra obtained with the Praying

Mantis™ cell. Moreover, the amount of,@s determined from the Raman spectra was lower.

In XAFS spectra no significant changes with stordigge were observed for dehydrated 7.7 wt%
V,O,/SBA-15. The FT{(k)*k®) exhibited a small decrease of the first V-O slgnathe range of 1.6-
2.0 A. The disorder parameter of the V-O distancé.a8 A increased from 0.0071? ATable 6-3 to
0.0079 & in two year old dehydrated,@,/SBA-15 (Table 6-3. After a treatment of 8 h at 770 K the
amplitude in the FR(k)*k®) of two year old dehydrated 7.7 wt%®/SBA-15 increased. The disorder
parameter of the V-O distance at 1.78 A decreassd D.0079 A to 0.0063 A A similar trend was
observed for V-V and V-Si contributions. The ovematrease of the disorder parameters of two yédr o
7.7 wt% \O,/SBA-15 showed that the structure of dehydratechgdianm species was less ordered after
dehydration. However, all experimental k{K)*k®) of dehydrated 7.7 wt% JO,/SBA-15 were
simulated successfully using the dehydratg@Mnodel structure (ordered arrangement oid}, Table
6-3). Hence, the major vanadium oxide phase in delgdrd.7 wt% VO,/SBA-15 was still the dimeric
tetrahedral species. For the 4.1 wt%0y/SBA-15 a similar aging effect was observed inthéVis-DR
spectra. As a consequence of the aging effect sketliabove the presence ofOy was never fully
excluded for dehydrated 4.1 wt% and 7.7 wt%@y/SBA-15 during further experiments.

Table 6-3: Experimental distances (R) and XAFS disorder parameters (o?) for different type and
number (N) of atoms at distance R from the absorbing V atom in a model system assuming an
ordered arrangement of [V,05] units (Chapter 5). Parameters were obtained from the refinement
of this model structure to the experimental V K edge XAFS FT(x(k)*k®) of dehydrated 7.7 wt%
V,0,/SBA-15 at various stages of aging (k range from 2.7-10.5 A, R range 0.83-3.62 A, N, = 16,
Eo = 0 eV in all cases, (subscript c indicates parameters that were correlated in the refinement,
subscript f indicates parameters that were fixed in the refinement). Dehydration was conducted in
20% O, in He.

2 weeks old 2 years old recalcined

Type (N) 623 K, 30 min 623 K, 30 min 770K, 8 h
RIA] o [A] RIA] o A7 RIA] o [A]

V-0 (4) 1.78 0.0071 1.78 0.0079 1.78 0.0063
V-0 (1) 2.90 0.0012 2.89 0.0012 2.89 0.0012
V-V (1) 3.29 0.0094 3.29 0.0116 3.30 0.0107
V-V (1) 3.61 0.0094 3.60 0.0116 3.60 0.010%
V-Si (1) 2.55 0.0116 2.54 0.0130 2.53 0.0112
Residual 6.6 3.8 5.9
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6.2.10 Dehydration in water saturated atmospheres

Because water is a common reactant in propene tixidats influence on the dehydration was
investigated. At moderate temperatures (298 K) imntlumid atmospheres the hydrated structure of
V,O,/SBA-15 was the major vanadium oxide phase preserthe support. A comparable treatment as
used for dehydration (623 K, 20% M He) was employed to investigate the structhed tvas present at
elevated temperatures in humid atmospheres. Irtiaddihe helium carrier gas was saturated withewat
to obtain a humidity of 1.3-1.6 Vol% water in thasgphase. The UV-Vis-DRS and XAS measurements
were performed after the rehydration/dehydratiotiey reported above. After the second rehydratien t
samples were heated in a water saturated oxygessptrare to 623 K (XAS) or 554 K (UV-Vis-DRS).

Thein situ spectra recorded at the respective temperatueeshamn irFigure 6-13

The FT(k)*k®) of 7.7 wit% V(O,/SBA-15 obtained during treatment with water vapord after
switching the water off at 623 K is depictedFiigure 6-13 (lef). Furthermore, the F¥(k)*k®) measured

at 298 K after thermal treatment is shown togettien the FT§(k)*k>) recorded at 298 K after the first
dehydration in dry atmosphere. Apparently, no sigant differences were observed. XAFS refinements
using the “dimeric YO;” model structure yielded good agreement betweerekperimental and refined
theoretical FT(k)*k?). The resulting parameters are listedrable 6-4 The results obtained during the
thermal treatment at 623 K in the presence of w@@dehydration cycle) and the results obtained after
switching the water off at 623 K were similar. Fgt, no significant differences were observed after
cooling the sample down. The of the V-O contribution at 1.78 A was slightly emtted, which was

assigned to thermal disorder effects.
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Figure 6-13 Left: V K edge FT(y(k)*k®) of 7.7 wt% V,0,/SBA-15 after different dehydration
procedures: 623 K, 10% 0,/1.6 Vol% H,0/He (A); 623 K, 10% O,/He (B); 298 K, 10% O,/He (C)
and 1% dehydration cycle (623 K, 20% O,/He) 298 K (D). Right: in situ UV-Vis-DR spectra of the
1.4 wt% V,0,/SBA-15 sample during dehydration together with water ion current m/e 18 (554 K,
4 K/min,1.3 Vol% H,0, 20% O, in He). The inset shows the 2D spectra recorded at 86 min and
113 min.
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Table 6-4: Experimental distances and XAFS disorder parameters (o?) for different type and
number (N) of atoms at distance R from the absorbing V atom in a model system assuming an
ordered arrangement of [V,0;] units (Chapter 5). Parameters were obtained from the refinement
of this model structure to the experimental V K edge XAFS FT((k)*k®) of dehydrated 7.7 wt%
V,0,/SBA-15 (k range from 2.7-10.5 A?, R range 0.83-3.62 A, Ni,q = 16, E; = 0 eV in all cases,
(subscript ¢ indicates parameters that were correlated in the refinement, subscript f indicates
parameters that were fixed in the refinement). Dehydration in the 1% and 2™ cycle was conducted
in 20% O, in He and in 10 % O, (and 1.6 % H,0) in He in the 3™ dehydration cycle.

1% dehydration cycle| " dehydration cycle " dehydration cycle
(T,\i’;’e 298K (30min, 623K)| 298K (60min, 723K 623K 48) 623K (HO off) 298K (HO off)
RN SA] | R A | RIA SA] | RIA A | R GA]

V-0 (4) 1.78 0.0071 1.78 0.0066 1.79 0.0079 1.78 0.0079 8 1.7 0.0070
V-0 (1) 2.90 0.0012 2.89 0.0012 2.88 0.0012 2.88 0.0012 2.88 0.0012
V-V (1) 3.29 0.0094 3.30 0.0095 3.31 0.0123 3.27 0.0131 0 3.3 0.0129
V-V (1) 3.61 0.0094 3.61 0.0095 3.6% 0.0123 3.58 0.013% 3.61 0.0129
V-Si (1) 2.55 0.0116 2.53 0.0114 2.55 0.0119 2.53 0.0111 3 2.5 0.0133

Residual 6.6 5.1 5.3 7.8 5.3

Hence, the dehydrated,®,/SBA-15 phase was present on the SBA-15 suppoepieadent of water in
the gas phase at elevated temperaturesitu XANES spectra and PCA results were similar to ¢hos
obtained in the first dehydration cyclekigure 6-3 (data not shown). In contrast to the XANES spectra
the disorder parameter of the V-V (3.3 and 3.6 A)l &-Si (2.5 A) contributions in the F{K)*k?)
increased slightly during the dehydration in thegaence of water. Conversely, the disorder pararoéter
the V-O contribution at 1.78 A remained constareke 6-9.

Figure 6-13 (right) depicts the evolution of the UV-Vis-DR spectraidgrthe dehydration of 1.4 wt%
V,O,/SBA-15 together with the evolution of the MS iamrent of water (m/e 18). Water addition to the
gas phase was stopped 35 min after reaching théymaxtemperature of 554 K (total time 100 min).
Compared to the spectra recorded during dehydraiendry atmosphere, shown kigure 6-2, left,no
distinct changes were observed during thermalrireat of hydrated 1.4 wt% ,0,/SBA-15. The main
transformation between the hydrated and the detsdindO,/SBA-15 state was completed between 400
and 440 K. It was accompanied by an increased fimmaf water. At elevated temperatures the UV-
Vis-DR spectra resembled those of dehydratgd M5BA-15. The inset ifrigure 6-13, rightdepicts the
spectra recorded at 554 K in a water saturated sgtheye at 86 min (1.3 Vol%,B) and in a dry
atmosphere at 113 min. After switching the watdrayfly a small blue shift of 3 nm was observed.
Compared to the UV-Vis edge energies obtained énpitevious dehydration cycles only small changes
were observed for all ¥D,/SBA-15 samples Table 6-3. The UV-Vis edge energy of dehydrated
4.1 wt% and 1.4 wt% MO,/SBA-15 increased after each rehydration/dehydnatigcle. This may be
caused by a decreasing distortion of the JM@trahedron or a decreasing V-O-V number (2 tditheric

to isolated VO tetrahedrons). These two effectsnotube distinguished sufficiently as discussed in
Chapter 5 Comparing UV-Vis-DR spectra of dehydratedOy/SBA-15 recorded at 298 K after several

dehydration/rehydration cycles small changes wbserved for the various vanadium loadings.
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Table 6-5: UV-Vis edge energies E; determined from the UV-Vis-DR spectra recorded at 298 K after
different dehydration cycles (details given in Figure 6-14). The samples were diluted with SBA-15
(1:3 (SBA-15 : 7.7 wt% V,0,/SBA-15) and 1:1 (SBA-15 : 1.4 wt% or 4.1 wt% V,0,/SBA-15)).

Egy [eV]
723K1lh

623 K0.5h 723K1h
Sample 20% Qf He /

20% Q/ He 20% Q/ He 1.5 Vol% HO
7.7 wt% WOy-SBA-15 3.37 3.40 341
4.1 wit% \,O,-SBA-15 3.44 3.45 3.52
1.4 w% \,O,-SBA-15 3.60 3.62 3.68

Similar spectra were recorded for dehydrated 1.% WLO,/SBA-15 after dehydration at 554 K and
634K. After dehydration in a humid atmosphere at 55th& UV-Vis-DR spectrum was blue shifted by
several nm. The UV-Vis edge energy increased frod® @V to 3.68 eV and the absorption maximum
shifted from 280 nm to 265 nm. This strong bludtshi 265 nm suggests an increased dispersionein th
presence of water during the dehydration procelsss,Tmore isolated vanadium oxide centers may have
formed after this treatment. Similar blue shifte¥/-Mis-DR spectra were recorded for higher loaded
dehydrated YO,/SBA-15. A blue shift from 305 nm to 290 nm waseai¢ed for 4.1 wt% dehydrated
V,O,/SBA-15 and from 308 nm to 296 nm for 7.7 wt%Oy/SBA-15 (Figure 6-14). According to the
calculation by Avdeeet al. [136] the absorption band at 290 nm indicated thatdimeric tetrahedral
V,O,/SBA-15 species was still present on the supportigsussed inChapter 5 This was also
corroborated by the results obtained from XAFSnesfient of the F(k)*k®) of 7.7 wt% dehydrated
V,O,/SBA-15. However, for dehydrated 7.7 wt%Qy/SBA-15 a significant increase in absorption
intensity at 405 nm was detected during the thedydration cycle in a humid atmosphere. Henc€sV

clusters may have formed during this process.

7.7 wt% V,O,/SBA-15 4.1 wt% VO,/SBA-15 Tl 1.4 wt% V,O,/SBA-15
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Figure 6-14: UV-Vis-DR spectra recorded at 298 K after different dehydration cycles: 1%
dehydration at 554 K for 30 min ( ); 2" dehydration at 634 K for 1 h (........ ); 3™ dehydration
at 554 K for 30 min (1.3 Vol% H,0) and 15 min ("dry”) (- = -.). The samples were diluted with
SBA-15 (1:3 (SBA-15 : 7.7 wt% V,0,/SBA-15) and 1:1 (SBA-15 : 1.4 or 4.1 wt% V,0,/SBA-15)).
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6.3 Concluding remarks on the hydration and dehydration of V4O,/SBA-15

In situ UV-Vis-DRS and XAFS measurements showed thaOXSBA-15 samples changed their
structure dynamically as a function of temperaturater content in the gas phase, and vanadiumrigadi
Moreover, changes in the silanol distribution c¢ 8iG, support played a pronounced role. The scheme

depicted inFigure 6-15is introduced to summarize and discuss the reptdisented above.
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Figure 6-15: Schematic drawing of assumed dynamic structural transformations of supported
vanadium oxide phase on SBA-15 during hydration and dehydration.

6.3.1 Coordination of hydrated YO,/SBA-15

Under ambient conditions at 298 K and in a humidasphere the hydrated state gfOy/SBA-15 was
observed. A vanadium oxide structure with a sqummamidal coordination of the vanadium centers
similar to the VOs and \,O¢” vanadate structures was determined from XAFS eefents and the UV-
Vis edge energy positiorChapter 5. However, no direct evidence about the kind ofgen groups
around the absorbing vanadium centers could beeatkin this work. Four types of oxygen containing
groups seemed possible according to the literg@Bf and the results discussed above: (i) V-OB, (ii
V-0-Si, (iii) V-O-V, and (iv) V&OH,. Possible configurations are shown kigure 6-15 First,
measurements reported by Schraml-Marth [27] anérstf26,40,114] indicated that V-OH stretching
modes (~ 3660 c) were present in the FT-IR (DRIFT) spectra of lagdd \(O,/Si0O, samples. Second,
#Si MAS-NMR measurements showed that fractions ef sttanol type Si centers present on SBA-15
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may have formed bonds (V-O-Si) to the grafted htetfaranadium oxide centers. The third configuration
(i) involves direct linkages of V-O-V. Such V-Vistances were determined from the increased sagnal
2-4 A in the FTg(k)*k®) of the hydrated VO,/SBA-15 samples. Furthermore, the average V-O-Vbmm

as determined from the UV-Vis edge energy was 8r{eoted square pyramidal double chains). Hence,
V-0O-V bonds between the vanadium oxide centers ngagresent in the hydrated state. As a last pessibl
configuration, (iv), a coordination of water seenligdly (V <OH,). The maximum temperature of water
formation was determined from TG experiments to~b823-343 K. This is quite low and suggests
weakly bonded water in the structure of hydrate@N¥SBA-15. In addition to coordinated water, layers
of physically adsorbed water are depictedrigure 6-15because a significant mass loss was observed at

303 K in dry atmospheres.

6.3.2 Impact of coordinated water on hydrated,¥,/SBA-15

That water molecules play a key role in the coatiom of the hydrated vanadium oxide structure was
deduced fromin situ UV-Vis-DRS and XAFS measurements. The main stratttransformation of
hydrated VO,/SBA-15 into dehydrated ¥0,/SBA-15 was observed to be independent of the vanmad
loading in a temperature range between 298 K afdkd4t was accompanied by an increased formation
of water. Spectra recorded at higher temperatuesembled those of the dehydrated state of
V,O,/SBA-15. Therefore, the majority of water is comatied in the structure of hydratedQy/SBA-15.
The apparent activation energy for water desorptigy) in this temperature range was determined from
TG experiments to be 70-83 kJ/mol forQf/SBA-15 (Table 6-). This was lower than for the pure
SBA-15 support (~ 110 kd/mol) and higher than fa Kieselgel 60 silica reference (~ 40 kJ/mol). On
the one hand Vansaat al. [104] explained the low value for Kieselgel 60 oy evaporation process of
physically adsorbed water from the $i€urface. On the other hand, the rather high appaativation
energy for water desorption determined for pure SBAwas explained by an increased number of
micropores of the untreated SBA-15 samples. Howevelating the mass loss observed in this
temperature range to the same surface area it veagnsthat the detected, thus adsorbed, water conten
on V,O,/SBA-15 samples decreased with the decreasing waméedading. Therefore, &=in the range of
70-83 kJ/mol was ascribed to water which was relédom the hydrated vanadium oxide structure. The
increase in E with increasing vanadium loading was explainedabgoordinative interaction of water
with the vanadium centers on the SBA-15 suppontheumore, the apparent activation energy of water
desorption of hydrated ,0,/SBA-15 increased with increasing time of storagehumid atmosphere
Therefore, the coordinative interaction of watethvihe vanadium centers in hydrategDy/SBA-15 may
increase with “sample age”. For “aged” hydrated wt% V,O,/SBA-15 more V-V interactions were
detectable in the Ff(k)*k?). Moreover, the similarity of the Ffk)*k°) of hydrated VO,/SBA-15 with
that of \,Os increased. A ¥Os-1.2 HO gel like structure was proposed by some aut2i¥2B,34] to be
present in the hydrated state ofOy/SiO, because the Raman spectra of hydratgd,A3iO, samples
resembled that of ¥DsnH,O gels [148]. Thus, the increasing similarity wi¢hOs indicates that the
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vanadium oxide structure of “aged” hydrated 7.7 Wi%@,/SBA-15 may be similar to that of,®snH,0

gels.

In summary, water is important for the formatiordaroordination of the vanadium oxide structure of
hydrated VO,/SBA-15. The fact that water is rather weakly beadhe vanadium centers causes a low
thermal stability and dehydration of hydrategDy/SBA-15 below temperatures of 440 K.

6.3.3 Formation of dehydrated VO,/SBA-15

At elevated temperatures between 440 and 550 Kedde XANES spectra of @,/SBA-15 resembled
that of dehydrated Q(Dy’SBA-15 Figure 6-2). A principal component analysis showed that the
transformation of hydrated to dehydratedOySBA-15 proceeded directly and that no intermediate
structures were formed. Hence, only a rearrangememtess of the dehydrated vanadium oxide species
on the SBA-15 support occurred at temperaturesehnitffan 440 K. The increasing pre-egde peak height
in the V K edge XANES spectra indicate a decreasliggortion of the tetrahedral vanadium oxide
species. At temperatures above 550 K, only minangks were observed in the XAFS and UV-Vis-DR
spectra of YO,/SBA-15 samples dehydrated in the temperature rédng®m 554 to 723 K. The
FT((k)*k® of V,O,/SBA-15 dehydrated at 723 K showed a slightly deseel disorder parametef
(0.0066 &) of the first V-O coordination sphere than afteshyidration at 623 K (0.0070%A This is
explained by a narrower distance distribution, Wwhivay be a consequence of a slightly enhanced
structural order of the dimeric tetrahedrons on3BA-15 supportTable 6-9. In the gas phase, only a
minor water formation was observed in the tempeeatange of 440-550 K. The observed water content
may be explained by loss of water due to dehydnatd V-OH species. Schraml-Martht al. [40]
reported a decrease of the V-OH band (~ 36603)dm DRIFT spectra of VO,/SBA-15 samples after
dehydration (573 K) of a rehydrated sample, whichtaes this interpretation. In addition to the
dehydration of the vanadium oxide phase, a dehydtgn of the silica support seems possible
[104,147]. However, this interpretation is not greéd because no significant changes in the nuiber
silanol groups were observed in th&Si MAS NMR spectra of 7.7 wt% X0,/SBA-15. Thus, a
dehydration of the vanadium oxide species (V-OHjirduthe formation of the dehydrated vanadium
oxide centers was assumed in the temperature @hngé0-550 K. Some authors reported that V-OH
interactions are detectable by IR measurement¥ fOy/SiO, samples treated at 853 K (12 hy) (141].
Therefore, some of the dehydrated vanadium oxiéeisp may have remained coordinated by hydroxyl
groups (V-OH) above 550 Krigure 6-15).

Apparently, the dehydrated state corresponds tosthble vanadium oxide state of(/SBA-15 at
elevated temperatures higher than 550 K. Thus,i65d@ll be sufficient as pretreatment temperature to
obtain dehydrated ¥0,/SBA-15 samples.
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6.3.4 Formation of V,Os crystallites versus dispersion during dehydration

Rehydrated YO,/SBA-15 could be dehydrated again to the same dimetrahedral structure obtained
after the first dehydration procedure. Similar alsagons were reported by Morey al. and Luaret al.
[35,145]. Conversely, Xieet al. [34] observed YOs formation after repeated hydration/dehydration
cycles. They explained this “gradual transformdtif8%] of the hydrated state into 2@s” crystals by
the formation of YOsnH,O gels that transform into ;@5 during dehydration (for samples hydrated
longer than 10 min using 3 Vol%.,8, 298 K). Moreover, Xieet al. [34] discussed the reversible
hydration of \4Os crystals formed into ¥OsnH,O gels as long as these(¥ crystallites are small
enough so that water can “intercalate” into thed].[Bager \LOs crystals that were present already after
calcination of higher loaded samples were not hgdrd34]. The observation of ;@5 after several
hydration and dehydration cycles matches th®s\formation (denoted as p,%s in Figure 6-15 in
7.7 wit% ,O,/SBA-15 which was dehydrated in water saturatedoaftheres or after longer times of
storage. Hence, dehydration of “aged” 7.7 wtY#O)SBA-15 results in the formation of ¥s. Raman
bands similar to those detected foyO4 were reported by Abellet al. [148] for V,0s0.3H,0 gels.
Therefore, it seems likely that,@5-nH,O gels did not transform completely intg®%, and only a lower
amount of water was intercalated into the structaenoted as ¥sm < n HO gels) as depicted in
Figure 6-15

However, recalcination of “aged” 7.7 wt%,®,/SBA-15 prior to dehydration resulted in an apparen
redispersion of YOs (Figure 6-12) into dimeric tetrahedral species. Such a redispeof large \4Os
crystallites seems not very likely considering tel accepted assumption in literature that spregaoi
crystalline \bOs on SiGQ supports is not possible [149, 150]. Given the [Bammann temperature of
V,0s5 of 482 K [150], \Os, or the vanadium oxide phase in general, may beilenon the Si@ support.
The formation of YOs may be explained by the low amount of reactivarsl groups on the SO
surface that would anchor the vanadium oxide speci¢he support. Vanadium oxide centers that were
not linked to the Si@support will show sintering (35 formation). This was shown by Van Der Voett

al. [151]. They prepared 2.8 wt%,8,/SiO, samples via impregnation of VO(acaon Kieselgel 60
calcined at 473 K and at 973 K. On samples pratceat 973 K, large amounts ob® were detected
with Raman spectroscopy. Van Der Voettal. [151] explained this YOs formation by the decreased
number of silanols on the support that induce ispatsion of the vanadium oxide. They detected anly
few isolated silanol groups left on the supportcitedd at 973 K. This explains,®@s formation on
7.7 wt% \,O,/SBA-15 but not the redispersion ot® formed during the dehydration of aged 7.7 wt%
V,O,/SBA-15. Following the mechanism discussed above)ts centers have to be present on the
support that react with the “mobile” vanadium oxided thus cause redispersion as it was observed
during recalcination. A temperature of 843 K anubiding time of 12 h were chosen for recalcinatibn.

is known from the?*Si NMR results that in the hydrated state and aftehydration at 653 K
approximatly 15% of the Si-OH centers were left/on wt% \,O,/SBA-15. After calcination of 7.7 wt%
V,O,/SBA-15 at 843 K no Si-OH signal was detected i@ MMR spectrum. Thus, a reaction of the

vanadium centers with the SBA-15 support occurfidek temperature of 843 K used for recalcination is
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in the range where isolated Si-OH groups start @bydroxylate into siloxane groups [147]. Hence,
instead of dehydroxylation of isolated silanol greuinto siloxane groups, a reaction of these iedlat

silanol centers with the vanadium oxide may takac@lresulting in a redispersion. This formation of
more V-O-Si bonds with the support after calcinatieas considered by the depiction of a second Vi-O-S

bond of the dimeric tetrahedral unithiigure 6-15

Apparently, the presence of at least one V-O-Sidbper vanadium center or dimeric unit seems to be a
prerequisite for the formation of the dehydratedateedral vanadium species. If the amount of vamadi
centers exceeds the number of Si-OH groups thastar&ally suitable to form V-O-Si bonds, then the
formation of \LOs during dehydration seems likely. In this casedisgersion of hydrated to dehydrated
V,O,/SBA-15 is not completely reversible.

6.3.5 Number of V-O-Si bonds — Is a O=V[O-Sikpecies possible?

The mechanism discussed above explained the dispgnocess of vanadium oxide species on SBA-15.
To form the dehydrated state of®{/SBA-15, the dispersed vanadium oxides species tmvyerm at
least one bond (Si-O-V) with the SiGupport. Considering the vanadium density of 2/6n¥ for

7.7 wt% LO,/SBA-15 a linkage of the dispersed species via 3-8i bonds as claimed by Molinari and
Wachs [39] seemed not very likely. Three bonds @dié present in an isolated [\Qetrahedron. To
link this monovanadate to the support, three Si€@Hters would be required. Assuming a V density of
2.5 V/nnf, a Si-OH density of 7.5 OH/nmwould be required for a full dispersion. Howevéilly
hydrated silica exhibits a silanol density of oAs OH/nnf [147]. Moreover, Van der Voot al. [151]
showed that a small fraction of silanol groups watected even on a,8,/SiO, sample where ¥Os
formed. Thus, a O=V[O-Sj]species seems not very likely. For higher loadelydrated VO,/SBA-15
samples, a condensation of the adjacent tetrahgdoatimeric species that are linked to the siieaone

or two Si-O-V bonds is assumed. This suggesti@moisoborated by the detection of dimerig(4] units
with UV-Vis-DRS and XAS. Nevertheless, the high W& edge energies determined for 1.4 wt%
V,O,/SBA-15 (> 3.6 eV) indicated that isolated spe¥®,) may have formed. This seems possible
considering the low vanadium loading of 1.4 wt%OySBA-15 (0.3 V/nm). However, a O=V[O-Sj]
species as proposed by Molinari and Wachs [39] sdenot likely because not all sterically suitable
Si-OH groups may be available to form three V-Ob8Snds. Therefore, a coordination by the Si-OH
groups of the SBA-15 support is suggestéidiire 6-15. The majority of the V-O-Si bonds formed may
be conserved during hydration of the vanadium osgecies. This explains the unchanged number of
Si-OH centers in the hydrated and dehydrated sfatgO,/SBA-15 detected in the NMR measurements
(Figure 6-7).

6.3.6 Effect of water on the dehydration process

As shown inFigure 6-13the dehydration process was observed even whesr was present in the gas

phase. Apparently, water coordinated to the hydrateucture of YO,/SBA-15 was only weakly bound
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to the vanadium centers. In contrast to dehydraitiofdry” atmospheres, the formation of,®; was
detected for 7.7 wt% ¥D,/SBA-15. The presence of water may disturb the deition/dispersion
process. Water may enhance the mobility of vanadiite centers on the support and, thus, accelerate

the sintering process.

Moreover, a small blue shift of the absorption baves observed for all samples. This shift can be
interpreted by different assumptions: (i) reducéd aenters which exhibit CT absorption bands at lower
wavelengths, (ii) stronger distorted VO tetrahedrq(iii) changed oxygen groups (V-O-& V-OH ),

and (iv) changed connectivity (dimerie isolated vanadium oxides centers). Assumptions€é@ms
unlikely considering the high oxygen content in tiges phase (20% JDand the fact that no red shift
(“reoxidation”) was detected after switching thetevaoff. Assumption (ii) seems not likely becauke t
average bond length remained constant during thedéhydration cycle Table 6-9. Referring to
assumption (iii) that the oxygen groups aroundvidmeadium centers changed would indicate that V-OH
groups changed into (V-O-Si) groups. In this c&3ds a stronger ligand than OH. A similar behavior
was calculated by Atanasat al. for Cr(1V), Mn(V), and Fe(VI) oxo and hydroxo chess [152]. The
increasing number of V-O-Si bonds suggests thaemfbm the gas phase causes a hydrolysis of the
V-OH bond. This assumption was not confirmed byeaperimental measurement. The last assumption,
(vi), that some of the dimeric p@-] units transformed into [V€) units suggests that the V-O-V bond of
the dimeric vanadium species was opened by watteigas phase. This may be possible but seemed not
likely because the low loaded 1.4 wt% sample alyeamhsisted of a considerable amount of isolated
vanadium oxide centers and also showed a blueatiifte absorption bands. In conclusion, the eftéct
water on the dehydrated structure remained somearhhtguous. Here, assumption (iii) was preferred:
V-OH groups transferred into V-O-Si groups. Howevitie dehydration process of®[/SBA-15 in
humid atmospheres did not change significantly caneq to the dehydration process in dry atmospheres.
The majority of the vanadium centers remained asedt tetrahedral species on SBA-15, which was
inferred from the successful XAFS refinements afwt% V,0,/SBA-15 (Table 6-9.
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6.4 Summary

In situ UV-Vis-DRS, XAFS, and Raman measurements were woted to investigate the evolution of the
vanadium oxide structure and the gas phase duniergrial treatment of ¥0,/SBA-15 catalysts in 20%
0, in He. Furthermore, the effect of water vapor lo@ ¥,O,/SBA-15 structure under ambient conditions

and during thermal treatment was determined.

In situ XAFS measurements showed that the hydratgd8BA-15 structure transformed directly into
the dehydrated structure during thermal treatme20P26 Q. No intermediate vanadium oxide phase was
detected. Water was released from the hydratgd|/8BA-15 structure during the dehydration process.
In the temperature range between 298 K and 440 iK wWater loss was accompanied by the
transformation from a square pyramidal to a tetladdecoordination of the vanadium centers. Onlyanin
amounts of water were detected for elevated tertymes (440-550 K). A rearrangement and ordering
process of the dimeric tetrahedral vanadium oxiglecies is suggested in this temperature range. For
temperatures higher than 550 K only minor changesewbserved in the dehydrateqOy/SBA-15
structure (550-723 K)#Si MAS NMR measurements indicated that the dehgdraand hydrated

vanadium oxide centers are partially linked viaC8¥ bonds to the SBA-15 support.

Exposure to water under ambient (humid) conditioasulted in a hydration of the dehydrated
V,O,/SBA-15 phase within minutes. After subsequent dehityon of the rehydrated,@,/SBA-15 phase
the dehydrated ¥0,/SBA-15 phase was obtained again. These rehydfdébgpdration cycles showed
that the observed structural transformations g®YSBA-15 were reversible and independent of the
amount of vanadium on SBA-15. However, “aging eB&evere observed for 7.7 wt%,%,/SBA-15. A
clustering of square pyramidal hydrated centerspaorable to the formation of ;@s:nH,O gels was
assumed. Dehydration of “aged” 7.7 wt%QOy/SBA-15 resulted in the formation of,¥s crystallites.
These crystallites were redispersed successfuljemurcalcination conditions at higher temperatures
(843 K, 12 h). For low loaded 1.4 wt%®[/SBA-15 no sample aging was observed in the UV{Vi&s-

spectra.

In general, formation of the dehydrated phase wedependent of the presence of water in the reaction
atmosphere and resulted in the formation of anredlf/,O;] structure. Small amounts of,®@; formed

on 7.7 wt% V,O,/SBA-15. Slight changes in the dehydrate@®yYSBA-15 species were detected for all
V,O,/SBA-15 samples after the addition of water during dehydration process. These rearrangements
indicated a transformation of V-OH/Si-OH into V-O-®ordination sites. Because water is commonly
present in oxidation reactions, like propene oxafatthese changes may play a role for the catalyti
performance of YO,/SBA-15.
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7 Structural evolution and reactivity of®,/SBA-15

catalysts under propene oxidizing conditions

7.1 Introduction

The V,O,/SBA-15 model system was introduced to obtain tildknowledge on the role of vanadium
sites during propene oxidation. Similar investigas were reported for other supported metal oxides
model systems,e.g. Mo,O,/SiO, [103,153]. However, reaction product selectivitieesported for
Mo,O,/SiO, model catalysts differ from those reported fQOYSiO, catalysts Table 7-1. This suggests
different structure-activity correlations duringopene oxidation of vanadium in mixed metal oxide
catalysts. Structure-reactivity correlations of adium oxide catalysts on different supports hasitee
controversial issue during the past decadeg. for the oxidative dehydrogenation of propane
[28,29,144,154,155,156,157] or for
[20,22,23,141]. However, only few reports discuss tole of vanadium oxide supported on Si®

the oxidation afethanol or methane to formaldehyde
selective oxidation of propene to acroleifele 7-). Recently, Zhacet al. [16,158] investigated the
catalytic performance in selective propene oxidatend the structure of vanadium oxide phases
supported on Sig) Al,Os;, Nb,Os, TiO,, and ZrQ in the range of 573-623 K. Compared to vanadium
oxide phases on other support oxides, they repartether poor activity of the 0,/SiO, catalysts for
the propene oxidation to acrolein. Furthermorey ttencluded that different reaction kinetics arldvaer
number of active “V@' sites [16] were responsible for this poor catialgctivity. The kind of reaction
products that are formed during the oxidation aipeme over YO,/SiO, catalysts depend on the reaction
conditions appliedTable 7-). In the presence of high water content in thegjese, increased amounts
of acetone and acetic acid were reported [15,15%jo water was added to the initial reaction migtu

high selectivities towards acetaldehyde, acetome: agrolein were described [16,160].

Table 7-1: Propene conversion and selectivity for propene oxidation over vanadium and

molybdenum oxides supported on SiO,.
Catalysts C‘gjgigg;:]aeﬂo Cé’srh‘;e[gjtjf n Selectivity towards main products Ref.
5 wt% V20d/SIO, 4r3K;~1.2 19 f)?c:/sigerltg(ledhey?:ezyeiés;j?acrolein [160]
i)/jgd\éllrérf 523 K: 20 % steam: 3 18 ?:?6?% acetone, 18% acetic acid, 18.3% [15]
(1082V\g°¢\\//7n0n5%&01 623 K: 8-1 0.2 ggailco/;g((:jrolein, 4T-49% acetone, 6% ;¢ 1cg,
(lf i“;to\/‘/’/;fn%ﬁiq 463 \'f;;g:;/"zwater 35 95% acetone [159]
B oSO | ara g 2 Spomeradene i SO oy
6 Wt% MoQySiO, 673K; 1 2.9 o 22%?;?3:#‘;323’%%& 152;" acrolein, [153]
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Here,in situ spectroscopic investigations of vanadium oxidgspseued on SBA-15 were conducted to
deduce reliable structure-reactivity correlatiorfs \0.O,/SBA-15 under propene oxidizing reaction
conditions. These measurements were combined wdtttion tests in thim situ cells and a laboratory
fixed bed reactor. The dehydratedOy/SBA-15 structure discussed in the previous chaptas used as
initial state for structural characterization ofQy/SBA-15 model catalysts under propene oxidizing
conditions. In accordance with previous investigagi on MQO,/SBA-15 [8] and PVM@,0,/SBA-15
model catalysts [10], similar reaction conditionsrevemployed (573 K and 723 K, 1-7.5% propene and
1-10% Q in He).
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7.2 Results and discussion

7.2.1 Local structure of VO,/SBA-15 under propene oxidation

Figure 7-1 depicts the room temperature V K edge XANES, théfk)*k?) and the UV-Vis-DR spectra
of the dehydrated ¥0,/SBA-15 samples (554-623 K, 1h, 20% i@ He) before and after temperature
programmed reaction in propene and oxygen (676K;2Bh, 5% Q and 5% propene in He ). The V K
edge XANES spectra after reaction were similar he spectra of the initial dehydrated state of
V,O,/SBA-15. No changes in the characteristic XANESicdtire, pre-edge peak height, and shape were
observed for 4.1 wt% and 7.7 wt% dehydrate®¥SBA-15 Figure 7-1, lef). The spectrum of 1.4 wt%
dehydrated VO,/SBA-15 exhibited a slight increase of the ampltuof the XANES after reaction,
whereas the pre-edge peak height and shape remamobdnged. The same similarity before and after
propene oxidation was observed in the RXk® of the VLO,/SBA-15 samplesHigure 7-1, middIg.
Only minor differences in the amplitude of the dope of the FTf(k)*k>) were detected for all loadings
employed. A small decrease of the amplitude atériglistances (2-4 A), where V-V interactions are
located, was observed for dehydrated 7.7 wi¥@XSBA-15. In contrast, an increase of the amplitude
was detected in the same region in the yEjtk®) of dehydrated 1.4 wt% XD,/SBA-15. XAFS
refinements were conducted to reveal that the ‘tedledimeric tetrahedral model structure” was still
sufficient for describing the experimental K{k)*k®). The resulting parameters for 7.7 wt% and 1.4 wt%
V,O,/SBA-15 are listed iTable 7-2(A detailed description of the refinements is give Chapter §. A
good agreement of the experimental and theordfitéi(k)*k®) was obtained for all samples as indicated

by residuals lower than 8% éble 7-2.
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Figure 7-1: V K edge XANES (left), FT((k)*k®) (middle), and UV-Vis-DR spectra (right) recorded at
298 K after dehydration (solid line, 623 K, 1 h, 20% O, in He) and after propene oxidation (dashed
line, 673 K (UV-Vis) and 723 K (XAS), 1 h, 5% O, and 5% propene in He): (A) 7.7 wt%, (B)
4.1 wt%, and (C) 1.4 wt% V,0,/SBA-15.



118

Table 7-2: Experimental distances (R), XAFS disorder parameters (02), and coordination numbers
(N) for different types of atom in a model system assuming an ordered arrangement of [V,0-] units
(Chapter 5). Parameters were obtained from the refinement of this model structure to the
experimental V K edge XAFS FT(yx(k)*k®) of dehydrated 1.4 wt% and 7.7 wt% V,0,/SBA-15 (k
range from 2.7-10.5 A, R range 0.83-3.62 A, N,y = 16, E; = 0 eV in all cases, (subscript c
indicates parameters that were correlated in the refinement, subscript f indicates parameters that
were fixed in the refinement). Dehydration was conducted in 20% O, in He at 623 K for 1 h and
propene oxidation at 723 K for 1 h (5% O, and 5% propene in He).

7.7 wt% LO,/SBA-15 1.4 wt% \O,/SBA-15
dehydrated after propene oxidation dehydrated r pftpene oxidation

Type (N) | RIA] o’[A7] RIA] o’[A7] RIA] o’[A7] RIA] o’[A%
V-0(@1) 1.78 0.0067 1.78 0.0069 1.78 0.01 1.78 009.
V-0(@1) 1.78 0.0067; 1.78¢ 0.0069. 1.78¢ 0.01¢ 1.78¢ 0.009,
V-0(2) 1.78 0.0067; 1.78¢ 0.0069. 1.78¢ 0.01¢ 1.78¢ 0.009;
V-0(@1) 2.89 0.0012 2.89 0.0012 2.87 0.003 2.87 0.003
V-V(Q) 3.33 0.0098 3.33 0.0123 3.35 0.0129 3.33 0.0089
V-V(Q1) 3.61 0.0098 3.60 0.0123 3.61 0.0129 3.56 0.0089
V-Si(1) 2.54 0.0088 2.54 0.0923 251 0.0109 252 0.0103
Residual 4.0 4.0 5.6 7.9

Accordingly, the dehydrated vanadium oxide strueturas still present on the SBA-15 support after
propene oxidation. Compared to the parameters ratarom a refinement to the initial BK)*k°) of
dehydrated 7.7 wt% ¥D,/SBA-15, the disorder parametef of the V-V distances at 3.3 and 3.6 A
increased during propene oxidation from 0.0098 @123 X. Small rearrangements of the ,{¥]
dimers, which cause a wider distance distributisnaaconsequence of a slightly decreased structural
disorder, may have occurred during propene oxida#mother reason for a wider distribution of the//
distances may be a transformation of small frastiohthe dimeric vanadium oxide centers into isaat
tetrahedral vanadium oxide centers. In contragt Towt% \,O,/SBA-15, the V-V disorder paramete?

of 1.4 wt% \,O,/SBA-15 was decreased after propene oxidation.rineower V-V distance distribution
and may be explained by an increased structuraroitditionally, it seems possible that the numtfer
V-O or V-Si contributions increased at distanceghbi than 2 A. However, the disorder paramesérst

the V-O and V-Si distances showed no significarsngfes for 1.4 wt% and 7.7 wt%®,/SBA-15 after

propene oxidationTable 7-3.

Distinct changes were detected In the UV-Vis-DRc$igeof dehydrated ¥0,/SBA-15 recorded before
and after exposure to catalytic conditioiSg(re 7-1, righ?). In the UV-Vis-DR spectra that were
measured at 298 K after temperature programmedioaan propene and oxygen, a blue shift of the
absorption maximum and a decrease of the maximuemsity at 300 nm were observed. The UV-Vis
edge energy of 7.7 wt%,d,/SBA-15 shifted from 3.41 eV to 3.56 eH;~ +0.05 eV) and that of
4.1 wt% V,O/SBA-15 from 3.42 eV to 3.62 eVAE,~ +0.05 eV).  of low loaded 1.4 wt%
V,O,/SBA-15 shifted from 3.6 eV to 3.9 eM,~ £0.1 eV). A UV-Vis edge energy of 3.6 eV would be
indicative for the presence of isolated and dimestrahedral vanadium centers. For low loaded
dehydrated 1.4 wt% ¥D,/SBA-15, a UV-Vis edge energy of 3.9 eV suggesis ibolated centers may be
present predominately.
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Figure 7-2 Top and middle: /n sifu UV-Vis-DR spectra of dehydrated V,0,/SBA-15 (623 K, 1 h, 20%
O, in He) and the evolution of the ion current m/e 56 (acrolein) during the temperature
programmed reaction: (A) 7.7 wt% V,0,/SBA-15 (675 K, 5% O, and 5% propene in He, 1% run);
(B) 1.4 wt% V,0,/SBA-15 (634 K, 5% O, and 5% propene in He, 1% run), (C) 7.7 wt%
V0,/SBA-15 (675 K, 1 h, 5% O, and 5% propene in He, 2" run), (D) 7.7 wt% V,0,/SBA-15
(675 K, 5% O, in He). Bottom: Evolution of the ion current m/e 56 for the 1% and 2" measurement
run. All measurements were performed with 4 K/min.
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In situ UV-Vis-DR spectra were recorded during temperafuogrammed reaction (298-675 K, 4 K/min,
5% O, and 5% propene in He) to determine the temperathiere the blue shift occurred. The resulting
UV-Vis-DR spectra together with the evolution oktlacrolein ion current (m/e 56) are depicted in
Figure 7-2 for dehydrated 7.7 wt% and 1.4 wt%Q(/SBA-15. For reference a measurement in 596 O
was conducted to ensure that the blue shift ocdusrdy under catalytic condition&igure 7-2, D). In
those spectra, a reversible temperature inducedghidof the UV-Vis edge energy and the absorption
maximum was observed. In the spectra recoded ¥ ®5and 5% propene atmosphere, the blue shift of
the absorption maximum started at 500 K and firdsapproximately at 550 K for dehydrated 7.7 wt%
V,O,/SBA-15 Figure 7-2, A). Interestingly, the beginning of the blue shiftle UV-Vis-DR absorption
band coincided with the onset of acrolein format&irb00 K (and other aldehydes that are not shown)
detected in the online mass spectrometer. The rahgee the blue shift was mainly observed shifted t
530-600 K for dehydrated 1.4 wt%®|/SBA-15 Figure 7-2, B.. The onset of acrolein formation was at
520 K. A second temperature programmed measuremvast conducted subsequently to the first
measurement of dehydrated 7.7 wt%0)y/SBA-15 to investigate if the onset of the catalyttivity was
reproducible. No change was observed in itheitu UV-Vis-DR spectra of 7.7 wt% ¥0,/SBA-15,
except for a temperature induced broadening of ahsorption bandHigure 7-2, Q. The onset
temperature of acrolein formation was still at 30M®ut the increase of the ion current (m/e 56) was
significantly lower than in the first measuremdfdr a better comparison, the ion currents of trst &ind
second measurement are showrfigure 7-2 (bottom) A propene conversion of ~ 8% was detected
directly after reaching 675 K for both measuremeunits7.7 wt% \(O,/SBA-15. Furthermore, the
selectivity towards acrolein decreased from 18%tha first measurement to 14% in the second
measurement. Such a pronounced difference in ttaeat formation between the initial and a second
measurement was not observed for dehydrated 1.4My@@SBA-15. The results presented above show
that the temperature range where the blue shifthen UV-Vis-DR spectra of dehydrated 7.7 wt%
V,O,/SBA-15 occurred (500-600 K) coincided with an gmsed formation and selectivity of acrolein and
other aldehydes. Possible explanations for the IShi& observed and of the increased activity of
dehydrated 7.7 wt% ¥D,/SBA-15 will be discussed iection 7.2.3

7.2.2 Impact of pretreatment procedure and water vapoum cthe local structure of

V,O,/SBA-15 during propene oxidation

In the previous chapter, it was shown that the dedtgd \,O,/SBA-15 structure was present at elevated
temperatures even in the presence of water ingetion atmosphere. The influence of different tieac
conditions, like pretreatment in oxygen and wat@por, on the local structure of®,/SBA-15 during
propene oxidation were investigated here. Threeemxgents were performed. First, the sample was
dehydrated (554-623 K, 1 h, 20% i@ He) prior to the temperature programmed readtigoropene and
oxygen (5% propene and 5% (D He). Second, the hydrated®/SBA-15 samples were used as initial

phase. Third, the hydrated®,/SBA-15 samples were used as initial phase andrwafor was added to
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Figure 7-3: In situ UV-Vis-DR spectra of 7.7 wt% V,0,/SBA-15 (right) and 1.4 wt% V,0,/SBA-15
(left) recorded at 636 K and at 298 K after reaction in 5% propene and 5% O, in He: dehydrated
sample (554 K, 20% 0O,) (solid line, black), hydrated sample (dashed and dotted line, red), and
hydrated sample with water (0.8 Vol%) in the reaction mixture (dotted line, blue).

the reaction mixture (~ 0.8 Vol%). In this experithewater vapor was switched off while cooling the
samples to 298 K. The UV-Vis-DR spectra of 1.4 wd#td 7.7 wt% YO,/SBA-15 for the different
temperature programmed reactions are shovigigare 7-3. Apparently, no difference can be detected in
the UV-Vis-DR spectra recordeth situ at 636 K and at 298 K after reaction. The dehydtat
V,O,/SBA-15 state was present for all three treatmeBisiilar results were obtained from V K edge
XAFS measurementsigure 7-4 depicts the FT(Kk)*k®) of 7.7 wt% \O,/SBA-15 recorded at 723 K
and 298 K for the different temperature programmesaictions. Again, no significant difference was
observed in the F¥(k)*k®) of 7.7 wt% \O,/SBA-15 for the different treatments employ&igure 7-5
depicts thein situ XAFS spectra for 7.7 wt% XD,/SBA-15 (3 procedure, hydrated Oy/SBA-15,
water) to show that a similar evolution of XAFS efpa was observed as described for the dehydration

processes ikhapter 6.2.3
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Figure 7-4: In situV K edge FT(x(k)*k®) of 7.7 wt% V,0,/SBA-15 (right) and 1.4 wt% V,0,/SBA-15
(left) recorded at 723 K and at 298 K after reaction in 5% propene and 5% O, in He: dehydrated
sample (554 K, 20% 0O,) (solid line, black), hydrated sample (dashed and dotted line, red), and
hydrated sample with water (0.8 Vol%) in the reaction mixture (dotted line, blue).
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Figure 7-5: Evolution of the recorded MS ion currents (left, top), and the V K edge pre-edge peak
height (e) and energy position (A ) (left, bottom, relative to 5.465 keV), and the phase fraction for
the hydrated (o) and dehydrated (m) vanadium oxide structure obtained from a PCA (left bottom)
of the V K edge XANES spectra (right, top) that were recorded during the temperature
programmed reaction (5% O, and 5% propene in He, 298-723 K, 5 K/min) of 7.7 wt% hydrated
V,0,/SBA-15. FT(x(k)*k®) (QEXAFS scans) of a comparable measurement are shown on the right
side (bottom).

The XANES spectra, the Ff(k)*k®), MS ion currents, and the respective parametbtaired from a
PCA analysis and an analysis of the pre-edge peahthand position are depicted kigure 7-5.
XANES scans were recorded in the standard operatiode of the monochromator crystals to gain a
better signal to noise ratio. The ElK)*k>) was extracted from QEXAFS scans that were recbida
separate measurement. The usable spectral rante @EXAFS scans was 2.5-9.0'¢kigure 10-4
appendiy. Similar to dehydration of 7.7 wt% ,@,/SBA-15 (Chapter 6.2.3 Figure 6-3), two
components involved in the structural transformatisere determined by a PCA of the V K edge
XANES spectra. The amount of hydrated and dehydratgO,/SBA-15 was determined using the
XANES spectrum of the initial hydrated structuredahe XANES spectrum recorded at 723 K. The
evolution of the hydrated and dehydrated state euasparable to that observed during dehydration in
20% Q. As depicted irFigure 7-5, the transformation of the hydrated(/SBA-15 structure into the
dehydrated YO,/SBA-15 structure occured in the temperature rafngm 300 K to 440 K. In this
temperature range, changes in the XANES were obdemand the pre-edge peak position reached its
minimum Figure 7-5, left botton. In contrast taFigure 6-3in Chapter 6.2.3 a small increase of the
pre-edge peak position was observed above 500 & ofigin of this increase is unclear. It may intéca
change of the coordination spheeg( type of ligand) around the absorbing vanadium exeduring

propene oxidation. The increase of the pre-edgé pegght coincided with the increasing amount of
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dehydrated VO,/SBA-15 phase. This was similar to the dehydratérr.7 wt% \LO,/SBA-15. Below
550 K only the formation of water (m/e 18) was d&td with the online mass spectrometer. An increase
in the ion currents of the reaction products ofpgree oxidation was observed for temperatures higher
than 550 K.Figure 7-5 (left top)depicts the ion currents of water (m/e 18),,q@/e 44), and acrolein
(m/e 56). The formation of reaction products wasesired at temperatures where the dehydrated phase
was already present on the support. Thereforedégdrated structure of,@,/SBA-15 was the main
vanadium oxide phase present during catalytic prepexidation. Then situ FT(y(k)*k®) of 7.7 wt%
V,O,/SBA-15 resembled that of the dehydrated phaseeadd® K. XAFS refinements showed that the
“ordered WO;” model structure was sufficient to describe theeimental FT{(k)*k®) of 7.7 wt%
V,O,/SBA-15 recorded at 723 K for all reaction condiscemployed. Low residuals of 8%, acceptable F
parameters, and acceptable confidence limits wdrireed for all refinements. Compared to the
parameters that were obtained after reaction atkk98nly a small increase of the disorder paranseter
and small changes of the V-V distances were obdeate/23 K. The disorder parameter of the V-V
distances increased (~ 0.014)Aompared to that determined at 623 K in a 20%a@nosphere
(0.009 K Table 6-3 Chapter 6.2.9. The increased? suggests a wider V-V distance distribution which
may be a consequence of structural rearrangeméats oiccur during the reaction with propene.
Nevertheless, for all treatments the ordered dier{&30;] model structure was sufficient to describe the
experimental FT(k)*k®) of the 7.7 wt% VO,/SBA-15 sample under reaction conditions.

In conclusion, the pretreatment procedure and tesgmce of water vapor during catalytic reactiah di
not affect the local vanadium oxide structure gD)/SBA-15. The same dehydratedQ/SBA-15 state

was present for all treatments employed.

Table 7-3: Experimental distances (R), XAFS disorder parameters (02), and coordination numbers
(N) for different types of atom in a model system assuming an ordered arrangement of [V,0-] units
(Chapter 5). Parameters were obtained from the refinement of this model structure to the
experimental V K edge XAFS FT(x(k)*k®) of dehydrated 1.4 wt% and 7.7 wt% V,0,/SBA-15 (k
range from 2.7-10.5 A, R range 0.83-3.62 A, N,y = 16, E; = 0 eV in all cases, (subscript ¢
indicates parameters that were correlated in the refinement, subscript f indicates parameters that
were fixed in the refinement). Dehydration was conducted in 20% O, in He at 623 K and propene
oxidation at 723 K (5% O, and 5% propene in He, 0.8% H,0).

dehydrated hydrated hydrated dehydrated, aftetiora
723 K 723 K 723 K 298 K
5% propene, 5% O 5% propene, 5% O 5% prop., 5% @ 0.8 % HO He

Type (N) | RIA] o’[A7] R[A] R[A] R[A] o’[A7] R[A] o’[A%]
V-0(1) 1.79 0.0084 1.78 0.0084 1.78 0.0088 1.78 0.0069
V-0(1) 1.79 0.0084. 1.78; 0.0084, 1.78; 0.008& 1.78; 0.0069.
V-0(2) 1.79 0.0084. 1.78; 0.0084, 1.78; 0.008& 1.78; 0.0069.
V-0(1) 291 0.0012 2.88 0.0012 291 0.0012 2.89 0.0012
V-V(1) 3.26 0.0146 3.30 0.0165 3.32 0.0140 3.33 0.0123
V-V(1) 3.59 0.0146 3.63 0.016% 3.63 0.014Q 3.60 0.0123
V-Si(1) 2.56 0.0104 2.53 0.0121 2.55 0.0105 254 0.0923
Residual 7.3 55 4.9 4.1
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7.2.3 Discussion of possible origins of the UV-Vis edgeeegy shift during propene oxidation

In the previous chapter various reasons were disclthat may explain the UV-Vis edge energy shift
observed in the UV-Vis-DR spectra: (i) reducelf ¥enters which exhibit CT absorption bands at lower
wavelengths, (i) less distorted VO tetrahedroiig, ¢hanged oxygen groups (V-O-$» V-OH ), and

(iv) changed connectivity (dimerie» isolated vanadium centers).

A reduction of tetrahedral ¥ vanadium centers to tetrahedrdl \ér \** centers (reason (i)) seems not
very likely because of the unchanged pre-edge petide V K edge XANES spectr&igure 7-1) and the
unchanged Raman band at 1040 ofigure 7-7). However, a tetrahedral vanadium oxide specig wi
reduced vanadium centers would exhibit absorpteamdb in the UV-Vis range with maxima that are blue
shifted compared to the maxima that are detectedVfd vanadium centers [132]. Thus, reduced
tetrahedral vanadium centers may be one reasornhéorblue shift observed in the spectra of the
dehydrated YO,/SBA-15 samples during propene oxidatidfiglre 7-6). That no reduction of the
tetrahedral vanadium oxide phase occurred duringeémperature programmed reaction in propene and
oxygen was investigated by an isothermal UV-Vis-DB®eriment at 675 K. Dehydrated 7.7 wt%
V,O,/SBA-15 was heated to 675 K and held for 15 minintes% G in He. During the thermal treatment

in 5% G in He, only a red shift of several nm was detecidte exposure of the sample to the reaction
atmosphere at 675 K (5 min, 5% @nd 5% propene) caused an immediate blue shifirder to reveal
whether the blue shift was not caused by reduceddiam phases the atmosphere was switched to 20%
O, in He to induce a re-oxidation. No change in thsaaption spectra was observed. Thus, it was shown
that the blue shift was not caused by the formatiérreduced (V'/V3") tetrahedrally coordinated

vanadium centers.
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Figure 7-6 Left: /n situ UV-Vis-DR spectra of dehydrated 7.7 wt% V,0,/SBA-15 (623 K, 1 h) after
subsequent treatment at 675 K in (1.) oxygen, (2.) propene and oxygen, and (3.) oxygen. Right:
2Gj CP-MAS-NMR of SBA-15 and 7.7 wt% V,O,/SBA-15 treated at different temperatures:
(A) SBA-15, (B) dehydrated 7.7 wt% V,0,/SBA-15 (653 K, 1 h), (C) dehydrated 7.7 wt%
V,0,/SBA-15 (653 K, 1 h) after propene oxidation (5% propene and 5% O, in He, 673 K, 1 h). The
red curve is the sum of the Gaussian functions used for the profile refinement.
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The second reason, (ii), that the distortion of Y@ tetrahedron decreased was not corroborated by
XAFS refinement results. A blue shift of the UV-\asglge energy would be observed if the average V-O
bond length decrease@lfapter 5.2.2, Figure 5-2, right The parameters ifable 7-2show clearly that

the average V-O distance and the disorder parasnetelerwent no significant change.

Reason (iii) implies a change of the oxygen ligaindisiced by the interaction with the propene mdkecu
In the previousChapter § such an exchange was interpreted by a change@HA5i-OH to V-O-Si
groups. This interpretation was corroborated by NM@&surements that allowed determining the Si-OH
distribution on the SBA-15 support. As shownFilgure 7-7 (right), exclusively @ type Si centers and
no Si-OH centers were detectable on the SBA-15 atiggiter the catalytic measurement of dehydrated
7.7 wt% ,O,/SBA-15. However, Gaet al. [23] observed a similar decrease of the numbesalated
Si-OH centers with NIR-DR spectroscopy for a 1%OySiO, sample under catalytic (methanol
oxidizing) conditions. For the same 1%Q/SiO, sample, they observed a comparable blue shitief t
UV-Vis edge energy from 3.6 eV to 3.8 eV as obseiivere for VO,/SBA-15 under catalytic conditions.
Gaoet al. [23] assigned the decrease in Si-OH centers tdaimeation of Si-O-GH, species. The blue
shift in the UV-Vis-DR spectra was assigned to fitvenation of isolated 4-fold V-methoxy species [23]
which is in contrast to the interpretation heree Tkasibility of detecting V-O-E, species formed
during propene oxidation at 675 K with UV-Vis-DR&esns not very likely. Even though such V-GHC
and Si-O-GH, species may form as intermediates, it is expetted these are oxidized in 20%, O
atmospheres at 675 K and that the blue shift veiltéversibleFigure 7-7 (left) shows that no change in
the UV-Vis-DR spectra of 7.7 wt% ,@,/SBA-15 was observed after changing the gas phasa f
catalytic conditions to 20% £at 675 K. Therefore, the transformation of V-OHW&D-Si bonds seems
to be the explanation of the blue shift if it wassamed that the type of oxygen group changed during
propene oxidation. Another reason, (vi), for theerved blue shift in the UV-Vis-DR spectra may be a
change in the average V-O-V number. In this casejesof the dimeric centers may transform into
isolated tetrahedral vanadium centers, and additidfrO-Si bonds are formed. Reason (vi) was
corroborated by the decreasing UV-Vis edge enegggrchined for dehydrated,®,/SBA-15 after the
reaction which indicates a lower connectivity of tranadium centers (V-O-V numb&hapter 5.2.2. In
contrast, the XAFS measurements showed no clead tieat would support this interpretation. The
increase of the disorder parameter of the V-V distas (3.3 and 3.6 A) for 4.1 wt% and 7.7 wt%
V,O,/SBA-15 (Table 7-3 may indicate that some of the dimeric tetrahedrahadium centers
transformed into isolated ones. Nevertheless, fiposite trend was observed for 1.4 wt%0)y/SBA-15.
The disorder parameter for the V-V distances ofvit% V,O,/SBA-15 decreased after propene oxidation
(Table 7-2. However, the transformation of V-OH/Si-OH groupsV-O-Si bonds (reason (iii)) rather
than the V-O-V bond rupture (reason (iv)) seemdbeaothe more likely explanation of the blue shift
observed in the UV-Vis-DR spectra. This suggesti@s corroborated by the fact that the blue shift of
the UV-Vis edge energy observed was larger forwit% V,O,/SBA-15 than for 4.1 wt% and 7.7 wt%
V,O,/SBA-15. 1.4 wt% VO,/SBA-15 already exhibits a considerable amount sofated vanadium

centers and a lower number of V-O-V bonds.
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7.2.4 Enhanced reactivity of 7.7 wt% ¥D,/SBA-15—-Impact of YOs and carbonaceous species

In the temperature range where the blue shift ef Wh-Vis absorption bands occurred, an increased
acrolein formation was detected in the first measwmt run of 1.4 wt% and 7.7 wt% Q/SBA-15
(Figure 7-2, A and B. This was visible as a small shoulder in the keénaon current detected in the first
measurement rurF{gure 7-2, botton). For 1.4 wt% VO,/SBA-15, the ion current at temperatures above
600 K was not higher than in the second run. Tleeefthe increased acrolein formation in the lower
temperature range of 500-600 K may be correlated thie structural rearrangement of the dehydrated
V,O,/SBA-15 structure in the initial phase of the réact The increased acrolein formation detected for
7.7 wt% VO,/SBA-15 at higher temperatures may be caused bgr odmsons. The presence ooy
seems likely for 7.7 wt% MO,/SBA-15 in contrast to 1.4 wt%,®,/SBA-15. These small fractions of
V,0s may enhance the reactivity of 7.7 wt%QJ/SBA-15 for propene oxidation. That bulk®5 is
active for the selective oxidation of propene tadgaacrolein will be discussed in more detaiCimapter

2. The UV-Vis-NIR-DR spectra of 7.7 wt%,®,/SBA-15 showed small absorption bands in the NIR
range of the spectra which are indicative for vamadcenters with lower oxidation states. Conversigly
the UV-Vis-NIR-DR spectra of 1.4 wt%,@,/SBA-15 and of freshly calcined and dehydratedwt%
V,O,/SBA-15 Figure 7-7, lef), such absorption bands were not detected in tRerBinge (0.5-2 eV).
Thus, these bands may be caused h®s\formed during aging that was reduced under reactio
conditions. \4Os crystallites can be detected very sensitively bBynBn spectroscopy. Conversely, Raman
bands of reduced vanadium oxide species are hdethctable by Raman spectroscopy [18,161].The
cross-section for Raman scattering is near zeroefuced vanadium centers [161]. A reversible ghift
1035 cnt was detected for the Raman band at 1041, amich was assigned to temperature depended

effects.
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Figure 7-7 Left: In situ UV-Vis-NIR-DR spectra of dehydrated (dashed line) 1.4 wt% and 7.7 wt%
V,0,/SBA-15 (623 K) after 1% (solid line) and 2" (dashed and dotted line) catalytic measurement
(675 K, 5% O, and 5% propene in He). Right: /n situ Raman spectra of dehydrated 7.7 wt%
V,0,/SBA-15 (723 K, 20% O, in N;) in 5% O, and 5% propene in N,; 514 nm, 6 mW.
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Even though (reduced), s was observed for 7.7 wt%,®,/SBA-15 the increased acrolein formation
detected was not assigned to such a phase. ThenawioW,0s formed on 7.7 wt% YO,/SBA-15 was
estimated to be 3-5% of the vanadium oxide ph&bseyfter 6.2.9. As discussed later o€apter 7.2.9,

it was shown by catalytic testing that this amaisrtbo low to explain the increased activity of W6
V,O,/SBA-15.

Carbonaceous species formed during reaction may atdhance the catalytic activity of 7.7 wt%
V,O,/SBA-15 for the propene oxidation. The formationcafbonaceous species in propene atmospheres
was reported by Zhaet al.[158]. They observed characteristic Raman bandpptoximately 1400 cth

and 1600 cil in thein situ Raman spectra of 5% and 89%Q//SiO, catalysts (1.2 and 2.7 V/din
recorded at 623 K in 3% propene [158]. Such Ranzard® were visible in thia situ Raman spectra of
hydrated and dehydrated 7.7 wt%Oy/SBA-15 recorded during the temperature programraadtion in

5% propene and 5%.,0n the range from 298 K to 523 Ikigure 7-8). These bands were not detected at
higher temperatures. The Raman bands of carbonscgmcies had a significantly lower intensity for
7.7 wt% LO,/SBA-15 dehydrated prior to reaction in propene arggen Figure 7-8, righ). Hence,
intermediates during the dehydration of hydrate®YSBA-15 may enhance formation of carbonaceous
species. The carbon formation observed was noeddug residual carbon from the preparation because
carbon amount lower than 0.1 wt% was determine@HN elemental analysis of hydratedQ//SBA-

15 samples. Hence, the carbon has to be formedebgnaposition of propene. Nevertheless, Raman
bands of the carbonaceous species were not ddeeabbve 573 K. This temperature is below the
temperature (600 K) where 7.7 wt%Q®{/SBA-15 showed an increased activity for acrol&nrfation
compared to 1.4 wt% X0,/SBA-15. Apparently, neither XDs nor carbonaceous species were responsible
for the enhanced catalytic activity of 7.7 wt%Qy/SBA-15. Therefore, this effect is assigned to an
intrinsic property of the “ordered, ;" structure of dehydrated X,/SBA-15 present for high vanadium

loadings near the maximum vanadium coverage ofdigpvanadium oxide species on SBA-15.
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Figure 7-8 Left: /n situ Raman spectra of hydrated 7.7 wt% V,0,/SBA-15 during propene oxidation;
5% 0O, and 5% propene in N, 514 nm, 6 mW. Right: Comparison of the /n sitv Raman spectra of
hydrated and dehydrated 7.7 wt% V,0,/SBA-15 during propene oxidation at 473 K and 523 K.
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7.2.5 Evaluation of the different reactor types for quaitative catalytic measurements

Prior to the discussion of the results obtainednfroatalytic reaction tests a short evaluation & th
suitability of the reaction cells used for cataiytheasurements will be performed. Three differgpes

of reaction cells were used to characterize tf@,A5BA-15 samples under propene oxidizing conditions.
Mainly in situ XAS and UV-Vis-DRS cells were used for the struatiharacterization. Catalytic results
obtained in thén situ cells were compared to measurements conductedaiboaatory fixed bed reactor
(SiO, tube, “quartz glass”). Therefore, bathsitu cells and the reactor were connected to the sauhireeo
mass spectrometer and gas chromatograph to all@ltative and quantitative determination of the
respective gas phase composition. The catalytipgre oxidation (5% ©Oand 5% propene in He) of
dehydrated 7.7 wt% ¥D,/SBA-15 (20% Q in He, 554-653 K) is used for comparison. The prap
conversion and the sum selectivity towards all @naged reaction products as a function of temperatu
are depicted ifrigure 7-9for all reactors used. A more detailed depictiorihaf selectivities is given in
Figure 10-5in the appendix. The temperature range where saltlepresults were obtained was different
for all reactors used. For XAFS measurements feligbantitative results were obtained for tempeestu
higher than 673 K. The low propene conversion ie thuthe low sample mass of 2.4 mg, which was
required for the XAFS measurements at the V K etlyeontrast to thén situ XAS cell, significantly
higher propene conversion was determined ininhgtu UV-Vis-DR cell for temperatures above 520 K
because a higher amount of sample could be intemtiinto the sample holder (18.9 mg). Temperatures
higher than 673 K were not feasible in thesitu UV-Vis-DR cell. Moreover, a high deviation of 206
temperature between the sample and the sample asplserved. The sample mass in the quartz glass
reactor was adjusted to a propene conversion batbe®% at 673 K. According to the different sample
masses used, the rate of propene oxidation andeipective selectivities of the reaction products a

compared irFigure 7-9 (right).

633 K 635K 673K 676 K
1

o — —_— ! ! |
“ —i— 'XAS I ' I ' —O0— 10 10 W 14 V] acetic acid
—A— SiO, tub A—N— ] [_Jacrolein
s o .u ¢ —0— [EEEE acetone
—_ ~&- UV-VisDRS 108 0.8 12 B propionaldehyde
= or A (7 B sl p BXacetaldehyde
® O~ \ 2 10 & [Jco
g N {062 06 3 mmco,
S s = 8 5 I Rate
a 2r S 3B =
5 a8  Loa 6 2
1z 15 S $ g
o e &
> 0l 4 &
z 10 D g,
S {02 @ 0.2 &
5t 2
Y 0.0 0.0 0
500 600 700 800 SiO, Tube UV-VisDR ~ XAS  SiO ,Tube

Temperature [K]

Figure 7-9: Propene conversion and oxygenate selectivity (left). Propene conversion rate referred
to the sample mass, and product selectivities determined in the different measurement cells during
the temperature programmed propene oxidation using dehydrated 7.7 wt% V,0,/SBA-15 (right).
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Rates of propene oxidation relative to the masshefcatalyst were comparable for the temperatures
employed. The reaction rate was slightly increa®edhe UV-Vis-DR cell compared to the fixed bed
reactor at the same temperature (633 K). Reactites rdetermined at 673 K in the XAS cell and in the
fixed bed tube reactor were almost the same. Nesleds, the selectivities of the reaction products
formed were different for the various reaction €elh contrast to the tube reactor and the UV-Vi8-D
cell, no acetic acid was observed in the XAS cd&lhough the propene conversion of the empty XAS
cell (stainless steel) was low (< 0.5%pgfne 673 K) compared to the sample measurement
(~1.8% Xyropene 673 K), the cell itself may be active for propemnédation. Therefore, the XAS cell was
not suitable for deriving quantitative catalyticuits. Comparing the catalytic results of the trdmctor
and the UV-Vis-DR cell, similar selectivities ofetlreaction products were detected. Compared to the
tube reactor, higher selectivities of €8nd CO were detected, whereas lower selectiuitiexetic acid
and acetaldehyde were observed in the UV-Vis-DR églproximately the same selectivity towards
acrolein was detected for both reaction cells (1in%SiO, tube reactor, 15% in UV-Vis-DR cell).
Therefore, some fractions of the partial oxidatmmoducts (mainly acetic acid and acetaldehyde) were
reacting to form CO and GOn consecutive reactions in the UV-Vis-DR cell.€Bl reactions may take
place at the hot sample holder (metal) or at sarguations exhibiting a higher temperature than the
average fraction of the sample. In summary, coniparaatalytic behavior was detected for propene
oxidation conducted in the quartz glass reactor thedUV-Vis-DR cell. For clarity and to reduce the
numbers of figures below only the quantitative fessabtained in the SiOtube (“quartz glass”) reactor

are depicted.

7.2.6 Impact of the pretreatment procedure on the catadyperformance of YO,/SBA-15

In situ spectroscopic measurements showed that a sinalzdium oxide structure was present on the
SBA-15 support under catalytic conditions independd thermal pretreatment prior to the catalytios

or the presence of water vapor. The vanadium ositlecture was proposed to be similar to the
dehydrated YO,/SBA-15 structure that consists of an ordered gearent of [O;] units and in the
case of 1.4 wt% MO,/SBA-15, also of [VQ] vanadium centers. Exposure to catalytic condgicesulted

in an increasing structural disorder of the vanaditenters on the support. This was observed to be
independent of the vanadium loading for all prdtremt and reaction conditions. Hence, if a similar
structure is present under catalytic conditiong #ame catalytic performance will be measured.
Evolution of propene conversion as a function ehgerature is shown ifigure 7-10 for differently
treated 7.7 wt% and 1.4 wt%,0,/SBA-15. The sample mass of®/SBA-15 with different loading
was adjusted to the same amount of vanadium inréhetor (~ 0.8-0.9 mg V). For clarity SBA-15
(105 mg) and boron nitride (240-290 mg), which wased as diluent, showed propene conversions below
~0.2 % Table 7-§.
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Figure 7-10: Propene conversion during propene oxidation (5% O, and 5% propene in He) on
1.4 wt% V,0,/SBA-15 (right) and 7.7 wt% V,0,/SBA-15 (left): (A) dehydrated sample; 653 K, 1 h,
20% O, in He; (B) dehydrated sample, 763 K, 1 h, 20% O, in He, (C) “recalcined” sample, 843 K,
12 h, 20% O, in He; (D) “multistep” sample: (i) 843 K, 12 h, 20% O, in He, (ii) 298 K, 24 h, 20%
0, and 2% H,0 in He, 653 K, 1 h, 20% O, in He; (E) hydrated sample; (F) hydrated sample and
0.8% H,0 in the reaction gas; (G) physical mixture of V,05 and SBA-15 (8 wt% V); (H) physical
mixture of “ball milled” V,05 and SBA-15 (8 wt% V). Approximately 0.8-0.9 mg V was used for all
measurements.

For the reaction conditions employed in the spascwpic measurements, the same propene conversions
with increasing temperature were observed for difily treated samplegigure 7-10, curve AE,F).
However, differences were present when 7.7 wid®XSBA-15 was pretreated at 763 K for 1Rigure

7-10 left, curve B or recalcined at 843 K for 12 Rigure 7-10 left, curve ¢ The propene conversion
decreased significantly compared to measurementeuii a pretreatment proceduréigure 7-10 left,
curve E,B or with a thermal treatment at lower tempera{@®3 K, Figure 7-10 left, curve A Such a
difference was not observed for 1.4 wt%Oy/SBA-15 Figure 7-10 righy.

NMR measurements showed that after recalcination. 6iwt% \LO,/SBA-15 almost no Si-OH centers
were detectable Ghapter 6.2.6, Figure 6-) Additionally, XAS measurements showed that the
dehydrated vanadium oxide structure was the sardetasmined for the standard pretreatment procedure
(623 K, 0.5-1 hChapter 6.2.9, Table 6)3 Furthermore, in the case of “aged” 7.7 wt%Oy/SBA-15
samples, a decrease of the structural disordeheof'dged” dehydrated vanadium oxide structure was
observed after recalcination. In contrast to therdased structural order of the vanadium oxide @has
after recalcination, a significant change in theBPSAspectra was observed if the “recalcined” sawgle
treated under reaction conditionkigure 7-11 depicts the V K edge XANES spectra and the
corresponding FT(k)*k®) of “recalcined” 7.7 wt% \O,/SBA-15 after reaction in propene and oxygen.
A decrease of the pre-ege peak height from 0.7868 was detected in the XANES spectra. Using the
linear correlation introduced i€hapter 5.2.4 an increase of the average V-O distance from 1077
1.84 A was indicated. A reduction of the valencehef vanadium centers, which may explain a decrease
of the pre-edge peak, was excluded because of ibbanged energy position of the pre-edge peak

maximum in the V K edge XANES (5.4 eV relative td\edge at 5465 eV).
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Figure 7-11: V K edge XANES spectra (left) and FT(x(k)*k’) (right) of 7.7 wt% V,0,/SBA-15
recorded at 298 K after “recalcination” at 768 K for 8 h in 20% O, in helium (A) and after a
temperature programmed propene oxidation at 723 K, 5% O, and 5% propene in He (B).

Moreover, a change in the V-O coordination fromat5-fold seems likely but cannot be distinguished
unambiguously from a distorted 4-fold V-O coordinat To show that the dehydrated,{¥] model
structure was suitable to describe the experimditgl(k)*k>) of recalcined 7.7 wt% MO,/SBA-15 after
reaction in propene and oxygen, an XAFS refinenveas conducted. The results are summarized in
Table 7-4 Compared to the refinement conducted to the@kJ'k®) after calcination, an increase of the
disorder parameters of all scattering paths usesl a@etermined. A significant increase of the V-V
distances was determined, which was accompaniednbincrease of the confidence limits. For the
disorder parameters determined for the V-Si distaaic2.5 A and for the V-V distances, F parameters
higher than 0.5 were determined. After propene atidgth that was conducted after a recalcination
pretreatment (> 760 K), the vanadium oxide striectuias strongly distorted. This is in contrast to

samples pretreated below 723 K.

Table 7-4: Experimental distances and XAFS disorder parameters (o) for different types of atom at
distance R from the absorbing V atom in a model system assuming an ordered arrangement of
[V,05] units (Chapter 5). Parameters were obtained from the refinement of this model structure
to the experimental V K edge XAFS FT(y(k)*k®) of dehydrated 7.7 wt% V,0,/SBA-15 (k range from
2.7-10.5 A, R range 0.83-3.62 &, Ny = 16, E, = 0 eV in all cases, (subscript ¢ indicates
parameters that were correlated in the refinement, subscript f indicates parameters that were fixed
in the refinement). Recalcination was conducted in 20% O, in He at 768 K for 8 h and propene
oxidation at 723 K (5% O, and 5% propene in He).

7.7 wt% LO,/SBA-15

dehydrated for 12 h, 768 K after propene oxidation
Type (N) R[A] o’[A7] R[A] o’[A%]
V-0(1) 1.78 0.0063 1.79 0.0108
V-0(1) 1.78 0.0063 1.79; 0.010&
V-0(2) 1.78 0.0063 1.79; 0.010&
V-0(1) 2.89 0.0012 2.93 0.003
V-V(1) 3.30+0.02 0.0010 3.37+0.04 0.0149 (F=0.6)
V-V(1) 3.60+0.03 0.0019 3.73+0.07 0.0149
V-Si(1) 2.53 0.0112 2.52 0.0190 (F=0.8)
Residual 5.9 9.5
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Spectroscopic measurement suggested that duringathbytic process V-O-Si bonds were formed. The
formation of such bonds to the support would be eniikely if Si-OH centers were present. As
determined from NMR, these centers were almostrdleféer recalcination of 7.7 wt%,®,/SBA-15.
Thus, the low availability of these centers on leioad 7.7 wt% VO,/SBA-15 causes the high structural
distortion of the vanadium oxide structure becaafsa lack of binding sites with the support SBA-15.
Such a decrease in propene conversion was notvelosésr low loaded 1.4 wt% ¥D,/SBA-15. This
may be explained by the lower V to surface rati@ @nnt) and the higher surface (40%) of this sample.
Thus, the probability that Si-OH centers remainfidrahe recalcination process was higher. Duéhéo t
fact that no comparable NMR or XAFS measurementsewserformed with recalcined 1.4 wt%
V,(O,/SBA-15 this could not be investigated further. rtiee presence of OH groups, either Si-OH or V-
OH, was important for obtaining the higher propenaversion was shown by a rehydration experiment.
Curve D inFigure 7-10shows the propene conversion for 7.7 wtY@¥SBA-15 that was pretreated in a
multistep procedure. The sample was recalcinedZdn at 843 K and afterwards rehydrated at 298rK fo
24 h with 2% HO vapor and finally dehydrated for 1 h at 653 KteAfthis multistep treatment the
propene conversion above 600 K was even enhancagased to 7.7 wt% MO,/SBA-15 that was just
dehydrated at 653 K for 1 h.

For 7.7 wt% VO,/SBA-15 V,0s may have formed on the SBA-15 support. Therefdp€s may cause
the increased activity compared to recalcined 7t% w/,O,/SBA-15. To estimate the reactivity of
crystalline \LOs compared to 7.7 wt% XD,/SBA-15, two physical mixtures of XDs and SBA-15 with

8 wt% V were prepared. The first mixture was prepausing well crystalline 305 (domain size >>
1000 A) and the second with less crystallin®y/(Debye-Sherrer domain size ~ 170 A) that was ¢dkat
in a ball mill. Both samples showed an increasingppne oxidation above 650 Kigure 7-11 left,
curve G and H. In contrast to the well crystalline,®&; sample, the “ball milled” YOs sample showed a
strong increase in the propene conversion aboveK7®®r higher temperatures the propene conversion
remained constant, whereas the oxygen converswadred to ~ 100 %. Similar to the results disaisse
in Chapter 2for bulk V,0s, reduced ¥ and \#* phases may be present. Thus, “nano” crystalling.V
formed on SBA-15 may have a similar reactivity@awvér temperatures as the dehydrate@®XSBA-15
phase, but it is more likely that this phase isured to less reactive*and \#* vanadium oxide phases
at higher temperatures (> 700 K). Furthermore réaetivity could only be only comparable to 7.7 wt%
V,O,/SBA-15 if an equal V mass was used for the cédtalyeasurements. I8hapter 6.2.9%the amount

of V,Os formed on “aged” 7.7 wt% X0,/SBA-15 was estimated by Raman spectroscopy td#heTdis
would mean that only 0.2 wt% of the V was presentceystalline Os. Such a small amount of

crystalline \LOs would not explain the increased reactivity of ®i% V,0,/SBA-15.

A second measurement run was conducted to invéstiba reproducibility of the increased propene
conversion on 7.7 wt% ¥D,/SBA-15 with “mild” or no pretreatment procedufégure 7-12depicts the
propene conversion during the first and the secomdsurement of 7.7 wt%,8,/SBA-15 pretreated at
653 K for 1 h or pretreated at 763 K for 1 h.
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Figure 7-12: Propene conversion and oxygenate selectivity during propene oxidation (5% O, and
5% propene in He) of 7.7 wt% V,0,/SBA-15 for different treatments. During subsequent
temperature programmed reactions (left) and under isothermal conditions at 673 K (right).

Similarly to the UV-Vis-DRS measurementBidure 7-2, bottom, left the formation of aldehydes
increased for the first run of 7.7 wt%®;/SBA-15 pretreated at 653 K for 1 Rigure 10-6 appendiy.

For 7.7 wt% VO,/SBA-15 pretreated at 653 K, the conversion of prepwas lower in the second run,
whereas the conversion increased for 7.7 wi#X5BA-15 pretreated at 763 K for 1 h. It seems fbat
both pretreatment procedures the conversion ofgmempproached the same value. In order to further
investigate this behavior long-term measurementd2(¢h) at 673 K were performed for selected

pretreatment procedures.
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Figure 7-13: Oxygenate selectivity versus propene conversion determined after 8-12 h at 673 K
(left) for 7.7 wt% V,0,/SBA-15 and comparision of the product selectivities for similar propene
conversion (right): (A) dehydrated sample, 653 K, 1 h, 20% O, in He; (B) hydrated sample; (C)
hydrated sample and 0.8% H,0 in the reaction gas, (D) “recalcined” sample, 843 K, 12 h, 20% O,
in He. (Details Table 7-5).
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In all measurements the propene conversion andefleetivity towards €and G oxygenates approached
the same valuesFigure 7-12, righ). These were similar to the values obtained for Wit%
V,O,/SBA-15 dehydrated at 653 K for 1 h. After the lelegm measurements, the initial flow rate was
varied (20-75 ml/min, ~ 0.8 ml reactor volume, 15825 K* GHSV). The resulting selectivity versus
propene conversion is depicted Figure 7-13 As indicated from the subsequent measuremengs, th
dependence of the selectivity on the propene ceimerwas similar for all treatment procedures
employed. For all treatments of 7.7 wt%Qy/SBA-15, an increase of the CQCO and CQ) formation
was measured with increasing propene conversianila8i product selectivities were obtained for all
treatment procedures for the same propene convensid-5 % Table 7-5. The main difference between
the various treatment procedures was the increlaselectivity towards acetic acid from 7 to 10-18%
the samples that were not pretreated in oxygen.atlditional water content in the reaction gas mmixtu
of 0.8 Vol% did not change the selectivity towarte products formed. Interestingly, 7.7 wt%
V,O,/SBA-15 that was recalcined prior to reaction iroggne and oxygen showed a significantly
enhanced oxygen conversion of 20%. This was moaa tiwvice as much as detected for the other
treatment procedures. This pretreatment resultethénlowest propene conversion rate of 7.7 wt%
V,O,/SBA-15.

The same catalytic performance was observed fdrestment procedures. This matches the observation
that the same vanadium oxide species were preserthe support. UV-Vis-DR spectra that were
recorded after 4 h at 673 K in the reaction mixtsihewed a blue shift of the characteristic absonpti
band of the dehydrated tetrahedralOySBA-15 phase. Furthermore, absorption bands bélo® nm

(2 eV) that are indicative for d-d transitions efluced vanadium oxide phases were detected. Sebhe V
phases may have formed that were reduced duringeti@ion. The UV-Vis-DR spectra of subsequent
measurements of 7.7 wt%®,/SBA-15 in propene showed a similar trefiglre 7-14). The amount of
reduced V slightly increased after a second tentpergprogrammed reaction in propene and oxygen.
Conversely, absorption bands below 600 nm were nabise the UV-Vis-DR spectra for 1.4 wt%
V,O,/SBA-15 after propene oxidation of 4 h at 673 Keféfore, the dehydrated tetrahedral species was
not reduced.

Table 7-5: Product selectivities and propene conversion of 7.7 wt% V,0,/SBA-15 at 673 K after
8-12 h (Figure 7-13 (right)): (A) dehydrated sample, 653 K, 1 h, 20% O, in He; (B) hydrated
sample; (C) hydrated sample and 0.8% H,0 in the reaction gas, (D) “recalcined” sample, 843 K, 12
h, 20% O, in He. (*rate [HMOl,ropene/(9:S)] g=m, or mcy; **GHSV gas hour space velocity referred
to a 0.8 ml reactor volume and a 20-75 ml/min volume flow).

Treat- | Mass| GHSV** Con[:)//oe]rsion Raté Selectivity [%] b al(a:1 nce
ment mg [A] CHs O m mg| CO, CO Aa Pa Ac Ar AcA ZSZ' [%]
A 10.6 4500 4.4 9.5 118 9 20 29 15 9 1 17 8 50 99.5
B 10.8 5625 4.8 11.6 158 12 18 30 15 7 2 16 13 P2 9.79
C 10.6 4500 4.1 12. 110 8 20 32 14 6 1 17 10 A8 0.710
D 11.0 3000 4.0 20.3 69 5 20 31 15 6 1 19 7 48 99.5
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Figure 7-14: UV-Vis-DR spectra of dehydrated (623 K, 20% O, in He) 1.4 wt% (right) and 7.7 wt%
(left) V,O,/SBA-15 recorded at 298 K after dehydration (solid line) and propene oxidation (dotted
line) at 675 K for 4 h.

7.2.7 Impact of the vanadium loading on the catalytic germance of \(\O,/SBA-15

Figure 7-15 depicts the conversion and the selectivities olethifor all \(O,/SBA-15 samples during
temperature programmed reaction and during isothlereaction in 5% propene and 5% oxygen at
673 K. The sample mass was adjusted to the sanwiwan content in the reactor. All samples were
dehydrated in 20% £n helium at 653 K for 1 h before temperature pangmed reaction in propene and
oxygen. The same increase in propene conversiordei@sted for 1.4 wt% and 4.1 wt%Q®/SBA-15
(Figure 7-15, left bottor)i Higher 673 K the propene conversion of 7.7 wt%OYSBA-15 was
significantly increased compared to the propenesecsion of 1.4 wt% and 4.1 wt%,®,/SBA-15. For
lower temperatures the increase in propene cormrersias similar to that of the lower loaded
V,O,/SBA-15 samples. The corresponding products seltéet are depicted ifigure 7-15 (right). For

all vanadium loadings an increase in the formatbérCO, products was detected (g@nd CO) with
increasing temperature. Approximately the sameutin of the CQ selectivity was detected for all
V,O,/SBA-15 samples. Conversely, the selectivity towaf@iO increased with increasing vanadium
loading. Furthermore, mainly acetaldehyde, prodaetayde, acetone, acrolein and acetic acidaf@ G

oxygenated products) were detected for aDYSBA-15 samples.

In contrast to 4.1 wt% and 7.7 wt%®;/SBA-15, only minor amounts of acetic acid wereedéible for

1.4 wt% \VLO,/SBA-15. Conversely, higher amounts of propionajdiehwere detected for 1.4 wt%
V,O,/SBA-15. Except for the selectivity towards acroleand acetaldehyde for 1.4 wt%Q(/SBA-15, a
significant drop in the € and G selectivity oxygenated products was observed viittreasing
temperature. For a more precise comparison, thextsaty versus conversion plots were measured by
varying the initial flow rate of the sample gassatm (20-75 ml/min total volume flow, ~ 0.8 ml react
volume, 1500-5625"hGHSV). These measurements were conducted aft@rt8at 673 K to ensure that
no fast changes in the gas phase composition aztuPropene conversion and selectivities determined

were constant after that time for all sampleggre 7-15,right).
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Figure 7-15 Left, top: Propene conversion and oxygenate selectivity during propene oxidation (5%
0, and 5% propene in He) of dehydrated 1.4-7.7 wt% V,0,/SBA-15 under isothermal conditions at
673 K (right). Left, bottom and right: Propene conversion and product selectivity of dehydrated
1.4-7.7 wt% V,0,/SBA-15 during the temperature programmed reaction in propene and oxygen
(5% 0O, and 5% propene in He). (symbols on right side: circle=CO, square=CO,, closed triangle
up=acrolein, open triangle up=acetaldehyde, open triangle down=propionaldehyde, half filled

triangle= acetone, closed star=acetic acid).

A decrease of oxygenate products with increasirgpgme conversion was observed for all samples
(Figure 7-16, top left. The sum selectivity towars all oxygenates wasraximately 10% higher for 1.4
wt% V,O,/SBA-15 than for 4.1 wit% and 7.7 wt%,0(/SBA-15. The single selectivities towards the
products formed were compared at the same propemeision. The detailed results are listed @ble

7-6 and shownFigure 7-16 Interestingly, the ratio of the reacted amountogygen and the reacted
amount of propene increased from 1.3 to 2.0 andatb increasing amount of vanadium on SBA-15,

respectively. Hence, different reaction mechanisay mroceed on the higher loadedOyJ/SBA-15

samples.
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Table 7-6: Product selectivities and propene conversion of dehydrated 1.4-7.7 wt% V,0,/SBA-15
(653 K, 1 h, 20% 0,) at 673 K after 8-12 h. (! rate [HMOlpropene/ (9°5)1; 2 GHSV gas hour space
velocity referred to 0.8 ml reactor volume and 20-75 ml/min volume flow,? ball milled V,0s +
SBA-15, *at 643 K, © at 684 K).

Conversion T C
Sample | Mass| GHSV (%] Rate Selectivity [%] balance
[wt% V] mg [hY CHse O, | m mg| CO CO Aa Pa Ac  Ar AcA Gy [%0]
14 10.6 3000 37 44 63 0.9 20 15 12 20 5 25 2 64 99.4
4.1 21.8 3000 3.6 6.5 59 2.4 20 26 17 7 2 23 5 b4 9.99
7.7 60 5625 3.6 83 121 938 19 28 15 10 2 18 7 b2 9.7 9
g 11.5 3000 2.6 6.2 41 3.2 22 29 16 3 1 20 8 49 1100.
V,05" 20 3000 2.8 6.0 5 2.9 28 15 13 2 2 20 13 %0 99.8
SBA-15 | 105 | 3000 - - - - - - - - - - - -
BN® 460 3000 0.2 0.3 - 0.0 33 22 7 - - 22 - a0 100
1077177117 10 - 3
o [ propene conversion
® Lawt%] - ] oxygen conversion =
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Figure 7-16: Oxygenate selectivity versus propene conversion determined after 8-12 h at 673 K
(left, top) for dehydrated 1.4-7.7 wt% V,O,/SBA-15. Comparison of propene and oxygen
conversions (right, top) and product selectivities corresponding to the conversions shown (bottom).
(Table 7-6).
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The reaction products observed match the reactioauets reported in the literature for propene
oxidation on \O,/SiO, samples Table 7-). Conversely, the product selectivities detectecedeviate
from the selectivities reported in the literatufialfle 7-3. This difference in the product selectivities
observed may be explained by the different readeomperatures used and the absence of a high ¢onten
of water in the reaction feed. In the presence bfgh water content in the gas phase, typicallghhi
amounts of acetone and acetic acid were reported 5®]. If no additional water is introduced high
selectivities towards acetaldehyde, acetone andleacrwere reported [16,158,160]. Moreover, minor
amounts of acrylic acid were reported [16]. Compgrihe selectivities towards the reaction products
formed showed that the same selectivity towards 0%) was observed independent of the vanadium
content of the VO,/SBA-15 samples. The selectivities towards all ptieaction products changed with
varying vanadium loading. The selectivity towardsallehyde oxygenates (acrolein, propionaldehyde,
and acetone) was enhanced for 1.4 wt@®@YSBA-15 compared to higher loaded 4.1 wt% and 7% w
V,O,/SBA-15. With increasing vanadium loading the stléy towards the partial degradation products
(C, oxygenates and CO) increased. The amounts of prathserved may be explained in a similar way
to those of the selective oxidation of propane @ndpylene on bulk mixed metal oxide catalysts
(Bettaharet al.[5] and Linet al. [3]). A simplified version of the possible reactipathways (A, B, and

C) is given inFigure 7-17. Various reaction pathways for selective propexidaiion were discussed by
Bettaharet al. [5] and Linet al. [3]. Three types of aldehydes (acrolein (B), pomgildehyde (C), and
acetone (A)) seem likely to be formed from the iphdxidation of propene. The corresponding alcehol
are possible intermediates [3,5]. The partial deégtian products acetaldehyde and acetic acid may fo

from the consecutive oxidation of propionaldehydd acetone.

CHs-CH,-CHj

v
AA/ CH,=CH-CH, DB C
v

CHs-CH(OH)-CHs €—> CH,=CH-CH,-OH <4—¥ CHj-CH,-CH,-OH

v :
CH3-CO-CH3s +§H20 CH,=CH-CHO + H,0O €— CH;-CH>-CHO + H;0
CH3-COOH + CO4 + H,O CHZZCH—EQOOH CH3-CHO + COy + H,0

COy + H,O

Figure 7-17: Main oxygenate products of the partial oxidation of propane and propene [3,5].
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The highest selectivity towards acrolein (25%), piooaldehyde (20%), and acetone (5%) was
determined for 1.4 wt% ¥D,/SBA-15 (Table 7-6 Figure 7-16. With the increase of the vanadium
content in the VO,/SBA-15 samples, a significant decrease of theiprapdehyde selectivity from 20%
to 7-10% was observed. This was accompanied bgagaadse in CO selectivity from 15% to 26-28% and
an increase of the acetaldehyde selectivity frofb 1@ 15-17%. The other reaction products showesl les
intense changes in selectivity with increasing dama content. The selectivity towards acrolein
decreased from 25% to 18% and acetone selectieityedsed from 5% to 2%. Conversely, acetic acid
selectivity increased from 2% to 7% with increaswrapadium loading. The proposed reaction scheme
was suitable to explain the observed product seites because the decreased acetone selectiaty w
accompanied with an increased formation of acetid.aurthermore, a decrease of propionaldehyde
selectivity was accompanied by an increased foonaif acetaldehyde and G@nly CO increased with
the decreasing propionaldehyde selectivity. Theeef6O may be the major GOxidation product from
the consecutive oxidation of propionaldehyde. Adddlly, the CO observed may be formed from
oxidation of acetone to acetic acid because iner@dsCO selectivity was stronger than increase of
acetaldehyde selectivity. In order to determinecivhieaction pathway of the propene oxidation was
present, the selectivities towards propionaldehyi@, and acetaldehyde were combinE@jre 7-16,
right, bottom). These products represent reaction pathway Ctofieeand acetic acid were selectivity
combined to represent reaction pathway A. The coatbiselectivities towards path A and C together
with those towards acrolein (B) and ¢£@re depicted ifrigure 7-16 (right, bottom). Independent of the
vanadium loading, approximately the same selegtiwias determined towards G@rmation (20%).
The combined selectivity towards path A showed alsincrease (7-9%). Interestingly, the combined
selectivity towards reaction pathway C increased¥y (47% to 53%), whereas the acrolein selectivity
decreased by 7% (25% to 18%) with increasing vamadiontent. Thus, the higher vanadium content
mainly shifts the propene oxidation to reactiorhpaty C. Furthermore, the probability of a conseauti
reaction of the corresponding @ldehydes, the formation of acetaldehyde and@eetd, increased with
increasing vanadium content of thgOQy/SBA-15 samples. This increase in consecutive i@ast

matches the increased oxygen conversion observedXavt% and 7.7 wt% MO,/SBA-15.

Comparing the rates of propene oxidation per gramadium showed that no dependence on the surface
area was determined gble 7-§ for V,O,/SBA-15 samples. The reaction rate per gram vamadias
approximately the same for 1.4 wt% (highest surfaes) and 4.1 wt% XD,/SBA-15 and was twice as
high for 7.7 wt% VO,/SBA-15 at 673 K (lowest surface area). Similadythie rate of propene oxidation
the rate of acrolein formation increased by appnaxely 40% for 7.7 wt% \O,/SBA-15 compared to

4.1 wt% and 1.4 wt% MO,/SBA-15. A similar observation was made by Zheioal. [15,158] for
V,Oy/Al ;05 but not for \O,/SiO,. The increased activity of 7.7 wt%,0,/SBA-15 may be an effect of
the high density of vanadium centers on the surfacef the presence of small clusters of crystallin
vanadium oxide phases. The latter was excludedusecaeduced vanadium phases were also observed
for 4.1 wt% O,/SBA-15. Thus, the high density of vanadium oxigaters on 7.7 wt% MD,/SBA-15

may explain the enhanced rate of propene oxidation.
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Additionally, propene oxidation rate and produdestvities measured for bulk X5 are listed inTable
7-6. These values were not determined after severatshofi reaction but from the temperature
programmed reactions using a constant r&igufe 7-10, curve Hand Figure 2-9, Chapter 2
Apparently, no significant changes in the produetestivities were obtained for X0s reference
compared to 7.7 wt% XD,/SBA-15. Hence, similar reaction mechanisms magged on the surfaces of
V,0s and of high loaded 4.1 and 7.7 wt%QOy/SBA-15. The reaction rate of propene oxidationgram
vanadium was lower for bulk XDs. This was explained by the higher amount of aébksyanadium

surface sites present on®/SBA-15 samples.

7.2.8 The influence of the oxygen and propene concentmation the catalytic performance of
V,O,/SBA-15

The measurements discussed above showed that rhtdapropene oxidation on bulk mixed metal
oxides, three reaction pathways can be distingdi$iiethe propene oxidation on®,/SBA-15 catalysts.

A second set of experiments intended to investighte impact of various propene and oxygen
concentrations on the catalytic performance of Wit% and 7.7 wt% \O,/SBA-15. Therefore, the
samples were heated with a constant rate to 71Bléasurements were performed at 593 K, 633 K,
673 K, and 713 K (£ 4 K). No pretreatment procedwas conducted prior to the temperature
programmed oxidation in propene and oxygen. Thislted in an increase of 6% for the acetic acid
selectivity and a slight decrease (3%) of the @inodnd propionaldehyde selectivities comparedéo t
sample pretreated at 653 K (1 h, 20%i©He). The oxygen to propene ratio was variedhfidto 0.5 by
changing the initial propene and oxygen conceminati{\Vol% Q/ Vol% propene ~ 2/5, 5/5, 7.5/5, 10/5,
5/7.5, 5/2.5, and 5/1). The resulting conversiams selectivities (633 K) are depictedrigure 7-18 For
clarity, the reacted ratio of oxygen and proper&ss shown. Independent of the initial ratio, th&o of
reacted @propene remained constant between 2.0 and 2.3.7fowt% \(O,/SBA-15 and between 1.4
and 2.1 for 1.4 wt% MO,/SBA-15. Furthermore, no drastic changes of thedycb selectivity were
observed. With decreasing./@ropene ratio a decrease of the CO selectivitymf@B8% to 25% was
observed. This was accompanied by an increaseeohtiolein selectivity from 14% to 18% and a
decrease of the propionaldehyde selectivity from ©®8%4%. The change in selectivity for all other
products was below 1%. Hence, an excess of oxygémeigas phase may mainly facilitate the oxidation
of acrolein to CO on 7.7 wt%,®,/SBA-15.
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Figure 7-18: Propene and oxygen conversion, reacted ratio of oxygen/propene, and product

selectivities for (hydrated) 1.4 wt% and 7.7 wt% V,0,/SBA-15 as a function of the initial oxygen to

propene ratio in the reaction gas at 633 K. (Vol% O,/ Vol% propene: ~ 2/5, 5/5, 7.5/5, 10/5,

5/7.5, 5/2.5, and 5/1).
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The selectivity towards acrolein (25%) remainedstant with decreasing Apropene ratio for 1.4 wt%
V,O,/SBA-15 Figure 7-18. Conversely, the selectivity towards propionald increased. This
increase was accompanied by a decrease of the s€@ctivity from 21% to 15% and of the CO
selectivity from 17% to 12%. In the case of 1.4 wig®,/SBA-15 an oxygen excess may facilitated the
deeper oxidation of propionaldehyde to CO and,.Ckbese results suggest that an excess of oxygen in
the reaction mixture enhances the content of uathedeoxygen species. These oxygen species may reac
with the G aldehydes to form COThe probability that acrolein will be oxidized @O, seems to be
lower than for the oxidation of propionaldehyde.isTlwould explain that the acrolein selectivity
decreases on 7.7 wt%,0,/SBA-15 where only low amounts of propionaldehyderav detected.
According to Grzybowsk&wierkosz [162], gaseous or chemisorbed oxygen epd€), O,, or O) may

be responsible for the deep oxidation of propeneé@pproducts.

Reaction orders determined for propene and oxygeéicated that the formation of acrolein was mainly
independent of the oxygen content. Taking a forkiaétic reaction approach, the reaction orders of
propene (m) and oxygen (n) can be obtained fronatielein reaction rateequation 6.1). Keeping the

concentration of one reactant constant allows deteéng the reaction order of the other reactant by

measuring the reaction rate of acrolein as a fanaif its concentration.
r (acrolein) = k,c"(O,) [&™(propeng (7.1)
— In[r(acrolein)] = In[keﬁj+ nIn[c(Oz)] + mln[c( propene)] (7.2)

In the case of a constant oxygen concentrationyaghetion order for propene was calculated from the
linear function6.3 refined to the experimental data. The correspangiots depicted ifrigure 10-7 and

Figure 10-8in theAppendix
In[r(acrolein)] = In[k'ef,J+ mln[c( propene] (7.3)

The reaction orders were determined at 633 K tarendifferential conversions below 10% for both
V,O,/SBA-15 samples. Reactions orders of m ~ 0.5 andrwere obtained for 1.4 wt%,%,/SBA-15.

A slight increase to n = 0.2 was observed for 7% wW,0,/SBA-15, which may be due to the stronger
influence of electrophilic oxygen. Similar reactiorders were determined by Zhabal. for V,O,/Si0,
[158]. They interpreted the reaction order of z&p oxygen as an indicator that onlyWanadium
centers are the active site. Reduced crystallis@@s\phases were excluded as active centers [158]. The
reaction order of 0.5 for propene cannot be expthinnambiguously. Typically, a reaction order & 0.
indicates that the molecule dissociates at thdysitaurface. This may be indicative for the neaeg$i
abstraction step that is discussed in the procéskeoactivation of the propene molecule for furthe
oxidation to acrolein. However, this interpretatitm highly speculative without further investigagin
different kinetic models. Nevertheless, the reactioder of zero for oxygen indicates that formatadn
acrolein was mainly independent of the oxygen aund@éd a fast re-oxidation of the vanadium centers

during catalytic propene oxidation.
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7.2.9 The influence of the oxygen to propene ratio on teBgucture of \(O,/SBA-15

A reaction order of zero for oxygen in the seleztoxidation of propene to acrolein indicated a fast
reoxidation of the vanadium centers involved. Tfares the majority of vanadium centers should have
an average oxidation state of'VTemperature programmed UV-Vis-DRS measurements aenducted
with 1.4 wt% and 7.7 wt% M0,/SBA-15 using various oxygen and propene conceolrsito investigate
the major vanadium oxide phase under these conditibhe samples were dehydrated at 554 K for 1 h in
20% Q in He prior to temperature programmed reactionpiopene and oxygen. The maximum
temperature applied was 626 K. Propene to oxygeéosraf 1/5, 5/5, 5/1, and 5/0 were investigatede T
resulting UV-Vis-DR spectra for 1.4 wt% and 7.7 wi¥O,/SBA-15 after reaction are depicted in
Figure 7-19 A significant increase in intensity in the rargfed.5-3.0 eV was determined in the UV-Vis-
DR spectra without oxygen in the gas phase durregreaction. Absorption bands in this region are
indicative of reduced vanadium centers. For aleptfropene to oxygen ratios, approximately the same
UV-Vis-DR spectra were recorded. This was evenctme for the 1/5 oxygen to propene ratio. UV-Vis
absorption bands below 3.0 eV were absent and ciesistic UV-Vis absorption bands of\tetrahedral
vanadium centers were observed above 3 eV. Thiolorated that independently of the vanadium
loading, the majority of the vanadium centers aré &enters. A more detailed discussion about the
reduced vanadium oxide state and redox properfiés,©,/SBA-15 under reaction conditions will be

given in the next chapter.

7.7 W% VxO,/SBA-15 1.4 Wt% VxOy/SBA-15
3F7
\
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Figure 7-19: UV-Vis-DR spectra of dehydrated 1.4 wt% (right) and 7.7 wt% V,0,/SBA-15 (left)
recorded at 298 K after temperature programmed reaction in various oxygen:propene mixtures in
He at 636 K: after dehydration, 554 K, 20% O, (dotted, grey); 5:5 (dotted, red); 1:5 (dashed,
black); 5:1 (dashed and dotted, blue); and 0:5 (solid, black).



144

7.3 Concluding remarks on the catalytic performance and the structural
evolution of V,O,/SBA-15 during catalytic propene oxidation

7.3.1 Structural evolution of \O,/SBA-15 during propene oxidation

XAFS measurements and Raman experiments showethéially the dehydrated X0,/SBA-15 structure
was present during propene oxidation. Comparetdastructure obtained after dehydration in 20%@0
wider V-V distance distribution was determined frofdFS refinements of 4.1 wt% and 7.7 wt%
V,O,/SBA-15 after propene oxidation. Conversely, XAF8asurements showed that the V-V interaction
or V-Si interaction increased for 1.4 wt%®/SBA-15. A structural transformation comparablettie
dehydration process described@hapter 6was observed when hydratedOJ/SBA-15 samples were
used for catalytic measurements. Raman measurersieoiged that carbonaceous species were formed
below 573 K during temperature programmed reactibhydrated VO,/SBA-15 in propene oxidizing
conditions. For 7.7 wt% M0,/SBA-15 thermally treated in 20%,@t 768 K for 8 h, a significant change
compared to the dehydrated state was observedeiX&NES spectra and in the BJK)*k®) after
propene oxidation. This change may be caused ligoagsdistortion of the dehydrated “orderegOy’
structure. The average vanadium oxidation state Was for all treatments employed. NMR
measurements showed that on dehydrated 7.7 wi9y/$BA-15 (573 K, 1 h, 20% £in He) no Si-OH

centers were detected after propene oxidation ak6(B% G and 5% propene in He, 1 h).

The characteristic absorption band in the UV-Vis-Bpectra of dehydrated,®,/SBA-15 was blue
shifted under propene oxidizing conditions. For Wi V,O,/SBA-15 small amounts of reduced
vanadium oxide phases were present under catalytiditions. These were ascribed to partially reduce
V,0s nano particles present on “aged;Qy/SBA-15 samples. The blue shift observed occurozdafl
V,O,/SBA-15 samples in the range of 500-600 K. In teimperature region an increase of propene
conversion, propionaldehyde and acrolein formatias observed compared to a repeated measurement.
The onset of catalytic activity (aldehyde formajievas in the range of 500-520 K. The blue shifthaf
absorption band under propene oxidation conditign850 K) was observed independent of the initial
V,O,/SBA-15 structure and the vanadium loading. Theeldhift may be caused by a reaction of V-OH
groups to Si-O-V groups. This reaction would beoagganied by a decrease of Si-OH centers, which

matches the decrease of Si-OH centers detectedviiy. N

Changes in the V-OH and Si-OH concentration wese ed¢ported for other oxidation reactions. A simila
decrease of Si-OH centers accompanied with a gifilee shift in the UV-Vis-DR spectra was observed
by Gaoet al.[23] during catalytic methanol oxidation using & ¥,0,/SiO, catalyst. Launagt al. [26]
observed a decrease of the V-OH IR absorption baneg8660 ci on a 2.1% \O,/SiO, catalyst during
methane oxidation. Furthermore, Lauretyal. [26] reported an increased number of V-OH spettias

may lead to a better catalytic activity in the naeth oxidation to formaldehyde. The results repoited
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the literature imply that the V-OH bond may be ilveal in the oxidation of propene. ket al. [159]
reported that such V-OH centers (ascribed to Beahstcid centers) are the major active site for the
oxidation of propene to acetone in the presencevatfer. They proposed a “V-O-CH-(GH' as
intermediate [159]. Such an intermediate suggésisthe V-OH group attacks the C=C double bond of
the propene molecule. Moreover, the decrease oSH@H groups during propene oxidation indicates
reduced vanadium centers left after the desormti@tetone may react with the Si-OH centers to §I-O
bonds. Another interpretation for the decreasei @13 centers may be that not the V-OH bond but the
V-0-V bond or a V-(OH)-V bond reacts with the propemolecule. In this case, the blue shift in the-UV
Vis-DR spectra would be considerably smaller fov lmaded 1.4 wt% YO,/SBA-15 than for higher
loaded 4.1 wt% and 7.7 wt%,®,/SBA-15. However, on 1.4 wt% ,0,/SBA-15 a lower number of
V-O-V bonds was present, and the blue shift incrdasgith decreasing vanadium content. Therefore, V-

OH bonds seem to be involved in the formation dD\&i bonds during propene oxidation.

7.3.2 Catalytic performance of YO,/SBA-15 during propene oxidation

Nevertheless, more acrolein and propionaldehyde #wetone were detected in the temperature range
where the blue shift in the UV-Vis absorption spaaiccurred Figure 10-6). The higher concentration
of C; aldehydes indicates a complex reaction of propeitie V,O,/SBA-15. The formation of acetone
and propionaldehyde may be explained by the atéatectrophilic oxygen on the C=C double bond in
propene, which would result in an adsorbed {B@¢that is negatively charged. In contrast, the fation

of acrolein is generally described by a nucleophiltack of M*-O? to the propene molecule. According
to GrzybowskaSwierkosz [162], this redox or “Mars van Krevelen ahanism” is started by H
abstraction from the methyl group of propene. Teisults in the formation of a-allyl species that is
positively charged. The-allyl species is then attacked by the nucleoptMit-O? center. A second H
abstraction results in the formation of acroleinbSequently, H atoms are transferred to adjacét
centers that form MM*-OH centers. The reduced metal sites are reoxidzjegaseous oxygen. The
formation of propionaldehyde and acetone from pnepéa a electrophilic mechanism and the formation
of acrolein via a nucleophilic mechanism was caltad by Liet al. [163,164] for a \(O,; cluster. In the
case of acrolein and propionaldehyde, two vanadienters were involved. The fact that the acrolein
selectivity remained relatively constant with ireseng temperature suggests that acrolein may Ineefibr
by the nuclephilic mechanism withallyl stabilization Figure 7-15, righ). The selectivities towards all
other oxygenates decreased significantly with iasirey temperature because the impact of electiophil

oxygen from the gas phase increases at elevatqubtature.

Nevertheless, acrolein was not the major productatlytic propene oxidation on,®,/SBA-15.
According toFigure 7-17 reaction pathway C, the oxidation to propionaldEhgnd acetaldehyde, was
enhanced on XO,/SBA-15 samples. Thus, more reactive electrophiien nuclephilic oxygen species
were present. The origin of electrophilic oxygenyniiee a consequence of the re-oxidation of reduced
vanadium centers with molecular oxygen. Recentlgntkatenkoet al. [165] reported that VO~

species are detectable by EPR after the re-oxinafiseduced vanadium centers on MCM41. These
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V™0 oxygen species reacted rapidly with propene [1685]ng highly disperse X0,/SiO, and bulk
V,Oy, vanadium oxides Kontratenket al. [165,166] showed that the selectivity towards jerogp was
improved by using BD instead of oxygen in the reaction of propane topene. Hence, more
nucleophilic oxygen formed during the re-oxidatiohreduced YO,/MCM41 with N;O than with Q
[165]. Thus, future investigations with other oxidig agents like DD, which may enhance the

selectivity of acrolein during propene oxidation\&0,/SBA-15 catalysts, would be desirable.

7.3.3 Impact of vanadium loading on the catalytic perfolance of \\O,/SBA-15

The reaction rate of propene conversion and acrdt@imation per gram V was enhanced for 7.7 wt%
V,O,/SBA-15, in contrast to 1.4 wit% and 4.1 wt%Oy/SBA-15. Conversely, the vanadium oxide
structure of the dehydrated 4.1 wt% and 7.7 wt@XSBA-15 samples showed no distinct differences
during temperature programmed reaction in propelesvever, the arrangement of J&] units may be
slightly different on 7.7 wt% YO,/SBA-15 from that on 4.1 wt% XD,/SBA-15. This may not be
resolved with the spectroscopic methods usedelnsdikely that the local vanadium density on 7t%w
V,O,/SBA-15 may be higher and areas with high and |l@amadium dispersion may exist. A higher
vanadium density would imply that more disperseadimm centers than the proposed@y dimers
may be involved in the catalytic process. More tham vanadium centers seem likely to facilitateaed
mechanism discussed above which may explain theeased acrolein formation on 7.7 wt%
V,O,/SBA-15. A similar increased acrolein formation waported by Zhaet al. [16] for the oxidation

of propene to acrolein over vanadium oxides suggooin A,O; with high vanadium loading but not for
vanadium oxides supported on GiQlevertheless, an increased number of adjaces@® [Wunits may
explain the increased activity of 7.7 wt%Q(/SBA-15. Furthermore, the decreasing activity ipe@ted

or long term measurements may be explained byferelift arrangement of p@-] units. For instance, V-
(OH)-V bonds between the p®@;] units may exist that decrease with time. In casitrto acrolein
formation, vanadium loading of ,@,/SBA-15 samples had only minor effects on the olesbr
selectivities towards the different reaction patisvérigure 7-17). Increasing the vanadium content on
SBA-15 facilitated only the consecutive oxidatidintlee G aldehydes. Hence, decreasing the vanadium
loading of V\O,/SBA-15 does not change the basic reaction pathwaypropene oxidation on
V,O,/SBA-15.

7.3.4 Selective oxidation of propene to acrolein on istdd “VO," centers

The selective oxidation towards acrolein was olesgrwith 18-25% selectivity independent of the
vanadium loading. Regarding the concept of “sitdaison” proposed by Grassedit al.[167] at least two
available oxygen sites must be present for thelsiminetric reaction of propene to acrolein and wate
Moreover, the reaction involves two hydrogen alosiva steps from the methyl group of the propene
which requires at least two available”V-O” functadiies. An ordered dimeric [MD;] structure was
proposed for higher loaded 4.1 wt% and 7.7 wig®¥SBA-15 and thus, the formation of acrolein seems
feasible. Conversely, an isolated tetrahedral JMéructure may be present on 1.4 wt%Oy/SBA-15
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because of the high UV-Vis edge energy of 3.9 eMhE case of isolated [V,Punits, the oxygen sites
involved in the reaction must originate from thensavanadium center. Therefore, different “vV-O” bend
located at the same vanadium center must be indoRteaoet al. [158] proposed the participation of the
V-O-Si bond in the oxidation process of propene.weleer, the low reducibility of 1.4 wt%
V,O,/SBA-15 after the catalytic reaction observed iis thork (Chapter § indicates a high strength of
the V-O-Si bond. Thus, this bond may not be invdle the reaction process. In consequence of an
inactive V-O-Si bond, different sources of “V-O” stube present. No clear evidence about the nafure o
this source can be given based on the resultsnatgtan this work but two options seem likely. Thghh
UV-Vis edge energy of 3.9 eV after propene oxidatitearly points to isolated vanadium specieshis t
case the number of V-O-Si bonds must be lower thdn explain the reaction without a rupture of
V-O-Si bonds in the case of isolated vanadium eenfeherefore other “V-O” sites may be involved in
the reactiong.g. V-O', V=0 or V-OH groups. Another explanation may battthe proposed isolated
vanadium tetrahedrons are in spatial proximity,ilsinto dimeric vanadium centers proposed for 7t%w
V,O,/SBA-15. This allows a reaction mechanism involving vanadium sites.g.two V=0 sites. This
assumption is corroborated by the fact that theedit{V,0O,] model structure was suitable to describe
the experimental Fourier transformed EXAFS obtairied 1.4 wt% L O,/SBA-15 after reaction in
propene and oxygen. The latter explanation is predehere, because more than one vanadium center

may enable a better electron transfer during thedyt& reaction.

7.3.5 Elucidation of structure-activity correlations witlrespect to other model systems

The observed selectivities towards the oxygenatesbycts of 7.7 wit% YWO,/SBA-15 were not
significantly different from those obtained for ki ,0s. Therefore, similar active centers may be present
on the surface of ¥0,/SBA-15 and of bulk YOs catalysts. Moreover, a significant influence oé th
support material was excluded. Compared to othgpats €.9.Al,Os3), SBA-15 exhibits only few weak
acidic centers that would interact with the ratbasic propene molecule [22,168]. Mostly, an inceeafs
the acetic centers was observed if vanadium oxigere added to the SiGupports. Assuming similar
active centers for ¥0s and high loaded MD,/SBA-15 may explain the small differencs in the
selectivities observed between bulk and supporgathdium oxides. Regarding the structure activity
correlations of more complex mixed metal catalystg, MoVTe, this result indicates that structural
complexity of vanadium sites in selective propexiel@tiion may play only a minor role and that cheathic
complexity may be more important. Hence, the preseof different metal sites will be required to
enhance the catalytic performance of vanadium. This contrast to results reported for supported
molybdenum model catalysts. For M{/SBA-15 [8] and Mo@VGCNF [9] catalysts an increased
catalytic performance was observed for the oxigetibpropene towards acrolein. For these molybdenum
systems the structural complexity of the molybdenoxides was more important than the chemical
complexity. In the next stage of model catalystppsuted mixed metal oxides systems should be
investigated in more detail to reveal the impactloémical and structural complexity on the catalyti

performance. The results obtained fqOYSBA-15 model catalysts indicate that addition ahadium



148

sites to other supported transition metal hostctines will only improve acrolein selectivity if éh
vanadium sites are in cooperation with the tramsitmetal oxide structure during catalytic reaction.
Recently heteropolyoxomoybdates containing vanadaupported on SBA-15 were described [10].
These systems seem promising to derive furthectsirel functionality relationships addressing thke ro

of vanadium and molybdenum during selective propeadation.

7.4 Summary

In situ UV-Vis-DRS, XAS, and Raman measurements showed tiwa dehydrated MD,/SBA-15
structure mainly persisted under catalytic propexéizing conditions. Moreover, the dehydrated
V,O,/SBA-15 structure was observed even when hydrai€)/8BA-15 samples were used for catalytic
measurements or when small amounts of water vap8r\(0l%) were added to the reaction mixture.
Apparently, the SBA-15 support stabilizes the dehietl \LO,/SBA-15 structure under catalytic
conditions. Temperature programmed reaction (5%peme and 5% oxygen in He) on hydrated
V,O,/SBA-15 samples showed that a structural transfooma(dehydration) proceeded similar as
observed under dehydrating conditions in 20% i® He. A wider V-V distance distribution was
determined for 4.1 wt% and 7.7 wt%Q®/SBA-15 from XAFS measurements after propene oidat
Hence, a small decrease of the structural orderhmag occurred during propene oxidation. Conversely
an increase of the V-V contributions or V-Si coptiions to the FT{(k)*k®) was observed for 1.4 wt%
V,O,/SBA-15.

The onset of catalytic activity was in the rangé00-520 K. The onset was accompanied by a blde shi
of the UV-Vis edge energy. The blue shift may beseal by the formation of additional V-O-Si bonds to
the SBA-15 support. Therefore, V-OH bonds may hapaxted with the propene molecule and residual
Si-OH groups may have formed V-O-Si bonds during ri+oxidation of the reduced vanadium centers.
The V-O-Si bond formation was an irreversible pascelhe blue shift of the UV-Vis edge energy in the
temperature range of 500-600 K correlated withremmeiased formation of oxygenated reaction products.

A comparable blue shift and increased aldehydedtion was not observed in repeated measurements.

During the catalytic oxidation of propene mainlye tiiollowing products were observed: acrolein,
propionaldehyde, acetaldehyde, acetone, aceti¢c @€dand CQ@ Three parallel reaction pathways were
suggested from these reaction products. The maintiom pathway proceeds via the formation of
propionaldehyde and acetaldehyde. The second segutithway proceeds via the formation of acrolein.
A third reaction pathway with low selectivity praas via the formation of acetone and acetic acia. C
and CQ formed cannot be ascribed to a specific reactiathyway. The different kinds of reaction

products formed suggest that nucleophilic and edpbilic oxygen species may be present during

catalytic propene oxidation on8,/SBA-15.
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No significant differences in catalytic performangere observed using dehydrated (653 K, 1 h, 2G% O
in He) and hydrated ¥0,/SBA-15 samples. Nevertheless, a slight increasacefone and acetic acid
fomation was observed for catalytic measuremeriswiere performed using the hydrategDy SBA-15
samples. Hence, more V-OH groups than present diyddated VO,/SBA-15 may form during
decomposition of hydrated,,/SBA-15 in propene and oxygen.

The catalytic activity of 7.7 wt% ¥0,/SBA-15 recalcined for 12 h at 843 K was signifittahower. A
strong structural distortion and an increased orygenversion were detected for this sample. The
structural disorder of recalcined 7.7 wt%QJ/SBA-15 was ascribed to missing HO-Si binding sftas

vanadium centers that interacted with the propeolecnle

Vanadium loading of ¥O,/SBA-15 had only a minor effect on the oxygenateawities determined.
The selectivity towards acrolein and propionaldehgidcreased and the selectivity towards acetaléghyd
acetic acid, and CO increased with increasing viamadloading on SBA-15. Furthermore, the
consecutive oxidation of thez;@ldehydes increased with increasing vanadium t@adrhe oxygenate
selectivities determined for 7.7 wt%,®,/SBA-15 resembled those of bulk,®s. Therefore, similar
active vanadium oxide centers may be present gd,/8BA-15 and VOs. V,O,/SBA-15 showed no

reduction under catalytic conditions, in contrasbtilk V,Os.
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8 Investigation of reducibility and re-oxidation of
V,Oy-SBA-15 catalysts

8.1 Introduction

Catalytic measurements of®,/SBA-15 showed that the average valence of thedianaoxide remains
V** under catalytic conditions. Similar observationerevreported for M®,/SBA-15 catalysts [10].
Mo,O,/SBA-15 catalysts showed a low reducibility everdemreducing conditions in propene ang H
(773 K). The low reducibility (M& to Mo>®) was assigned to a stabilizing effect of the SéGpport
[10]. However, in the previous chapter absorptiamds at wavelengths longer than 500 nm, observed
during the temperature programmed reaction withpBéfene at 636 K, give rise to the conclusion that
the disperse vanadium oxide phase is reducible pritipene at lower temperatures. A reduction of the
vanadium oxide phase was observed for high and loaded \(O,/SBA-15, respectively. The
observation of reduced disperse vanadium oxidegshas SiQis in contrast to results reported by Zhao
[158]. Zhao concluded from Raman and UV-Vis-DR nuamients (3% propene, 623 K) that disperse
tetrahedral [VQ] species present on Si@ere not reduced with propene. Only a reductioW 435 nano
particles present at higher loadings occurred [158tept for the work by Zhao [158], no report was
found in the literature that addresses the reductib V,O,/SiO, with propene. Ovsitseet al. [29]
reported for VO,/MCM that under reducing conditions in hydrogen gmdpane at 773 K absorption
bands in the range of 400-800 nm appear in the WB/BR spectra. These were assigned to reduced
vanadium centers. They determined a fast re-oxidaf- 5 s) of the reduced vanadium centers and a
slower ( ~ 5 min) reduction kinetic from isothernexberiments at 773 K (change of propane and oxygen
containing gas atmospheres). Using oxygen as dmgliagent, they observed fully oxidized vanadium
centers under propane oxidizing conditions [29]vé\theless, most reports in the literature desdtiee
formation of reduced vanadium centers q©y/SiO, with a disperse vanadium oxide structure. In these
investigations the reduction of the vanadium centeas conducted using hydrogen or vacuum
[22,24,25,44]. It was proposed from-FIPR measurements combined with ESR measurementto (u
1200-1300 K) that the vanadium centers yO)ySiO, can be reduced to*Vand \#* [25]. For samples
which were reduced at lower temperatures,ebal. [22] concluded from XAFS measurements that only
V* centers are present after reduction in hydrogef7at K. Venkovet al. [44] inferred using FTIR
investigations with CO and NO as probe moleculeg ¥* and \V** with two different coordinative
vacancies are present after reduction inadd after evacuation. Different types of*\tenters were
reported by Berndet al. [24]. They discussed the presence 8fQy centers (two different sites in and
outside the pores of the MCM material) and acidl&éNO(OH)(OSE)s.«centers [24].
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In summary, no clear picture of the reduced varmadienters on )O,/SiO, was obtained from reports
that discuss the role of reduced vanadium centerslica material. Therefore, it was intended tdHar
elucidate the valence state and the structure ef\lO,/SBA-15 model catalysts under changing

oxidative (oxygen and propene together with oxyger) reducing (propene) conditions.
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8.2 Results and discussion

8.2.1 Local structure of \VO,/SBA-15 under reducing conditions

UV-Vis-DRS investigations Ghapter 7.2.9, Figure 7-19 showed that temperature programmed
treatment of dehydrated 1.4 wt% and 7.7 wt%OYSBA-15 in propene resulted in the formation of
reduced vanadium oxide phases on the SBA-15 supposttu XAS measurements were conducted to
determine the nature of the reduced vanadium ophigses. Dehydrated 7.7 wt%Q/SBA-15 was
treated in 5% propene in He at 673 K for 1 h an8 K2for 1 h. The V K edge XANESy(k)*k*, and
FT(K)*k3) of 7.7 wt% VO,/SBA-15 and of the bulk vanadium oxide referencg®-y VO,(B), and
V05 are depicted ifrigure 8-1. Compared to the XANES spectrum recorded afteydiettion, a change
of the XANES structure, a shift of the absorptiaye, and a significant decrease of the pre-edgk pea
height from 0.73 to 0.32 (673 K) and 0.20 (723 Krgobservedrigure 8-1, lef). The XANES features
after reduction of dehydrated 7.7 wt%Qy/SBA-15 at 673 K resembled those of the X&) reference.
Thus, indicating a reduction towards”V The intensity of the first XANES feature incredswith
increasing temperature (723 K), and the pre-edgé peight decreased to 0.20. In addition 8, W3*
centers may have formed. After reduction of 7.7 Wi@,/SBA-15, no similarity of the(k)*k® and the
FT((K)*k?) with that of bulk references was observEiy(re 8-1, middle, righy. The oscillation in the
x(k)*k* of reduced 7.7 wt% YO,/SBA-15 was strongly damped compared to that oydedted 7.7 wt%
V,O,/SBA-15.
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Figure 8-1: V K edge XANES spectra (left), y(k)*k> (middle), and FT(x(k)*k®) (right) recorded at
298 K: (A) dehydrated 7.7 wt% V,0,/SBA-15 (623 K, 20% O,), (B) dehydrated 7.7 wt%
V,0,/SBA-15 (623 K, 20% O,) after reaction in 5% propene in He at 723 K, (C) dehydrated 7.7
wt% V,0,/SBA-15 (623 K, 20% O,) after reaction in 5% propene in He at 673 K, (D) V30, (E)
VO,(B), (F) V20s.
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Variation in the positions of the oscillation ineth(k)*k® of reduced 7.7 wt% ¥0,/SBA-15 indicate
structural transformations compared to the dehgdra?.7 wt% VO,/SBA-15 structure. This
interpretation was corroborated by the dampedy@Jik® of 7.7 wt% VO,/SBA-15 after reduction
(Figure 8-1, righ?). An overall reduction of the FJ(k)*k>) of reduced 7.7 wt% MO,/SBA-15 suggests a
strong structural distortion. The maximum of thestfisignal in the F(k)*k®), due to V-O interactions,
shifted to longer distances. The second signahénRT{(k)*k®) increased with increasing temperature.
This signal cannot be assigned unambiguously teegific contribution (V-V, V-O, V-Si), but the
increase implies structural changes in the seconddination sphere of the absorbing vanadium center
during reduction. The low similarity of thgk)*k® and FTg(k)*k®) of 7.7 wt% \(O,/SBA-15 after
reduction with those of bulk vanadium oxide refessmwith 5- and 6-fold coordination of the vanadium
atoms showed that the reduced vanadium centersimt8o V,O,/SBA-15 maintained their tetrahedral
coordination. A XANES analysis using the pre-edgekparea and centroid energy (explained in more
detail inChapter 5.2.4 according to Chauraret al.[94] was employed for a more precise identificatio
of the coordination and the oxidation state ofyhaadium centers. The pre-edge peak area0f Was
normalized to the same value (0.80) as reporte@hmraundet al. [94]. The pre-edge peak areas of all
other samples measured in this work were referedhe normalized YOs pre-edge peak area
(parameters are listed ifable 10-4 appendiy. The resulting graph is depicted kigure 8-2 The
parameters reported by Charauad al. [94] were slightly different compared to the pasdens

determined here. This effect was assigned to loasmlution in the XANES region in this work.
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Figure 8-2: Normalized pre-edge peak areas (referred to the area of V,05 that was normalized to
0.80) versus centroid energy of vanadium reference compounds and 7.7 wt% V,0,/SBA-15 after
various treatments. Additionally, the values reported by Chaurand et a/. [94] are shown. Dashed
rings refer to the coordination of absorbing vanadium centers (Oy, = octrahedral, P, = pyramidal, T4
= tetrahedral). Detailed parameters are listed in Table 10-4in the appendix.
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Comparing the values depicted for*\eferences, a good identification of the coordamatof the
absorbing vanadium centers was possible from thiedmal energy shift of the centroid energy. Exen
differentiation of various connectivities was fédsi In the case of tetrahedral"\teferences, a shift of
2.5 eV was observed between the centroid energgfefences built of isolated and dimeric tetrahadro
and references that are comprised of chainlikatietdrons. An energy shift of 0.5 eV was observed
between the centroid energy of(¥ (layered arrangement of square pyramids) angDfpvanadate
references (chains of square pyramids). A decreffige average valence resulted in a decreasing pre
edge peak area and energy shift. The normalizedegge peak areas determined for reduced
V,O,/SBA-15 were smaller than those of vanadium oxieferences with average vanadium valence
lower than +5. Hence, mainly*Vcenters may be present after reduction at 623 fier Aeduction at
723 K, a mixture of ¥ and \** may be present. Tetrahedrat*\teferences were not available in this
work, which made the assignment of coordination avetage valence difficulEigure 8-2 The centroid
energies of 4.5 eV and 4.0 eV suggest that no edtah \** vanadium oxide centers (5.5 eV) were
present in reduced 7.7 wt%®(/SBA-15.

In situinvestigations were employed to determine the tratpre range where the reduction of vanadium
centers of dehydrated 7.7 wt%®/SBA-15 occuredFigure 8-3 depicts the evolution of the V K edge
XANES spectra and the evolution of the water ionrext (m/e 18) during temperature programmed
reduction in 5% propene in He from 298 K to 723A&Ksmall increase of the ion current, m/e 18, was
observed in the range of 300-330 K. In this ramgestructural changes were observed in the XANES
spectra. A change in the XANES structure and tleegoige peak height was observed above 520 K. The
decrease of the pre-edge peak height was correlatedhe formation of water in the gas phaBa(re

8-3, right). Therefore, the decreasing pre-edge peak heigist due to the reduction of the vanadium
oxide phase on SBA-15. The water ion current (n®er&mained constant above 650 K indicating that
the reduction was not completed. The onset of amluof 7.7 wt% \O,/SBA-15 at 520 K coincidenced
with the onset of catalytic activity during the teenature programmed reaction in 5% propene and 5% O
(Chapter 3.
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Figure 8-3: V K edge XANES spectra (left) and pre-edge peak height and water ion current m/e 18
(right) during the temperature programmed reaction of dehydrated (623 K, 20% O, in He)
7.7 wt% V,0,/SBA-15 in 5% propene in He (298-723 K, 5 K/min).
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Figure 8-4 (left) depicts thén situ UV-Vis-DR spectra of dehydrated 7.7 wt%Q{/SBA-15 during the
temperature programmed reaction in 5% propene. Witheasing temperature a decrease of the
maximum intensity at 310 nm together with a wavgtarshift of the absorption maximum to 295 nm
was observed. An increase in intensity was obsenvete UV-Vis-DR spectra for wavelengths longer
than 400 nm. An increase at longer wavelength dicative of d-d transitions of reduced vanadium
species. The blue shift of the absorption bandtémtat ~ 300 nm together with the increasing d-d
absorption bands indicated a reduction of the viama@xide species. In order to follow the formatiwi
reduced vanadium centers with increasing temperatiie wavelength at 700 nm was chosen for
monitoring. For normalization, the intensity at 70én was referred to the maximum intensity at
approximately 300 nm in the UV-Vis spectra recorded298 K after dehydration in 20%,.0The
normalized intensity at 700 nm was denoted as thedad=(R,) at 700 nm”. The evolution of relative
F(R,) at 700 nm and the water ion current, m/e 18 shmvn inFigure 8-4 (right). An increased water
formation was observed between 300 and 340 K gintdathe in situ XAS measurements. In this
temperature range, no change in the UV-Vis-DR spewts detected. A moderate increase in intensity
< 3% at 700 nm occured for temperatures in thegarid340-520 K. At temperatures higher than 520 K,
a pronounced increase of up to 15-20% in relatigle, JFat 700 nm was detected in the UV-Vis-DR
spectra. This increase was accompanied by an sexlefmrmation of water. The rising intensity above
520 K was ascribed to the formation of reduced gama centers, considering the results obtained from
the XAS measurements. The small increase in irtieradi 700 nm below 520 K may be due to the

reduction of the residual D5 phase or the formation of carbonaceous species.
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Figure 8-4: In situ UV-Vis-DR spectra (left) and absorption at 700 nm (relative to the maximum
intensity determined in the absorption spectra at 298 K after dehydration) together with the water
ion current m/e 18 (right) during the temperature programmed reaction of dehydrated (623 K,
20% O, in He) 7.7 wt% V,0,/SBA-15 in 5% propene in He (298-673 K, 4 K/min). The arrows on
the left side indicate the evolution of the spectra during temperature treatment.
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8.2.2 Local structure and reactivity of YO,/SBA-15 under changing reaction conditions

In order to further investigate structure and aditalperformance of 7.7 wt% 0,/SBA-15 under
changing reaction conditions, isothermal switchexgeriments were performed at 673 K. The gas phase
was rapidly changed between reducing (5% propend) cxidizing conditions (5% propene and 5%
oxygen). Prior to the switching experiment, 7.7 wiS&,/SBA-15 was treated for 20 min in 5% propene
at 673 K. This treatment caused a reduction ofvWwt% V,0,/SBA-15 that is visible by an increased
intensity at longer wavelengths (> 400 nm, relafi{R,,) at 700 nm ~ 20%). After the initial reduction of
7.7 wt% VO,/SBA-15, oxygen was added to the propene feed f80 min. The structure of 7.7 wt%
V,O,/SBA-15 during re-oxidation was monitored by fas{-Vis-DRS scans (~ 26 sec) and the gas phase
was monitored by mass spectroscopy. A quantitai@e phase analysis was conducted with a gas
chromatograph 1.5 min and 24 min after changingxidizing conditions (5% propene and 5% oxygen).
At the end of the re-oxidation phase, UV-Vis-DRreavith a better resolution were recorded (~ 4 min
scan time). The resulting UV-Vis-DR spectra afteree reducing (5% propene) and oxidizing (5%
propene and 5% oxygen) reaction cycles (each ~53048) are depicted iFigure 8-5 (left) After the

first re-oxidation, the UV-Vis-DR spectrum of 7. 2% V,0,/SBA-15 resembled those recorded under
catalytic conditions at 673 KChapter 3. Thus, after re-oxidation the vanadium oxide ctute of 7.7
wt% V,0,/SBA-15 corresponded to the dehydratedOYSBA-15 structure (“ordered PD;]"). The
average V valence was +5 after re-oxidation. Swighthe gas phase back to reducing conditions
resulted again in an increase of the intensityhef absorption bands at longer wavelengths and ahus
reduction of 7.7 wt% YO,/SBA-15 was observed.
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Figure 8-5 Left: UV-Vis-DR spectra of dehydrated (623 K, 20% O, in He) 7.7 wt% V,0,/SBA-15
recorded at 673 K after several reducing (5% propene) and oxidizing (5% propene and 5%
oxygen) reaction cycles. Right: Evolution of the absorption at 700 nm (relative to the maximum
intensity determined in the absorption spectra at 298 K after dehydration) during the reducing (5%
propene) and oxidizing (5% propene and 5% oxygen) reaction cycles at 673 K. The gas phase was
changed after 3.9 min in each reaction cycle.
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The relative F(R) at 700 nm was only 10-12% after 35 min in redgc@onditions after the first re-
oxidation of 7.7 wt% WO,/SBA-15. This was significantly lower than the tela F(R.) at 700 nm of
20% obtained after the initial reduction. Hencessleenters could be reduced after re-oxidation unde
catalytic conditions. Repeating the oxidative aeducing treatments resulted in similar UV-Vis-DR
spectra of 7.7 wt% MO,/SBA-15. Thus, a reversible re-oxidation and reiducoccurred after the initial
re-oxidation of 7.7 wt% YO,/SBA-15. In order to follow the reduction and redation processes, the
relative absorption at 700 nm was monitored dutiing switching experimentsFigure 8-5, righi).
Independent of the initial degree of reduction, taktive intensity at 700 nm decreased rapidlgraft
switching to oxidative catalytic conditionBi§ure 8-5, right, curve A,C,lE Re-oxidation was completed
after approximately 3 min. After each re-oxidateismall increase in the relative intensity at 760 of
1.5-3.0% was detected. Therefore, part of the redlu@nadium centers may not be re-oxidized under
catalytic conditions. It seemed likely that sma#idtions of reduced crystalline vanadium oxide pbas
formed on the SBA-15 support. In contrast to th@idalecay of the relative intensity at 700 nm dgrin
the re-oxidation cycle, only a moderate increasthefrelative intensity at 700 nm was observedtier
second and the third reduction cyclegure 8-5, right, curve B,D. Moreover, the reduction process
seemed not to be finished in the time interval ehobecause no maximum or constant value of the
relative intensity at 700 nm was observed. Theesfoe-oxidation of reduced vanadium centers on
7.7 wt% VLO,/SBA-15 was considerably faster than reduction.

The corresponding concentrations of the major i@aqiroducts (C@ CO, acrolein and acetaldehyde),
determined at the beginning and the end of eaabxidation in catalytic conditions, are depicted in
Figure 8-6together with the corresponding propene and oxygewersions. At the beginning of the first
re-oxidation cycle, an increased formation of C&rrolein, and acetaldehyde was observed compared
the end of this cycle and the other two reactioriesy

17 cycle an cycle 3nd cycle
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Figure 8-6: Propene and oxygen conversion and concentration of major reaction products after

several oxidizing (5% propene and 5% oxygen) reaction cycles (Figure 8-5). Refer to text for
experimental details.
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Conversely, an increase of CO formation was obskemiter each re-oxidation cycle. In order to
elucidate, whether the increased formation of feagtroducts was correlated with structural changes
more detailed evolution of the structure and the gfsase composition during the first and the secend
oxidation cycle is depicted iRigure 8-7. Oxygen was added after 3.9 min to the propene iieeach
cycle. Adding oxygen to the reaction gas mixturejrecrease of the ion currents of the reaction pctsl
was observed directly in both re-oxidation cyclegygre 8-7, middl§. A pronounced C@formation in
both re-oxidation cycles was detected that dectets@ constant level after 2 min. The £ormed in
the initial phase was assigned to the combustiaradfonaceous species that may have formed duming t
reduction. Comparing the evolution of the ion catseof water (m/e 18) and acrolein (m/e 56) duthmngy
first and the second re-oxidation cycle, a decredigbe ion currents with increasing time was obedr
during first re-oxidation cyclerigure 8-7 (bottom, left)depicts then situ UV-Vis-DR spectra recorded
during re-oxidation. In the initial phase of thesfire-oxidation cycle, a decrease of the absampdib
longer wavelengths was observed in the UV-Vis-DRcsa. Furthermore, a broadening of the main
absorption band around 300 nm and a shift of themam from 300 nm to 315 nm were observed in the
first minute after switching to catalytic conditenWith increasing time a blue shift of the absiompt
maximum from 315 nm to 300 nm occurred that wasaganied by a narrowing of the absorption band.
This process resembled the blue shift that wasrebdeduring temperature programmed reaction of
V,O,/SBA-15 in 5% propene and 5% oxygen. Apparentlypigethe final oxidized state under catalytic
conditions was reached, an intermediate structdréh® vanadium oxide phase was present. The
transformation of the vanadium oxide structure wmeversible because similar changes in the UV-VIS-
DR spectra were not observed in the second re-iaidaycle Eigure 8-7 bottom, right. Only a
decrease of the intensity of the absorption atdongavelengths was detected in the UV-Vis-DR spectr

recorded in the second re-oxidation cycle.

In the previous chapter, it was discussed thandysropene oxidation some of the V-O-X (X= OH,Si, o
V) bonds changed in the initial phase of the termfuee programmed propene oxidation. The structural
change, indicated by a blue shift in the UV-Vis-BPRectra, was accompanied by a small increase in
catalytic activity. In the first phase of the cata reaction, the re-oxidation of the reduced \dinm
centers which form during catalytic reaction mayendanced by the presence of Si-OH groups. Reduced
vanadium centers may form Si-O-V bonds with adjas#ianol groups. A similar interpretation may
explain the observations during the first re-oximlatof the reduced vanadium centers in 7.7 wt%
V,O,/SBA-15. Launayet al.[26] discussed an exchange of hydroxyl groups eetwsupported vanadium
centers and silanol groups during re-oxidationedfuced YO,/SiO, samples. Launagt al. showed using

IR measurements that during reduction (16 h vaci&it)”® mbar, 853 K) the number of V-OH bonds
decreases [26]. After re-oxidation of the sampleokygen (853 K, 6 h) they detected again the
characteristic IR bands of the V-OH stretching &tlom. They proposed that vanadium centers in the
proximity of strained D2 defects of the silica swé transfer the OH group from V-OH to the silica
surface [26]. Furthermore, Launay al.[26] proposed that some of the previously readt€dH groups

were restored during re-oxidation of the vanadixml® phase.
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Figure 8-7: UV-Vis-DR spectra of dehydrated 7.7 wt% V,0,/SBA-15 (623 K, 20% O, in He)
recorded during the first (left) and the second (right) re-oxidation (5% propene, 5% 0O,) cycle at
673 K. Top: Evolution of the absorption at 700 nm (relative to the maximum intensity determined
in the absorption spectra at 298 K after dehydration); Middle: Evolution of MS ion currents;
Bottom: /n situ UV-Vis-DR spectra. The gas phase was changed after 3.9 min in each reaction
cycle.
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During re-oxidation of the vanadium centers a tianef a hydroxyl group from a silanol group baok t
the vanadium oxide center was proposed [26]. Sunteehanism would explain the broadening of the
absorption band at 300 nm in the UV-Vis-DR speofrd.7 wt% \{O,/SBA-15 in the initial phase of the
first re-oxidation Figure 8-7 (bottom, lef). The blue shift of the absorption band at 300 tontower
values after the initial broadening was interpretedoe caused by the reaction of V-OH and Si-OH

centers to V-O-Si bonds during the catalytic cycle.

The results reported by Launayal. [26] give rise to the question of which V-O bonday be involved
in the reduction process of the vanadium centavsddcide which V-O bond is involved in the reduntio
a comparison of 1.4 wt% and 7.7 wt%Q//SBA-15 was made. The following bonds, presenth& t
supported vanadium oxide cluster, may be involvethé reduction process: (i) V-OH, (ii) V=0, (iN}-
0O-V, and (iv) V-O-Si. First, it seems likely tharminal V-OH bonds, (i), will more readily reacathnthe
other bonds because they are easily accessibliaxdopropene molecule. Second, a participation ef th
V=0 bond, (ii), in the reduction process seemslikety because of the high bond strength of thisO/=
double bond. Another set of bonds are the V-O-Vdsofiii), or V-O-Si bonds (iv). The latter (V-O-Si)
were often proposed to participate in the selecthethanol oxidation [21,169]. The high UV-Vis-DR
edge energy of 1.4 wt% ,@,/SBA-15 showed that this sample exhibits more isolathan dimeric
vanadium centers, whereas 7.7 wt%O)y/SBA-15 exhibits mainly dimeric tetrahedral J87] vanadium
centers. Therefore, a higher amount of V-O-V bomi®lved in the reduction will result in a higher
degree of reduction of 7.7 wt%,8,/SBA-15.

Figure 8-8 (left) depicts the normalized UV-Vis-DR spectra of delayedd 1.4 and 7.7 wt%
V,O,/SBA 15 recorded at 298 K after reduction in 5%pame at 636 K. A similar increase of the
absorption at longer wavelengths (> 400 nm) wa®mes! for both samples. Apparently, a comparable
degree of reduction of the vanadium centers innd% and 7.7 wt% YO,/SBA-15 was present after this
treatment. Conversely, a different degree of radacwvas observed for a reduction performed in 5%
propene after a treatment under catalytic conditian673 K Eigure 8-8, righ). Only a minor increase
of the absorption above 400 nm was observed inU#ieVis-DR spectrum of 1.4 wt% MO,/SBA-15
after 70 min. The increase in absorption above A@0determined in the UV-Vis-DR spectrum of
7.7 wt% LO,/SBA-15 was significantly higher. Thus, treatmeh¥/QO,/SBA-15 in propene and oxygen
changed the reducibility of the vanadium centeesent on SBA-15. V-OH and V-O-V bonds may be
involved in the reduction of 1.4 and 7.7 wt% delaydd \LO,/SBA-15 because a similar and rather high
degree of reduction was observed for both sampfes aeduction in 5% propene. UV-Vis-DRS
measurements indicated that V-OH/Si-OH groups ezht V-O-Si bonds during catalytic treatment of
V,O,/SBA-15. It appeared that more V-OH and silanolup were left on low loaded 1.4 wt%
V,O,/SBA-15. Therefore, more V-O-Si bonds per vanadaenter may be formed in this sample under
catalytic conditions. Accordingly, the decreasedmhar of V-OH groups in “reacted” 1.4 wt%
V,O,/SBA-15 compared to dehydrated 1.4 wi%OySBA-15 may explain its lower reducibility. This
interpretation was corroborated by the strongeft sifi the UV-Vis edge energy (JF observed after

catalytic treatment. The blue shift was assigneithécformation of V-O-Si bonds.
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After reduction at 636 K 10k 1.4u1% V,O,/SBA-15 recorded at 673 K

recoded 298 K
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Figure 8-8: UV-Vis-DR spectra recorded at 298 K after reduction of dehydrated V,0,/SBA-15 in 5%
propene in He at 623 K (left) and UV-Vis-DR spectra recorded at 673 K after reduction in 5%
propene at 623 K of V,0,/SBA-15 that was treated for 35 min in 5% propene and 5% O, in He at
673 K prior to reduction (Right).

The UV-Vis edge energy of 7.7 wt%,8,/SBA-15 shifted from 3.41 eV to 3.56 eXH;~ +0.05 eV),
and the f§ of the low loaded 1.4 wt% 0,/SBA-15 shifted from 3.6 eV to 3.9 eV~ +0.1 eV).
Therefore, the reduction which was observed afitailgtic treatment involved mainly the V-O-V bonds.
Thus, the degree of reduction observed in the USHYR spectra was higher for “reacted” 7.7 wt%
V,O,/SBA-15 than for “reacted” 1.4 wt%,,/SBA-15. In order to obtain a more detailed pictofehe
vanadium oxide structure present on the SBA-15 apXAFS measurements were conducted after a
similar switching experiment as conducted with UISDRS igure 8-5). The V K edge XANES,
x(K)*k®, and FTgk)*k® of 7.7 wt% \,O,/SBA-15 after dehydration and of 7.7 wt%Q(/SBA-15
which was reduced for 30 min after the switchingeximent are depicted Figure 8-9. For comparison
the V K edge XANESy(k)*k® and FTg(k)*k® of 7.7 wt% VO,/SBA-15 after reduction at 723 K in 5%

propene are shown.
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Figure 8-9: V K edge XANES (left), LC XANES fit (middle), and FT(y(k)*k’) of 7.7 wt% V,0,/SBA-15
after dehydration (623 K, 20% O, in He), reduction (723 K, 5% propene in He), and after the
switching experiment at 673 K under reducing, catalytic, reducing, catalytic and finally reducing
conditions (673 K, reducing conditions: 5% propene in He, catalytic conditions: 5% propene and
5% O, in He).
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The in situ spectra at 673 K were omitted because of the hajke level of the spectra. The XANES
spectrum of 7.7 wt% MO,/SBA-15 recorded after the switching experimenengisled more the spectrum
of dehydrated 7.7 wt% XD,/SBA-15 than the spectrum recorded after reduciior23 K in 5% propene.
Therefore, the majority of the vanadium centershia dehydrated structure were present dsceénters.

In order to estimate the number of reduced centerlgast square XANES fit was conducted. The
XANES spectra of dehydrated and reduced 7.7 wifa,AM5BA-15 (723 K, 1 h, propene) were used for
refinement. A good agreement of the experimentdl e theoretical XANES spectrum was obtained
(Figure 8-9, middlg. The residual of the refinement was 1.6%. Acawgtli, the refinement employed
showed approximately 33% of the vanadium centerg weduced and 67% remained in the dehydrated
state. The FT(k)*k®) of 7.7 wt% VO,/SBA-15, which was reduced after the switching expent, is
depicted inFigure 8-9 (right). Compared to the FJ(k)*k®) of dehydrated 7.7 wt% XD,/SBA-15, a
strong reduction of the FJ(k)*k® in the range of 1-2 A was observed. Hence, angtrstructural
distortion in the first V-O coordination sphere nfagve occured. The first signal above 2 A was #ljgh
enhanced and the second signal, which is due tsdbend V-V coordination sphere, was significantly
reduced compared to the KIK)*k>) of dehydrated 7.7 wt%,X0,/SBA-15. Therefore, a lower number of
V-O-V bonds may be present after reduction of talgtically treated 7.7 wt% XD,/SBA-15 sample.
This corroborates that mainly the V-O-V bonds waffected by the reduction of the vanadium centérs o
“reacted” 7.7 wt% VO,/SBA-15.

Therefore, an increasing number of V-O-Si bonds ofenge the reducibility of the supported vanadium
oxide phase. YO,/SBA-15 samples with an increased number of V-®d@ids are, then, less reducible
than the initial dehydrated,Xd,/SBA-15 phase before the catalytic measurementstder to investigate
the reduction at 673 K of dehydrated and “reacted"wt% \,O,/SBA-15, isothermal experiments with
changing gas phase compositions were conductedh first experiment the dehydrated 7.7 wt%
V,O,/SBA-15 sample was heated to 673 K in 20% Except for a temperature induced broadening of
the absorption band, no change was observed. Afieh in 20% @ the gas phase was switched to 5%
propene for 1 h. This treatment was followed bytsling to 20% @for 35 min, 5% propene for 1 h, and
finally to 5% propene and 5% oxygen for 35 min. Bpectra recorded after each treatment procedare ar
depicted inFigure 8-10 (left) In contrast to the temperature programmed reactimwn inFigure 8-4,

the intensity of the absorptions bands of wavelemdonger than 500 nm was smaller (13%) after
reduction under isothermal conditions. The maximafnthe absorption shifted from 310 nm to 291 nm
during the first reduction. After re-oxidation i@% O, the maximum in the UV-Vis-DR spectra shifted
to 300 nm, during the second reduction to 293 nmd, fanally after switching to catalytic conditione
absorption maximum in the UV-Vis-DR spectra wasedetd at 296 nm. The relative intensity at 700 nm,
which was assigned to reduced vanadium centersap@®ximately 10-13% after the reduction cycles.
For the first re-oxidation of 7.7 wt% ,@,/SBA-15 in 20% @, a reversible transition to the initial
absorption maximum at 310 nm was expected. Conlyersaly a shift of the absorption band to 300 nm

was observed after the first re-oxidation cycl@@ Q.
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Figure 8-10: In situ UV-Vis DR spectra of dehydrated 7.7 wt% V,0,/SBA-15 (20% O, in He, 623 K)
at 673 K after changing the gas phase composition starting with 20% O, in He (left), or 5%
propene and 5% O, in He (right) as the initial gas mixture.

In this time formation of small amounts of propamddation products was observed because it took
several seconds to purge oxygen out ofithsitu cell. This short time of catalytic reaction maywéa
inhibited the reversible recovery of V-OH centelMevertheless, after re-oxidation in 20%, @he
absorption band exhibited a lower UV-Vis edge epdiignger wavelength) than the absorption band
recoded after re-oxidation under catalytic condiioHence, at least some V-OH groups were recovered
In a second switching experiment, dehydrated 7% W,O,/SBA-15 was heated in 5%,Gnd 5%
propene to 673 K. After 30 min under catalytic citinds, the reaction gas was changed to 5% propene
for 70 min. This treatment was followed by subsequehanges between reducing and catalytic
conditions. The resulting spectra after each treatrare depicted iRigure 8-10 (right). Comparing the
maximum absorption in the UV-Vis-DR spectra, onlinar changes were observed after the respective
treatments. In the initial UV-Vis-DR spectrum, thbsorption maximum was at 300 nm and shifted to
297 nm after switching to propene. Repeated reatixid shifted the maximum in the UV-Vis-DR
spectra to 298 nm and then to 295 nm after anoditictive treatment. After the final re-oxidatiarwias

at 297 nm.

Figure 8-11depicts the evolution of the relative EjRat 700 nnt to follow the reduction process during
the respective treatments. The gas phase was ah&@ein after starting to record the fast UV-\OIR
spectra. Re-oxidation was finished, independerthefinitial degree of reduction, after 3 minuteg- R
oxidation in 20% Q@ resulted in a decrease to almost no intensity(Bf,JFat 700 nm, whereas after re-
oxidation in 5% propene and 5% oxygen a relatiie, Jat 700 nm of 2-4% was detected. The increase
in relative F(R) at 700 nm during reduction was comparable tontieglerate increase observed in the
experiment discussedrifure 8-5, righf) for samples re-oxidzied prior to the reductiordencatalytic
conditions. However, for \O,/SBA-15 (re)oxidized in 20% Qa different evolution of the relative F(R

at 700 nm was observed during the reduction ingmepFigure 8-11, lef).

L “relative F(R,) at 700 nm”: The intensity at 700 nm was referfedhe maximum intensity at approximately 300 niiénUV-Vis
spectra recorded at 298 K after dehydration @YSBA-1 in 20% @
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Figure 8-11: Evolution of the relative absorption at 700 nm (relative to the maximum intensity
determined in the absorption spectra at 298 K after dehydration) derived from the /n sitv UV-Vis
DR spectra of dehydrated 7.7 wt% V,0,/SBA-15 (20% O, in He, 623 K) at 673 K after changing the
gas phase composition starting with 20% O, in He (left), or 5% propene and 5% O, in He (right)
as initial gas mixture.

In the initial time interval (5 min - 10 min) aftewitching to reducing conditions, only a smallrease in
relative F(R) at 700 nm was observed. The relative J(B& 700 nm remained constant during the first
5 min. After 5 min (10 min absolute) an increasé¢haf relative absorption at 700 nm was detectedtwhi
was damped after 15 min (~ 25 min absolute). Thesase in relative absorption at 700 nm for thst fir
and the second reduction cycle was comparable gltinie first 15 min after switching to propene. Afte
15 min a smaller increase of the relative absonptib 700 nm was observed for the second reduction
cycle. Evolution of the structure and gas phasepasition during the first reduction cycle of dehgtid
and “reacted” 7.7 wt% MO,/SBA-15 is depicted irFigure 8-12 In the first 3 min after switching to
propene, a pronounced formation of oxidation préslwas observed (GQacrolein, water, and850)

for dehydrated 7.7 wt% XD,/SBA-15. The ion currents decreased significantiera3 min (CQ,
acrolein, and ¢HgO) or reached a constant value in the case of W@igure 8-12, middle, left Hence,

in the initial phase of the reduction oxygen oréding from the vanadium oxide phase may have rdacte
with propene. In the first 5 min after switching poopene, a constant relative EjRat 700 nm was
observed Figure 8-12, top, left. Thein situ UV-Vis-DR spectra recorded during the additiorpodpene
are depicted ifrigure 8-12, bottom, leftDuring the first two scans (3.9 min-5.2 min),laebshift of the
absorption maximum from 310 nm to 300 nm was olexkiu the UV-Vis DR spectra. The UV-Vis-DR
spectra recorded during the next 5 min (5.2-10:8 mémained unchanged. After 10.8 min a slow sifift
the absorption maximum from 300 nm to 291 nm waseoked in the UV-Vis-DR spectrum. This shift
was accompanied by an increase of the absorptior0O@tnm. The intermediate absorption spectra
(5.2-10.8 min) resembled those recorded underytmtaionditions. Presumably, a similar V coordipati
sphere must be present. V-O-Si bonds may have tbifnoen reacted V-OH. Interestingly, the V-OH
groups were recovered after re-oxidation in 20%v@hich is in contrast to catalytic conditions. itndar
shift of the absorption maximum was not observetth&in situ UV-Vis-DR spectra of “reacted” 7.7 wt%
V,O,/SBA-15 during the first reduction cycle.
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Figure 8-12: UV-Vis-DR spectra of dehydrated 7.7 wt% V,0,/SBA-15 (623 K, 20% O, in He)
recorded during the first reducing (5% propene) cycle at 673 K starting with 20% O, in He (left
side), or 5% propene and 5% O, in He (right side) as the initial gas mixture. Top: Evolution of
absorption at the 700 nm (relative to the maximum intensity determined in the absorption spectra
at 298 K after dehydration); Middle: Evolution of the MS ion currents; Bottom: /n situ UV-Vis-DR
spectra. The gas phase was changed after 3.9 min in each reaction cycle.
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For “reacted” 7.7 wt% YO,/SBA-15 the absorption maximum in thie situ UV-Vis-DR spectra
remained at 297 nm during the reduction and reaiidd cycles Figure 8-12, bottom, right Switching
the gas phase from catalytic conditions to propeselted in a small increase of the ion currentthef
reaction products formed in the first minute (~ B.nabsolute). Between 5 and 7 min, a decay ofethes
ion currents was observed. The decay was slower e decreasing ion current of oxygen (m/e 32).

Thus, oxygen originating from the sample may haaeted with propene.

8.3 Concluding remarks on the structural evolution of V,O,/SBA-15 under
dehydrating, catalytic, or reducing conditions

Figure 8-13 shows the proposed structural transformations cktirom thein situ UV-Vis-DRS and

XAS investigations performed under reducing, oxitizor catalytic conditions.
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Figure 8-13: Simplified scheme of the structural changes during dehydrating, catalytic or reducing
condition.
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The dehydrated ¥0,/SBA-15 structure was obtained from thermal treaimie@ oxygen containing
atmospheres in the temperature range from 550-72BhK dehydrated structure consists of an ordered
arrangement of dimeric tetrahedral,(%] vanadium oxide units present on the SBA-15 suppbhne
proposed structure is discussed in more detaithiapter 5 With decreasing vanadium loading isolated
tetrahedral [V@ units besides dimeric tetrahedral,{f¥] vanadium oxide units may be present on the
support. Because Si-OH groups were still detectafler dehydration (550-723 K), the number of
V-O-Si bonds to the support are presumably one vagradium center in the case of high loaded
V,O,/SBA-15 and one or two per vanadium center in theecof low loaded )0,/SBA-15. The
remaining vanadium oxygen bonds may be present=a3 & as V-OH referring to IR investigations
reported by Launagt al.[26,27,141]. The presence of V-OH bonds seemsyliBecause the Hensures

the charge compensation of the vanadium oxideeaisist

A reduction of vanadium centers of®/SBA-15 was observed for temperatures higher tiznisafter
applying reducing conditions to dehydrateg@dyf SBA-15 samples. A rather low V K edge pre-egdekpea
height indicated the formation of*t/and \#* vanadium centers after reduction in propene at K23
(Figure 8-2). A low similarity with the XAS spectra of octahadl vanadium oxide references with an
average oxidation state less than +5 was obsefRigdré 8-1). Hence, the reduced vanadium centers of
V,O,/SBA-15 may exhibit a 4- or 5-fold V-O coordinatisgmmetry. Whether reduced vanadium centers
with double bonds (¥/=0) were present could not be determined. ReducEdaxd \** vanadium
centers require a compensation of the highly negatharge present. A high negative charge of retluce
vanadium centers must be present in the reducedridiror isolated vanadium oxide clusters with 4- or
5-fold coordinated V-O vanadium centers. Such aatieg charge cannot be easily compensated for
supported vanadium oxide clusters that are anchoréte support. Conversely, for bulk vanadium exid
references, charge compensation may be given htivyedg charged cations or by aggregation to larger
vanadium oxide clusters resulting typically in gh®r coordinationg.g. octahedral ¥ centers in YO

or Mg,VO,). However, the latter process seems not likelyttiervanadium centers linked to the support.
The lacking possibilities for charge compensatioaynexplain the fast re-oxidation of the reduced
vanadium oxide centers. It still remains unknowmvtemd which oxygen ligands stabilize the vanadium
oxide structure of reduced vanadium centers. Foomaif V-OH groups may be suited to reduce the
negative charge, but Launay al. [26] showed that these centers were removed dugdgction in
vacuum. Comparable to the results reported by Lawtaal. [26], a reversible re-oxidation in 20%
oxygen was possible together with the recoveryoaies of the removed V-OH groupsigure 8-10, lef).

The mechanism behind this process remains unckzzause direct observation of the V-OH and Si-OH
was not possible with the spectroscopic methodslemag. Nevertheless, the reversible exchange of
hydroxyl groups with the SBA-15 support indicateslynamic interaction. Therefore, investigations
addressing the reduction in hydrogen and reveitsilof the reoxidation of YO,/SBA-15 would be of
interest. Unfortunately, the temperature range a0 K where a reduction in hydrogen proceeds [22]
was not feasible with thim situ UV-Vis-DR set up used here. The reduction in hgeroinstead of in
propene would not be disturbed by catalytic proegssith residual oxygen that may change the V-O

coordination sphere.
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A very different reduction behavior occurred fofOy/SBA-15 treated under catalytic conditions (5%
propene and 5% oxygen) prior to reduction in pr@pénblue shift of the absorption band in the U\sVi
DR spectra was detected during this treatment. @hénge in the UV-Vis-DR spectra was assigned to
the formation of V-O-Si bonds. This interpretatisas corroborated by the fact that the blue shifs wa
larger in the case of low vanadium loadings (lowember V-O-V bonds), that Si-OH groups were not
detectable after such a treatment of dehydratedvia’ V,O,/SBA-15, and that significant changes were
not determined in the XAFS refinements. In the cabehanges of the V-O-V bonds, it would be
expected that almost no blue shift would be obserier 1.4 wt% \O,/SBA-15. Furthermore, a
significant change in the V-V interaction in the K8 refinements would be expected for 7.7 wt%
V,O,/SBA-15. The unchanged Raman band at ~1040 ¢mt was observed during the temperature
programmed reaction in propene and oxygen showagdhth change of the V=0 bond occurr&hépter

7). The increased number of V-O-Si centers on thepsrtt resulted in a lower reducibility of the
supported vanadium oxide centeisiglire 8-8). This effect was more pronounced for low loaded
1.4 wt% \O,/SBA-15. This corroborated the assumption thathes sample more V-O-Si bonds were
formed. The low reduction observed for 1.4 wt%OySBA-15 Figure 8-8) may be due to reduced
dimeric centers that may be present besides isblatmadium centers after dehydration. Hence,
O=V°*-(0Si), centers were not reducible. The observed reductian? wt% \O,/SBA-15 was assigned
to the reduction at the V-O-V bonds in the,P4] dimer. It was estimated from a XANES analysisttha
approximately 33% of the vanadium centers weregedun “reacted” 7.7 wt% ¥0,/SBA-15. A similar
conclusion that V-O-Si bonds were not reducibled@etion with H), in contrast to V-OH or V-O-V
bonds, was proposed by Grubettal. [170]. Therefore, mainly the V-O-V bonds are inxed in the
reduction of the “reacted” ¥0,/SBA-15 samples.

The nano crystalline ¥s phases on 7.7 wt% ,X,/SBA-15 were not responsible for the observed
changes in the UV-Vis-DR absorption bands. Similzainges were observed for 1.4 wt%O)y/SBA-15
where no ¥Os was detectable. However, an increasing formatforeduced crystalline vanadium oxide
centers may explain the increasing formation of &@ the decreasing formation of acetaldehyde during

the isothermal switching experimenEdure 8-6).

The results obtained suggest that a different actéon of the vanadium oxide phase with propene
proceeds during the catalytic propene oxidationganmad to reducing conditions. This may be due ¢o th
formation of V-O-GH, or Si-O-GH, intermediate species which change the re-oxidafitve blue shift

of the absorption bands in the UV-Vis-DR spectra weeversible. Hence, adjacent silanol groups may
be involved in the initial phase of re-oxidationgropene and oxygen. Surprisingly, a similar irrsilde
reaction of vanadium centers and silanol groups wats observed during re-oxidation of reduced
V,O,/SBA-15 catalysts in 20% 0
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8.4 Summary

In situ UV-Vis-DRS andin situ XAS measurements showed that the vanadium oxideseplon
V,O,/SBA-15 exhibits a dynamic reduction and re-oxidatbehavior. Disperse dimeric and isolated
vanadium centers present after dehydration @X5BA-15 were reduced to*/and \** using propene
as the reducing agent. A re-oxidation in 20% @sulted in a reversible oxidation of the reduced
vanadium oxide phase to the initial dehydrate@YSBA-15 with an average valence of +5. The

reduction behavior was independent of the vanadioaaing of \{O,/SBA-15.

Conversely, a significantly lower reducibility wadbserved for WVO,/SBA-15 treated under catalytic
conditions in propene and oxygen. The lower redligibivas ascribed to the formation of additional
V-O-Si bonds to the support. V-O-Si bonds wereineblved during the reduction in propene. This was
corroborated by a lower reducibility of the “reattdow loaded 1.4 wt% YO,/SBA-15 compared to
“reacted” high loaded 7.7 wt% ,X@,/SBA-15. The higher reducibility of 7.7 wt%,®,/SBA-15 was
attributed to the presence of V-O-V bonds in thaa.

The high tendency of partially reduced disperseadarm oxide phases to re-oxidize rapidly even & th
presence of low amounts of oxygen was explained byissing charge compensation for reduced 4- or
5-fold V** and \V** centers anchored to SBA-15. Anchoring of dispeliseeric and isolated vanadium
oxide clusters to the SBA-15 support inhibits thenfation of larger clusters with higher coordinatio

that may stabilize reduced vanadium oxide centers.
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9 General conclusions on®,/SBA-15 model catalysts

9.1 Introduction

The objective of the present work was investigatg/,O,/SBA-15 model catalysts for the selective
oxidation of propene. Detailed analysis of the prafion, and the hydration and dehydration progesse
were performed prior to catalytic testing. The tingf anion exchange method chosen allowed the
preparation of highly disperse,®,/SBA-15 samples without formation of,8s during the preparation
process. Three different,,/SBA-15 samples with vanadium loadings in the raogg.4 wt%-7.7 wt%
(0.3 VInntf — 2.4 VInm) were synthesizedn situ UV-Vis-DR and XAS measurements were performed
to investigate the vanadium oxide structure. Coispar with spectra of vanadium oxide references
allowed developing suitable model structures fog thydrated and dehydrated state. The proposed
theoretical model structures were refined succéggfuthe experimental Fourier transformed EXARS o
V,O,/SBA-15. Hydration and dehydration processes wergliesd with variousin situ methods.
Furthermore, the impact of water on the dehydrawaocess was determined. The measurements
performed provided a detailed knowledge on thecstral properties of YO,/SBA-15 under oxidizing
conditions (20% @ in He). After characterization under oxidizing ditions the structural evolution
under catalytic (5% propene and 5% i@ He) and reducing (5% propene in He) conditioves
investigated together with monitoring of the gaagghcomposition. In addition, the catalytic perfance
(propene conversion, gas phase composition, arettsaly of the reaction products formed) was
determined in a laboratory fixed bed reactor. Tlegomresults and conclusions obtained are sumnthrize
below. The conclusions presented below demonsthatgotential of YO,/SBA-15 as a model catalyst
for the selective oxidation of propene to acrol@ihe bare SBA-15 support showed no catalytic agtivi
Therefore, it was possible to deduce structuresdggtirelations that can be assigned to the role of

vanadium oxide during the selective propene oxiaati

9.2 Hydrated state of V,O,/SBA-15

The hydrated state of,X0,/SBA-15 was observed under ambient conditions énptesence of water. A
suitable structural model was developed on theshafsUV-Vis-DRS and XAS experiments. The model
structure of the hydrated state consisted of soladiters of vanadium oxide centers exhibiting aasgu
pyramidal coordination. The UV-Vis-edge energy @aded that a two-dimensional and chainlike
extension of the vanadium oxide species on the $BAwas present, similar to @ vanadate
structuresin situ spectroscopic experiments showed that the hydrd{€j/SBA-15 structure was not

stable at elevated temperatures under oxidizinguadér catalytic conditions.
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In situ measurements were conducted to obtain a detailedlkdge on the coordination of vanadium
centers in hydrated X0,/SBA-15 and on the formation of hydratedQy/SBA-15. A smaller amount of
Si-OH groups in YO,/SBA-15 compared to SBA-15 suggests that V-O-Sidsowere present in the
hydrated state of ¥0,/SBA-15. Various time scales until a fully hydratethte was observed were
recorded for freshly prepared (weeks) and for dedtgd \O,/SBA-15 (hours). Hence, more V-O-Si
bonds may be present in freshly prepare®NSBA-15. The hydrolysis of additional V-O-Si bonds
during hydration would explain the larger time scabserved for a full hydration of,@,/SBA-15. The
vanadium centers in the hydrated state are codetinay V-O-V, V-OH, and VH,O groups. A
decomposition temperature below 440 K of the hwtastate indicates a rather weak bond of the
coordinated water species to the vanadium cent®pparent activation energies in the range of
70-90 kJ/mol were determined for the water desomptiThe apparent activation energies for the
desorption process of hydratedQ//SBA-15 increased with vanadium loading and storage. With
increasing time of storage, a “growth” of the hydohV,O,/SBA-15 structure on high loaded 7.7 wt%
V,O,/SBA-15 was observed. This “growth” was accompaniyd an increased formation of V-V
interactions and a stronger interaction of coorgidavater with the hydrated vanadium oxide species.
The formation of YOs-nH,O gel like structures seemed likely. In additionthe formation of the
dehydrated YO,/SBA-15 structure, the formation ot,@s was observed during thermal decomposition of

these JOs:nH,O gel like structures.

9.3 Dehydrated state of V,O,/SBA-15

The dehydrated ¥0,/SBA-15 structure formed at temperatures abovell4@ring thermal treatment of
hydrated VO,/SBA-15 in 20% Q. The UV-Vis-DRS and XAFS spectra of dehydrate@DYSBA-15
showed similarity with those of vanadium oxide refeces exhibiting a dimeric or chainlike structafe
VO, tetrahedrons. Therefore, a model structure basexhwrdered arrangement of adjacentd¥ units
was proposed for dehydrated/SBA-15. This theoretical model structure was refirsuccessfully to

the experimental Fourier transformed EXAFS of latee \{O,/SBA-15 samples employed.

Dehydration of hydrated ¥D,/SBA-15 was accompanied by an increased amountabérwn the gas
phase. Structural rearrangement processes to tlaé diructure of dehydrated,®,/SBA-15 were
observed between 440 K and 550 K. No intermediatetsires were formed. The number of dispersed
V,Oy centers in the dehydrated state correlated sigmifly with the number of available Si-OH sites.
Formation of \\Os will be likely if the amount of vanadium centersceeds the number of Si-OH groups.
Therefore, the presence of at least one V-O-Si lmsrdvanadium center or dimeric unit seems to be a
prerequisite for the formation of dehydrated tedgral vanadium centers. Formation of three V-O-Si
bonds per vanadium site to the support seemedkety because even for high vanadium loadings ot a
Si-OH groups of SBA-15 reacted to V-O-Si bonds dgrilehydration at moderate temperatures of 723 K.
Therefore, V-OH groups may be present in dehydrag®,/SBA-15. For low V/Si-OH ratios

(< 0.5 V/nnf) the formation of isolated besides dimeric vanaditenters seemed likely. The formation
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of the dehydrated state was observed to be indepéraf the presence of water during the thermal

treatment.

Small V,0s aggregates formed on high loaded 7.7 wi$@@YSBA-15 during dehydration and were able
to re-disperse on the support under calcinatiorditioms. The re-dispersion effect was observed for

vanadium loadings near the maximum surface coveratie range of 2.4 V/nfn

9.4 Structure of V,O,/SBA-15 catalysts under reducing and under catalytic
conditions

It was shown from Raman and UV-Vis-DRS measurem#émds the vanadium oxide structure under
propene oxidizing conditions corresponds mainlytiie dehydrated 0,/SBA-15 state. Only minor
structural changes compared to the dehydrated st observed in the V K edge XANES and EXAFS
spectra of YO,/SBA-15 after reaction in propene and oxygen. Thseoved changes affected the V-V
interactions slightly. XAFS measurements showed tiaor structural distortions may be present ia th
second (V-V) coordination sphere. Changes in the\Wi/edge energy indicated that V-O-Si bonds
formed in the initial phase of the reaction wittopene in the presence of oxygen. V-OH groups may
have reacted with Si-OH groups to V-O-Si bonds. ltigh loaded 7.7 wt% }0,/SBA-15, a decrease of
the Si-OH groups was detected in f8i MAS-NMR spectrum that was not observed undeydetiing
conditions. This suggests that Si-OH groups reasfdthe vanadium centers. Furthermore, the UV-Vis
edge energy shift observed in the UV-Vis-DR speutss more distinct for 1.4 wt%,@,/SBA-15 than
for high loaded 7.7 wt% ¥0,/SBA-15. More V-O-V bonds were determined for 7.@6WV,O,/SBA-15.
Therefore, V-OH rather than V-O-V bonds may be Iagd in the V-O-Si bond formation. The
formation of V-O-Si bonds should be visible in tfRaman spectra. According to the theoretical
calculation [171], an increase in the region 872-861" (Si-O-V out of phase interface mode) and in the
region 1020-1080 cth(in phase mode) was expected. However, the dattityjof the recoded spectra
was not sufficient to resolve these changes. Matilgd investigations would be desirable. Further
measurements of changes of the V-OH groups witbpiettroscopy and of the Si-OH groups viiittsitu

NMR spectroscopy may elucidate the reaction observe

In addition to the structural characterization undatalytic conditions, the reducibility of dehytkd
V,O,/SBA-15 catalysts was tested using propene as ieglagent. Dehydrated @,/SBA-15 samples
were reducible independent of the vanadium loadd#g\NES spectra suggest the formation of tetrahedral
or square pyramidal & and \#* centers. In oxidizing conditions a complete redation of the reduced
vanadium species of,0,/SBA-15 proceeded without formation of additionalO4Si bonds. In contrast
to the reduction of dehydrated,®[/SBA-15, a lower reducibility was observed forQJ/SBA-15
samples treated under propene oxidizing conditprits to the reduction. The reducibility was lovier
“reacted” 1.4 wt% YO,/SBA-15 than for “reacted” 7.7 wt% ,@,/SBA-15. Therefore, V-O-Si bonds
formed during catalytic reaction might not be inxad in the reduction process. Conversely, V-O-V
bonds present in 7.7 wt%,%,/SBA-15 may be involved. The changed reducibiliy\yO,/SBA-15
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under catalytic conditions is of great interestegi that TPR experiments are commonly used to ddtei
the redox properties of vanadium oxide catalystse Teducibility cannot be deduced from the initial
dehydrated state of,®@,/SBA-15. This knowledge has to be considered fah&r TPR experiments with
V,O,/SBA-15.

9.5 Catalytic performance of V,O,/SBA-15

In addition to elucidating the structure and redility of V,O,/SBA-15, a functional characterization
was performed. The catalytic performance duringppne oxidation was investigated using a laboratory
reactor. The formation of selective oxidation pradulike acrolein, propionaldehyde, acetaldehyde,
acetone and acetic acid was observed togethertétifiormation of C@and CO. Three major reaction
pathways existed for propene oxidation [3,5]. Fipgbpene was selectively oxidized to acrolein viigh

25% selectivity. Second, propene was oxidized tpionaldehyde and acetaldehyde, and, third, propene
was oxidized to acetone and acetic acid. The @agioducts formed during the selective oxidatién o
propene suggest that different oxygen species rarehied. In accordance with the literature [162]
formation of acrolein is ascribed to the preserfceuzleophilic oxygen (&) that attacks propene at the
methyl group. The formation of the other reactionducts is ascribed to electrophilic oxygen, (O,

and Q) that attack propene at the C=C bond. The ori§electrophilic oxygen may be a consequence of
the re-oxidation of reduced vanadium centers witllecular oxygen. Thus, future investigations with
other oxidizing agents like JO, which may enhance the selectivity for acrolainity propene oxidation

on V,O,/SBA-15 catalysts, would be desirable. The fornmatid acetone and acetic acid suggested that
V-OH groups were involved in propene oxidation. Femperatures above 500 K the UV-Vis edge
energy shift indicated a reaction of V-OH to V-Oifinds. Experiments at temperatures below 500 K,
therefore, may provide more information about tlode rof V-OH groups in propene oxidation.
Furthermore, the influence of high water content2® Vol%) was not investigated in this work.
Increasing the amount of water in the reaction aphere to a high content may increase the number of
V-OH groups. Thus, investigations with high watentent seem promising to investigate the role of V-

OH groups in selective propene oxidation.

Higher vanadium loading of XD,/SBA-15 facilitated the consecutive reactions oé thrimary G
aldehydes to £oxygenates and CO. The amount of electrophilicgery may increase with higher
vanadium loading on SBA-15. However, when combinihg selectivities of the oxidation to thg C
aldehydes and the selectivity of the consecutivactiens of the respective reaction pathway, no
significant difference was observed with vanadiwading. Therefore, decreasing the vanadium loading
of V,O,/SBA-15 does not alter the fundamental reactioways of the propene oxidation. Conversely,
a twice as high propene conversion rate and 40%ehigcrolein formation rate per V site was observed
for 7.7 wt% \LO,/SBA-15 compared to 4.1 wt% and 1.4 wt%Oy/SBA-15. The same reaction rates
were determined for 4.1 wt% and 1.4 wt¥Oy/SBA-15. The increase in these reaction ratediitbated

to a higher density of adjacentf®;] units on 7.7 wt% \O,/SBA-15. Thus, either the C-H abstraction
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step or the electron transfer process during pepeadation to acrolein may be facilitated due e t

increased number of neighboring vanadium sites.

The reaction orders determined for the formatiomablein were zero for oxygen and 0.5 for propene.
The reaction order of 0.5 for propene could notdssigned unambiguously to a specific reaction
mechanism. The zero reaction order for oxygen atdi that a fast re-oxidation of the vanadium gente
involved proceeds during the propene oxidationsTihterpretation is corroborated by the fact thnet t
average vanadium valance ofQy/SBA-15 remained +5 during propene oxidation. Femtfore, UV-
Vis-DRS experiments with alternating reducing anddizing conditions showed that the re-oxidation

process of VO,/SBA-15 is considerably faster than the reduction.

9.6 Structure-activity correlations deduced from a comparison of V,O,/SBA-15
with bulk V505

Reduced vanadium oxide phases (i.g0yand VQ (B)) were observed during the reaction of propene
and oxygen on YOs. The formation of reduced vanadium phases mayabsed by the participation of
mobile bulk oxygen species in the catalytic prog€dsapter 3. Such mobile bulk oxygen species may
be required for the re-oxidation step in selectiméation reactions (Mars van Krevelen mechanism).
However, for O,/SBA-15 an average valance of*Wwas observed during catalytic oxidation of
propene although ¥D,/SBA-15 exhibits no accessible mobile oxygen specléence, mobile bulk
oxygen species are not required for a fast re-dixidaof reduced vanadium species during the propene
oxidation. Therefore, the oxygen mobility in,® is a consequence of its bulk structure but not a

prerequisite for the catalytic performance of vanadoxides in selective oxidation reactions.

The observed reaction products and selectivitigeotied during propene oxidation onQ/SBA-15
were not significantly different from those obsatweith bulk V,Os (Chapter 3. Therefore, basically the
same reaction steps may occur. This suggests ithdarsactive centers are present on the surface of
SBA-15 supported and bulk,®s during propene oxidation. Similar active centess be explained by
similar structural motifs of vanadium oxide cluste&m the surface, or they may be assigned to &itrin
properties of the vanadium sitesg.electronic and redox properties. The latter isalmorated by the fact
that even 1.4 wt% MO,/SBA-15, for which isolated [VE) units may be present, showed basically the
same reaction pathways for the selective oxidatbrpropene with oxygen as bulk,®@s (V4Oo).
Apparently, no change in the reaction pathways wlserved when M0,/SBA-15 model catalysts,
consisting of small tetrahedral units with low exg¢®n, were compared to structurally more complex
bulk V,0Os. Moreover, even an increase in the structural dexiy among the VO,/SBA-15 model
catalyst, deduced from the increasing number afcdjt and connected tetrahedral vanadium cenidrs, d
not change significantly the reaction pathways foopene oxidation. Only a decrease in acrolein
selectivity from 25% to 18% was observed with iagiag loading, which was assigned to consecutive
reactions of the primary aldehydes. Hence, thecBeity towards acrolein formation of vanadium o&id

centers seems to be independent on the vanadiude cstructure for the “binary” ¥ catalysts
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investigated here. Thus, structural complexity kg tvanadium oxide structure seems to have only a

minor impact on the propene oxidation reaction oXg,/SBA-15 model catalysts and bull®5.

9.7 Structure-activity correlations with respect to complex mixed metal oxide
catalysts

The objective of the present work was elucidatitigcure-activity correlations of XD,/SBA-15 model
catalysts for the selective oxidation of propenadoolein. The results obtained showed that supmprt
vanadium oxide on SBA-15 enhanced the activity camag to bulk YOs while selectivity towards the
desired product acrolein remained similar. Thedase in activity is assigned to an increased number
accessible surface sites onQy/SBA-15 catalysts. Among the ,8,/SBA-15 samples, 7.7 wt%
V,O,/SBA-15 exhibited a superior activity. Converselimost the same selectivity towards acrolein was
observed. Hence, a higher density of active vamadsites, possibly with a higher connectivity than

isolated or dimeric vanadium units, may facilitdte acrolein formation.

However, the low changes in acrolein selectivitygasted that the structural complexity of the vamad
oxide phase of YO,/SBA-15 and bulk YOs had only a minor impact on the propene oxidation.
Presumably, metal sites with a different charactety be required, which reduce and control the
unselective character of the active vanadium séag,Mo, Te, W. Such an interpretation suggests that
these metal sites in highly active bulk catalystg, MoVNbTe, may work as moderator for the vanadium
sites involved in the reaction. Thus, vanadiumssiteay increase the activity, but the cooperation of
vanadium with other metal sites may be requiredhtain a high selectivity. In this case, the chenic
complexity must be increased in order to improve tatalytic performance of vanadium sites in the
selective oxidation of propene towards acroleinwelger, vanadium is mostly the minor component in
highly active mixed metal catalyst. Therefore, frtima point of view of possible cooperating mettdsi
like Mo, it would be of interest whether certainshetructures, thus structural complexity, must be
present to improve activity and selectivity of mixaetal oxide catalysts. Hence, in the next geimarat

of SBA-15 supported metal oxides, mixed metal oxdgetemse.g.Mo and V seem promisingly.

The minor role of structural complexity of the vdiwan oxide phase of ¥D,/SBA-15 and bulk YOs on
selective propene oxidation is interesting and néed further investigation. With respect to theets

of structural configurations that are possible yanadium oxide structures new model systems which
exhibit more complex vanadium oxide structures nmesemployed. Moreover, the structural complexity
of vanadium oxide sites in highly active “MoVTe"talysts may be higher than the structural compjexit
provided by the VO,/SBA-15 model system. Changing the support matenay be one opportunity to
obtain different vanadium oxide structures compéwethat observed for ¥D,/SBA-15. Nevertheless,
the support material itself should not be activefmpene oxidation, like NBs. Non-oxidic materials

like carbon or less active oxides like MgO or@amay be more likely as possible support material.
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10Appendix

10.1 Physisorption, small angle XRD and CHNS results of SBA-15 and

VxOy,/SBA-15 samples

Table 10-1: Lattice plane distance (dip) and cell parameter (a;) determined from the 100
diffraction in the small angle XRD powder patterns. BET surface area (Sger), C parameter (Cger) and
BJH pore size (dporesin), Pore volume (Vo) and the SBA-15 channel wall thickness (dwal,
determined from ag-dpore,g1) Of the initial bare and the functionalized V,0,/SBA-15 samples: (*)
sample prepared via the ion exchange method in Figure 4-1, (**) sample prepared by wet
impregnation with a NH4VO;3 solution, (***) sample prepared by incipient wetness using a
(NH4)6V10028 solution.

dwal\ [nm] Vpore [ml/g] 2 -1
sample d100[NM] & [nm] Goore,aH[NM] (BIH) (BIH) Sger [M°g7] Caer
bare func.| bare func, bare func. bare fupc. barenc.fu bare func.| bare func.

3.0 wt%
V,0,/SBA-15++* 10.2 10.0 11.8 115 8.0 7.1 3.8 4.4 0.78 0.p7 75122 § 148 186

0,
\5/'7OV7TS/EA15** 10.4 10.4 12.0 12.0 8.0 9.2 4 2.8 0.82 0.81 768 40366 131
x\yl -
5.0 wt%
V,0,/SBA-15* 10.3 10.2 119 11.8 8.0 7.0 3.9 4.8 0.66 0.p0 63970 2 166 180
\7/.70\1\/,g/éA 15+ 10.5 10.2 12.2 11.8 8.0 8.0 4.2 3B 0.85 0.p7 81836 3 144 153
x\yl -

0,
15 100 99 | 115 114 70 70| 45 4k 067 067 6077 42146 155
x\yl -
3'/'40\;\;23/;)6\ 15+ 10.2 10.0 11.7 11.6 8.0 7.0 3.7 4.6 0.85 0.1 74942 § 132 164
y :

Table 10-2: CHN element content of bare SBA-15, SBA-15-APTES, and calcined V,0,/SBA-15
samples: (*) samples prepared via the ion exchange method in Figure 4-1, (**) sample prepared
by wet impregnation with a NH,VOs solution, (***) sample prepared by incipient wetness using a
(NH4)5V10028 solution.

barel5s oA s\éon-yis APT'[E;@]BA'ls APTES/SBA-15 | APTES/SBA-15
Sample [wt%] [wit%]
C H| C H| N C H mmol N/ g N/S”gi_(lbge
3.0 W% ,O,/SBA-15%+* 01 10| 02 09
5.7 Wt% ,O,/SBA-15* 01 08| 02 07
5.0 Wt% \,0,/SBA-15* 20 06| 00 04| 16 48 14 114 11
7.7 W% \,O,/SBA-15* 01 10| 01 09| 27 87 23 1.93 1.4
4.1 Wt% \,0,/SBA-15* 01 00| 01 11| 19 72 17 1.36 13
1.4 Wt% \LO,/SBA-15* 01 05| 00 09| 49 148 31 3.50 2.8
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10.2 Information: Vanadium oxide and vanadate references

Table 10-3: Origin and theoretical XRD phases that match the experimental XRD powder pattern of

the vanadium oxide references used.

Sample Purchaser / Synthesized Reference for TheorettoattBre
Synthesized

CaV20s (TU Berlin, AK Ressler) (172]
Synthesized

Mg3V20s (TU Berlin, AK Ressler) [67]

NasVO, Aldrich, 99.98% no explicit phase
Synthesized

m-Mg.V207 (TU Berlin, AK Ressler) [69]

K3VO4 Alfa Aesar, 99.9% no explicit phase
Synthesized

CaVa0r (TU Berlin, AK Ressler) (173]
Synthesized

tMgV20r (TU Berlin, AK Ressler) [139]

NavO; Aldrich, 99.9% [174]

KVO3 Alfa Aesar, 99.9% [175]

NH,VO3 Fluka, 99% [138]
Synthesized

Cava0s (TU Berlin, AK Ressler) (176]
Synthesized

(NH2)eV100z (TU Berlin, AK Ressler) (177]

) Synthesized

MGsV16028 XH,0 (TU Berlin, AK Ressler) [66]
Synthesized

MgV20e (TU Berlin, AK Ressler) [68]

V,0s Alfa Aesar, 99.8 % [140]
Synthesized

VO(B) (TU-Berlin, AK Lerch) (7]
Synthesized

VO (TU-Berlin, AK Lerch) (178]
Synthesized

Va0s (TU-Berlin, AK Lerch) (179]
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10.3 Baselines of white reflectance standard measured in the /n situ UV-Vis-DR

cells used
100
80 [
S
— 60 [
K]
2 L
Q
© 40 [
14
B Integration Sphere
20 F MgO (ABCR)
0 1 1 1 1 1
200 400 600 800
Wavelength [nm]
Figure 10-1: Baseline measured in the UV-Vis-DR spectrometer using the standard integration
sphere.
4
N \—\
S
- L
8
82
©
[hd L
r Praying Mantis' Cell
L MgO (ABCR)
SBA-15 ----
0 1 | 1 1 1
200 400 600 800

Wavelength [nm]

Figure 10-2: Baselines measured in the UV-Vis-DR spectrometer using the Praying Mantis™ cell.
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10.4 In situ Raman measurements during dehydration

—— 4000
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Figure 10-3: In situ Raman spectra during dehydration in a “dry” (left) and a water saturated
atmosphere (right); 20% 0O, and 80% N, (and ~ 45% H,0), 25 ml/min — 50 ml/min.

10.5 Usable spectral range of the y(k)*k> determined from /n situ XAFS spectra

QEXAFS scar]

EXAFS scand
723 K]

k [AY]

Figure 10-4: Usable spectral range of EXAFS and QEXAFS scans used for measurements of 7.7 wt%
V,0,/SBA-15 under catalytic conditions (5% propene and 5% O, in He, 40 ml/min).
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10.6 Supporting data chapter 7
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Figure 10-5: Product selectivities determined in the different measurement cells during the
temperature programmed propene oxidation using a dehydrated 7.7 wt% V,0,/SBA-15.
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Figure 10-6: Product concentration during propene oxidation (5% O, and 5% propene in He) of
7.7 wt% V,0,/SBA-15 for subsequent temperature programmed reactions.
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Figure 10-7: Determination of the reaction order for propene (left) and oxygen (right) for the
acrolein formation on 7.7 wt% V,0,/SBA-15.
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Figure 10-8: Determination of the reaction order for propene (left) and oxygen (right) for the
acrolein formation on 1.4 wt% V,0,/SBA-15.
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10.7 Results of the analysis of the V K edge pre-edge feature

Table 10-4: Results of the analysis of the pre-edge feature determined from the normalized V K
edge XANES spectra (* Chapter 8, Figure 8-2): Energy position at maximum intensity relative to
V K edge (5.645 keV); height of pre-edge peak at maximum intensity (PH); centroid energy and
energy position of the individual components relative to V K edge (5.645 keV) determined and total
area of pre-edge peak from peak refinement according to Chaurand et al. [94] (Section 5.2.4,
Figure 5-4, right); product of pre-edge peak height and total area; average V-O bond length
from the literature ( Table 10-3); and beamline used at Hasylab.

Sample E Component positon [eV] Total Centroid Rv.o PH: Beam-
[eV] PH 1 2 3 Area [eV] 1A] Area line
CaV2Os 470 108 4.70 331 497 206 471 170 223 A
MgsV/20s 470 103 4.74 342 589 210 480 173 216 A
NagVO, 470 105 4.73 342 530 201 4.69 A
m-Mg,V20; 480 092 4.83 351 613 206 482 171  1.89 A
KsVO, 480  1.00 4.78 323 698 218 4.99 A
CaV.0; 490 083 4.83 310 605 184 492 177 152 A
t-MgaV20; 490 088 4.92 321 710 @ 234 507 172 2.06 A
NaVO; 490 077 4.92 333 706 232 512 172 1.79 A
KVO3 490 086 4.87 309 699 234 498 174 201 A
NH,VO; 490  0.80 4.86 320 698 216 502 172 173 A
CaViOs 520 0.75 5.17 359 672 180 545 182  1.35 A
(NH2)eV 10025 530 052 5.28 345 729 134 556 192  0.70 A
MgaV100z6 530 055 5.25 339 731 136 547 192 075 A
MgV 06 530  0.64 5.20 335 647 169 544 183  1.08 A
V05 540 057 3.01 532 683 189 594 183  1.08 A
?/Zdory?éeBdA-ls 560 057 5.55 389 741 165 564 0.94 A
s/‘jgi’/dsrgt:_dw 540  0.74 5.36 343 705 221 5.23 1.64 A
(i%i‘/:gg 2_7135K i 517  0.32 5.44 3.88 1.00 4.48 0.32 A
(fnggg LK 424 020 382 537 199 069 398 0.14 A
VO4(B) 526  0.30 3.95 550 757 114 5.42 0.34 c
V30, 517  0.49 4.26 519 728 177 5.53 0.86 c
V205 519  0.12 0.87 258 466 032 3.99 0.04 c
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10.8 Results from XRD refinements

monaclinic M g,V,0-; (Sample B, Figure 2-2)

R-Values [%]:

R 3.49; Ryp: 6.22; R: 4.71; GOF: 1.78
Quantitative Analysis - Rietveld

Phase 1 : ICSD 2321 28p(t%
Phase 2 : ICSD 93603 9228 (%
Phase 1: ICSD 2839]

R-Bragg [%]: 2.092
Spacegroup: P1
Crystallite Size [nm] (Lorentzian): 26.64
Lattice parameters
a(Ah) 188¢19)
b (A) 5K42)
c(A) 43R86)
alpha (°) &(1)
beta (°) 1R8512)
gamma (°) 1H|13)
Phase 2: ICSD 93603 [69]
R-Bragg [%]: 3.255
Spacegroup: P12/c1
Crystallite Size [nm] (Lorentzian): 101(60)
Lattice parameters:
a(A) 63EB(41)
b (A) 8185(51)
c(A) 908 (57)
beta (°) 16®72(10)

triclinic Mg,V,0,

R-Values[%]:

R 3.82; Ry : 6.80; R: 5.12; GOF: 1.78
Quantitative Analysis - Rietveld

Phase 1 : ICSD 2321" 96.00(3%)pwt
Phase 2 : ICSD 93603 4.00(35) wt%
Phase 1: ICSD 28229]
R-Bragg [%]: 2.703
Spacegroup: P1
Crystallite Size [nm] (Lorentzian): 182.1(16)
Lattice parameters:
a(A) 1397 4(43)
b (A) 5704(18)
c(A) A8FY (16)
alpha (°) 81439(73)
beta (°) 1R8011(74)
gamma (°) 1B23(69)
Phase 2 ICSD 93p%
R-Bragg [%]: 2.059
Spacegroup P12/c1
Crystallite Size [nm] (Lorentzian): 19.3(31)
Lattice parameters:
a(A) 61§80)
b (A) 86133)
c (A 9212)

beta (°) 9B(16)
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MgV,0¢ (Sample D, Figure 2-2)

R-Values [%]:

Phase:
R-Bragg [%]:
Spacegroup:

Crystallite Size [nm] (Lorentzian):

Strain (Gaussian):
Lattice parameters:
a(A)
b (A)
c A
beta (°)

MgsV,Og

R-Values [%]:

Phase:
R-Bragg [%]:
Spacegroup:

Crystallite Size [nm] (Lorentzian):

Strain (Gaussian):
Lattice parameters:
a(A)
b (A)
c@®

M g3V 100X H0

R-Values [%]:

Phase:

R-Bragg [%]:
Spacegroup:
Crystallite Size [nm] (Lorentzian):
Strain (Gaussian):
Lattice parameters:

a (A

b (A)

c(®

alpha (°)

beta (°)

gamma (°)

Re 351 Rp 953 R:6.39 GOF:2.71
ICSD 10391 [68]

7.395
c12/mi

148.7(17)

05@9)

9B (49)
3887(18)
6975(36)
173192(82)

Rp:2.64 Rp:552 R 4.17 GOF:2.09
ICSD 21085 [67]
2.672

Cmca
204.2(27)

05(8)

66D (27)
14485(50)
8EHB(36)

Rp:2.38 Rp:10.22 R :7.30 GOF:4.29

Mg/ 1002628 HO [66]
6.247
P1
90.3(21)
01e0)(

19751(64)
10262(71)
25(B(13)
8832(68)
956/(62)
BBE9(66)
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Figure 10-9: Experimental Cu Ka XRD powder pattern of V409 determined in 5% propene in He
(56 ml/min) (dotted black) at 598 K together with the XRD structure refinement of the
corresponding phases (solid red) and the differential plot (solid grey).

Experimental XRD pattern of V,Oq determined during reduction of V,0O5 in 5% propene in He
(56 ml/min) at 598 K

R-Values [%]:

Quantitative Analysis — Rietveld:
Phase 1 : )0, Kijima
Phase 2 : 305

Phase 1:
R-Bragg [%]:
Spacegroup

Crystallite Size [nm] (Lorentzian):

Strain (Gaussian):
Lattice parameters:
a(A)
b (A)
c®

Phase 2:
R-Bragg [%]:
Spacegroup

Crystallite Size [nm] (Lorentzian):

Strain (Gaussian):
Lattice parameters:
a(A)
b (&)
c(A)

Ry 13.35 Rp: 34.34 R 27.42 GOF: 2.57

84.07(90) Wt%
15.93(90) wid%

404 Kijima [56]
22.440
cmcm
49.4(50)

165

1873 (47)

817728)
161B(21)

204[140]
24.828
Pmmn
10000(870900

228)(

196§11)
33H33)
4TAR46)
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Figure 4-7: N adsorption (open symbols) and desorption (fillgatsols) isotherms. Left: initial SBA-15 (grey, samsymbols as
V,O,/SBA-15 samples) and calcined®/SBA-15 samples prepared via the grafting/ion ergeamethod (colored: squares 1.4
wt% V; triangles 4.1 wt% V; circles 7.7 wt% V). Tleset depicts the small angle XRD powder pattefthe calcined 7.7 wt%
V,O,/SBA-15 sample and the initial SBA-15. Right: ialtiSBA-15 (black, squares), SBA-15-APTES after icaiton (blue,
circles), and calcined 7.7 wt%,8,/SBA-15 (red, triangles). The inset depicts theeesive pore size distributions obtained from
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Figure 5-1 Left: UV-Vis-DR spectra of vanadium refiece compounds (M2Os ( ), m-M@V0; ( ), t-MgV 05 ( ),
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measurements im situ cell), right: UV-Vis edge energy versus averag®\ond length in the first coordination sphere of
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Figure 5-3: V K edge XANES spectra of hydrated detiydrated YO,/SBA-15 samples with different vanadium loadingst(1
wt%, 4.1 wt%, and 7.7 wt%). V K edge compared ®spectra of various¥ reference compounds (dotted line refers to 7.7 wt%
denydrated WOWSBA-L5). ......uiiiieiie ittt ettt et e R et e et s nre e 70

Figure 5-4 Left: Correlation of the product of teK edge pre-edge peak intensity and area verseiage V-O bond length R in
the first coordination sphere (§&0;s (o), MgsV,0g (V), M-MgV:07 (A), CaV0; (), t-MgV.0; (»), NaVO; (¢ ), NH,VO5
(*), KVO3 ( ®), CaViOs (0), MgV20s (), MgaV 10026 XH20 (), (NH4)sV 10026 XH20 (#), V20s ( + ), right: subtraction of the
background from V K edge pre-edge peak of 7.7 wt@X5BA-15 (top) and an example of the peak fit to Haekground
corrected signal (bottom). The pre-edge peak heitgit V,O,/SBA-15 are indicated as lines. (Refer to text datble 10-4for
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Figure 5-5 left: V K edgg(k) of dehydrated ¥O,/SBA-15 with different vanadium loadings (1.4 wt#6] wt %, and 7.7wt %) and
NH,VO;. middle, right: V K edge FJ(k)*k®) of dehydrated YO,/SBA-15 (7.7 wt %, dotted) compared to those ofiotas
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Figure 5-6: Experimental (solid) V K edge KlK)*k®) of the NHVO; (right) and the MgV,O; (left) reference together with a
theoretical XAFS function (fitting results are givin Table 5-3. Also shown are the Fourier transformg)*k* of the individual

scattering paths together with the correspondimgdination number in brackets. .............iceeeociiiiiiie e 74

Figure 5-7: Experimental (solid) V K edge EW)*k® of dehydrated YO,/SBA-15 (7.7 wt%) together with theoretical XAFS
functions (left: “isolated V@ model, middle: addition of a V-Si path to thediated VQ" model, right: addition of support oxygen
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Figure 5-9 left: Experimental (solid) V K edge K)*k®) of dehydrated YO,/SBA-15 (1.4 wt%, 4.1 wt%, and 7.7 wt%) together
with a theoretical XAFS function. The fit resulteeagiven inTable 5-5 right: Schematic structural representation ofydeated
V,O,/SBA-15. The most prominent distances employetiénXAFS refinement procedure are indicated. .cuoee...ooovrrvernennnn. 79

Figure 5-10: V K edge F(k)*k® of hydrated VO,/SBA-15 (7.7 wt%) compared to those of various nesfees €.g. V05 and
MgV,0s) and the FT{(k)*k? andy(k)*k® of hydrated VO,/SBA-15 samples with different vanadium loadingst@t%, 4.1 wt%,
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Figure 5-11: Experimental (solid) V K edge k{i)*k3) of V,0s (left) together with theoretical XAFS functions 3 model, red
lines refer to the V-O scattering path, black linefer to the V-V scattering paths) and a repregent of the structural ¥0s model

(right). Prominent distances employed in the XAEffnement procedure are indicated. .........ccecaiiiiiiiiiniiiiiie e 48

Figure 5-12: Experimental (solid) V K edge KK)*k® of hydrated VO,/SBA-15 (7.7 wt%) together with theoretical XAFS
functions. The procedures refer to the subseqeehuiction of the theoretical s model. Details are provided in the text and the fi
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Figure 5-13: left: Experimental (solid) V K edge ({k)*k®) of hydrated VO,/SBA-15 (7.7 wt%) (top) and of XDs (bottom)
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Figure 6-1 Left: UV-Vis-DR spectra of 7.7 wt%®,/SBA-15 dehydrated at different temperatures. pctra were recorded at
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Figure 6-2 Leftin situ UV-Vis-DR spectra of the 1.4 wt%,®,/SBA-15 sample and the water ion current m/e 18 54 K/min,
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5 K/min, 20% QN HE, E4 DEAMIINE). ......ueiiiiiiiiiiii e eeeeee ettt ettt ettt e e et e et e e ebe et e e e s sbeb e e e e asnbe e e e e e snnbseeeesansbneeanannnes 92

Figure 6-4: V K edge pre-edge peak height as atifumof average V-O bond length (left) and relatareergy position and centroid
energy (right) of vanadium oxide reference compsurmeasured at A1 beamline. The values determinedédbydrated and
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Figure 6-5 Left: Thermograms of bare angdDySBA-15 samples. Right normalized relative mass hbstected for the observed

steps derived from the thermograms (I€ft SIHE). ... .eiii e e e e e e e s e e e e e be e e e e e anreeeas 95

Figure 6-6 Left: TG and DTG signals recorded fof Wit% V,O,/SBA-15 (10 K/min, 623 K), location of ;i is indicated; right:
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Figure 6-7 Left: A picture of different types ofasiol groups of silica materials; rigHtSi CP-MAS-NMR of bare and 7.7 wt%
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Figure 6-8 Left: V K edge XANES spectra (insete{@dge peak height and water ion current duringdmettion of dehydrated 7.7
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208

Figure 6-9: FT{(k)*k®) of 7.7 wt% \,O,/SBA-15 (left) and UV-Vis-DR spectra of 1.4 wt%,®,/SBA-15 (right) after various
hydration and dehydration cycles: as prepared {i#fdt dehydration at 623 K/ XAS, 554 K/ UV-Vis-DRS0 min (B); first
rehydration, 1.3-1.6 Vol% 60-90 min (C); secondydirhtion at 723 K/ XAS, 634 K/ UV-Vis-DRS, 1 h (Ddecond rehydration,
1.3-1.6 Vol%, 60 min (E). The line types on rightesrefer to the same procedure as on the left.side..........ccccocoeiiiiiiiienen. 100

Figure 6-10 Left: FT((k)*k®) of differently hydrated 7.7 wt% YD,/SBA-15 and \Os. Right: result of the least-squares fit

( ) using the V K edge XANES spectra of dehydrated eehydrated 7.7 wt% D,/SBA-15 ( ) recorded after the
first de-/rehydration cycleFigure 6-9, lef) to the experimental XANES spectrum ( )of two wexddt as-prepared 7.7 wt%
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Figure 6-11: UV-Vis-DR spectra of 7.7 wt%,0/SBA-15 (left) and 1.4 wt% MO,/SBA-15 (right): as-prepared (1.4 wt%)/

hydrated after calcination (7.7 wt%) ( ); dehydrat&s-prepared” sample ( ); hydrated one year oldptam
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Figure 6-12 left: Raman spectra of (A) a 3 wt% YO SBA-15 mixture (1064 nm, 100 mW) and (B) SBA-15iam situ spectra
(514 nm, 6 mW) during dehydration of (C) one yelt 8.7 wt% O,/SBA-15 at 723 K (20% ©in N,) and (D) a 7.7 wt%
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Figure 6-13 Left: V K edge F¥(k)*k®) of 7.7 wt% \LO,/SBA-15 after different dehydration procedures: 6230% Q/1.6 Vol%
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UV-Vis-DR spectra of the 1.4 wt% ,@,/SBA-15 sample during dehydration together with evdbn current m/e 18 (554 K,
4 K/min,1.3 Vol% HO, 20% Q in He). The inset shows the 2D spectra record@® atin and 113 min..........cccoccveeeerieennee 105

Figure 6-14: UV-Vis-DR spectra recorded at 298 temflifferent dehydration cycles™ tiehydration at 554 K for 30 min ( );
2" dehydration at 634 K for 1 h ( )"%dehydration at 554 K for 30 min (1.3 Vol%®) and 15 min (“dry”) ( ). The
samples were diluted with SBA-15 (1:3 (SBA-15 : W% V,O,/SBA-15) and 1:1 (SBA-15 : 1.4 or 4.1 wt%Q®/SBA-15)). ...107

Figure 6-15: Schematic drawing of assumed dynamnixtsiral transformations of supported vanadiundexphase on SBA-15
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Figure 7-1: V K edge XANES (left), Ff(k)*k®) (middle), and UV-Vis-DR spectra (right) recordat298 K after dehydration
(solid line, 623 K, 1 h, 20% £n He) and after propene oxidation (dashed liif& & (UV-Vis) and 723 K (XAS), 1 h, 5% £and
5% propene in He): (A) 7.7 wt%, (B) 4.1 wt%, ang (C4 Wt% MO)/SBA-15. .....cociiiiiiiiiiiie et 117

Figure 7-2 Top and middié situ UV-Vis-DR spectra of dehydrated®,/SBA-15 (623 K, 1 h, 20% £n He) and the evolution of
the ion current m/e 56 (acrolein) during the terapee programmed reaction: (A) 7.7 wt%Qy/SBA-15 (675 K, 5% @and 5%
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Figure 7-3:In situ UV-Vis-DR spectra of 7.7 wt% ¥D,/SBA-15 (right) and 1.4 wt% MD,/SBA-15 (left) recorded at 636 K and at
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Figure 7-5: Evolution of the recorded MS ion cutsefieft, top), and the V K edge pre-edge peakltefg) and energy position
(A) (left, bottom, relative to 5.465 keV), and theaph fraction for the hydrated)(and dehydratedsj vanadium oxide structure
obtained from a PCA (left bottom) of the V K edgANES spectra (right, top) that were recorded dutihg temperature
programmed reaction (5%,Gnd 5% propene in He, 298-723 K, 5 K/min) of 7.®onhydrated VO,/SBA-15. FT{(k)*k®)
(QEXAFS scans) of a comparable measurement arensbovhe right side (DOttom). ........cceviieeeeceiiiiiieci e 122

Figure 7-6 Leftin situ UV-Vis-DR spectra of dehydrated 7.7 wt%Qy/SBA-15 (623 K, 1 h) after subsequent treatmerti7at K
in (1.) oxygen, (2.) propene and oxygen, and (8ygen. Right?°Si CP-MAS-NMR of SBA-15 and 7.7 wt%,,/SBA-15 treated
at different temperatures: (A) SBA-15, (B) dehydth?.7 wt% VO,/SBA-15 (653 K, 1 h), (C) dehydrated 7.7 wt%Oy/SBA-15
(653 K, 1 h) after propene oxidation (5% propena 3% Q in He, 673 K, 1 h). The red curve is the sum ef Baussian functions
used for the Profile FEfINEMENT. ........ . ettt e e h et ebe e e bt e e s e e nbreeatnee e 124

Figure 7-7 Leftin situ UV-Vis-NIR-DR spectra of dehydrated (dashed lihg) wt% and 7.7 wt% MO,/SBA-15 (623 K) after 1
(solid line) and 2 (dashed and dotted line) catalytic measuremer (675% Q and 5% propene in He). Rightt situ Raman
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Figure 7-8 Leftin situ Raman spectra of hydrated 7.7 wt%0OySBA-15 during propene oxidation; 5% @nd 5% propene inJN
514 nm, 6 mW. Right: Comparison of timesitu Raman spectra of hydrated and dehydrated 7.7 wi®y/$BA-15 during propene
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Figure 7-9: Propene conversion and oxygenate satgdfieft). Propene conversion rate referred ie sample mass, and product
selectivities determined in the different measumneells during the temperature programmed propeidation using dehydrated
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Figure 7-10: Propene conversion during propeneatixid (5% Q and 5% propene in He) on 1.4 wt%0QJ/SBA-15 (right) and 7.7
wt% V,O,/SBA-15 (left): (A) dehydrated sample; 653 K, 120% Q in He; (B) dehydrated sample, 763 K, 1 h, 20%rHe, (C)
“recalcined” sample, 843 K, 12 h, 20% i@ He; (D) “multistep” sample: (i) 843 K, 12 h, #00; in He, (ii) 298 K, 24 h, 20% O
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Figure 7-11: V K edge XANES spectra (left) and HE{*k®) (right) of 7.7 wit% VO/SBA-15 recorded at 298 K after
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