UNIVERSITY OF PARDUBICE

FACULTY OF CHEMICAL TECHNOLOGY
Department of Physical Chemistry

Vanadium catalysts
anchored on mesoporous support

In oxidative dehydrogenation ofn-butane

Annotation of doctoral thesis

Author: Ing. Michal Setni ¢ka

Supervisor: Doc. Ing. PavelCi¢émanec, Ph.D.

2013






Abstract

The introduced doctoral thesis deals with the staflystructural properties and
catalytic performance of vanadium oxide containimgh surface mesoporous silica
materials in oxidative dehydrogenation ebutane (G—-ODH) to corresponding alkenes.
The ODH of n-butane could be good alternative to classical dedgenation, steam
cracking and fluid catalytic cracking processesahiiave some limitations and they are
expected to be insufficient to supply increasingnded for olefins in the coming years.

The main aim of this thesis was investigation & thfluence of vanadium oxide
species structure and their surface dispersiornilica ased materials to catalytic activity
in C4-ODH reaction. Several experimental techniques weezl for deep characterization
of catalysts. The XRD, SEM and fddsorption were used for the study of textural
properties and HTPR, DR UV-vis and Raman spectroscopy for deteation of VO
complex speciation. The most valuable method foerd@nation of vanadium speciation
seems to be a new methodology of the measuremdrevatuation of DR UV-vis spectra
which was developed during this thesis. The suggestethodology utilizes the benefit of
the well resolved absorption bands in the UV-viecsm of samples which were highly
diluted by pure silica. By combination of the resubbtained from characterization and
from measurement of catalytic activity, we can dode that the highest activity and
selectivity to alkenes is reached on materials Wigh content of isolated monomeric YO
units with the tetrahedral vanadium—oxygen cooltitma

The second aim of this thesis waptimization of catalysts for high catalytic
performance in &-ODH, which is necessary for potential using inusidy. The effect of
mesoporous silica support (HMS, SBA-15, SBA-16 an@M-48) differing in porous
structure, the two different method for incorpasatiof vanadium (the wet impregnation
and direct synthesis) and the effect of differat&inta amount incorporated as support
modificator into silica was studied for this purpos

The best catalytic system seems to be V-SBA-15lysitaprepared by direct
synthesis, which exhibits high butenes productivityd Kgrakgear 'h™) and sufficient
selectivity. If the productivity is used as a aiib@ of catalytic performance this material

belongs to the three best catalytic systems whieteweported for £ODH ever.

Keywords: mesoporous silica, DR UV-vis spectroscopy, oxwdatidehydrogenation

(ODH), vanadium oxide species, butenes



1 Introduction

The continuously growing demand fog-C, alkenes, which are the buildings blocks
or important intermediates of synthetic rubberaspts, automotive fuel components and
other valuable chemical products, brings a greali@hge for nowadays chemical industry.
Currently, the light alkenes are obtained mainlybgsproducts from catalytic or steam
cracking of crude oil or natural gas and from flaatalytic cracking (FCC) of vacuum gas
oil. However, present industrial capacity is expddo be insufficient in the coming years,
as the demand grows for these important intermesliaf the modern petrochemical
industry. It stimulates research to improve exgtiachnologies or to develop new ones,
which will be able to prepare these materials fidmap and in the future abundant@
alkanes [1, 2]. Alkanes are, not only, cheaper theent cost of one metric tone of
propane is 860 $/t while the cost of propene 13/0%V)) but moreover they have lower
impact to environment due to lower toxicity in coanigon to alkene or aromatics [3, 4].

Oxidative dehydrogenation (ODH) ofbutane could be an alternative to classical
used processes. The ODH reaction is thermodyndmiealorable and can be carried out
at temperature much lower in comparison to a nadative dehydrogenation (practically
complete conversion can be attained at temperatwat 200 °C lower than those used in
dehydrogenation [5]) [6-8]. To a certain exteng tonditions of ODH reaction also reduce
the problems of coke formation and catalyst deatbw. But this reaction has still several
unresolved problems whose hinder its industrial tise molecule of butane contains four
carbon atoms which enable a lot of consecutivetiwa: This makes possible the
formation lot of consecutive reaction products &scdibed in ref. [1]. Moreover the
formed alkenes are approximately four times moeetree then starting butane [8] what
causes the decrease of selectivity to desired ptedwith the increasing conversion of
butane. Thus the development of suitable catadystili unresolved important challenge.

Vanadium oxide based catalysts are very often asecatalysts in ODH reactions.
Their application offers several advantages liRelo(ver temperature for the activation of
C-H bonds of reactants (limitation of cracking armnbustion reactions) and (ii) suitable
geometric and electron structure of ¥ Qunable with used matrix or temperature). The
vanadium-oxide catalysts are hence suitable foeriits oxygen atom to hydrocarbon
molecule. However, in the case of ODH of alkanestied out at higher temperatures, the
using of bulk vanadium oxides lead to total oxidatproducts like CQ From this reason,



the vanadium oxide is very often deposited on #@ablé support in the form of well
dispersed VQ species (vanadium supported catalysts represeéht @Ball supported
catalysts [9]) [6, 8].

General benefits of the supported catalysts omtésoporous silica materials are: (i)
large surface area which allows a good dispersioactive VO species, (ii) relatively
high thermal and hydrothermal stability of the sopp(iii) good mechanical properties
(i) structure of support (usually micro- or mesopus) brings advantages in shape
selectivity of these materials and last but nost€iar) important point for supported model
catalysts is the structural homogeneity of the supmaterial which allows relatively
simple characterization and opens the possibiitgescribe these systems by apparatus of
the theoretical chemistry [2, 10, 11].

The support is capable strongly affect the catlyterformance. The textural
properties and acid base character of the supperthe most important factors [2]. The
acid base character influences (i) the dispersibthe vanadium oxide [10] (ii) their
structure [10] and (iii) retention period of reaut and reaction intermediates on the
surface [4, 10]. From this point of view the MgQpport (iso-electric point (IEP) ca. 12.5
[10]) seems as the best support for ODH of alkérexsause rising alkenes (more basic
then alkanes) are easily desorbed and it suppssecutive reactions leading to €O
Moreover acid character of,@s (IEP 1.4 [10]) facilitates good dispersion of ¥©pecies.
On the other hand MgO supports have area only ati60t150 mg* what limits
attainable vanadium loading [12] and the formatdrbulky vanadium-magnesium oxide
compounds also occurs on this support [11, 13] wdaads to disappearance of the part of
vanadium from its catalytic role. From this reas®required to find new support materials
with large surface.

The vanadium oxide (V& units supported on the surface of ordered mesagor
silica (SBA-15, HMS etc.) were reported to be patdly suitable catalysts for the ODH of
n-butane in the past [2, 6, 14, 15]. However, thehilat relatively low activity and
C,—ODH productivity due to high apparent activatiamreryy of C—H bonds [16]. One
possibility how to solve this problem is to preparemixed support which combines
suitable properties of different supports. A goachreple could be combination of
properties of Si@ (high surface area, thermal stability and propdectivity) and TiQ
(high activity which allows to carry out the reactiat lower temperatures [6, 17, 18]) in

one Si-Ti materials\(Il).



VOx particle might be present at surface of catalyst®ur different forms: highly
dispersed isolated monomeric units with tetraheclvatdination (group of symmetry, ©r
Csv) usually expected to have a structure (suppoav€) (Figure1 A), one-dimensional
oligomeric units connected by V-O-V bonds with dlittd tetrahedral coordination
(Figure 1 B), two-dimensional polymeric units with a squaregmyidal structureKigure
1 C). At the highest level of VQconcentration, octahedrally (groug)@oordinated three-
dimensional ¥Os crystallites Figure 1 D could be generated [6, 8, 9].

A

Figure 1 —Possible molecular configurations for supportedagiunm oxides (red ball — oxygen, light gray ball
— vanadium, dark gray — silicon and white ball -ygen in support): A) isolated vanadium oxide
species with T coordination; B) dimeric and 1-D oligomeric vanadi species with
coordination; C) 2-D vanadium oxide chains withcbordination; D) bulk YOs crystals with Q
coordination of vanadium atori\().

The method of the deposition of active vanadiumsphean also strongly influence
the nature and abundance of rising/§pecies. The simple wet impregnation method of
vanadium salt (N O3, vanadyl sulphate, vanadyl acetylacetonate) ig séien used for
the deposition of VQ species [14, 19-22]. However, impregnation metheely often
lead to materials with broad distribution of Y@pecies including the \AQunits with a
low degree of dispersion or bulk oxide. The direptirothermal synthesis of mesoporous
vanado-silicate is an alternative method for incoation of vanadium species on the silica

surface by the introduction of the required amouwitsetal salt to the synthesis gel. In



this case, the vanadium species are incorporatedtlyi to mesoporous structure, where
the VQ, units with tetrahedral coordination substitute 8%, isomorphly [23-25].

2 Aims of the study

This doctoral thesis deals with supported vanadicatalysts on mesoporous
materials which are characterized by broad ranganalytical techniques and tested in

C4,-ODH reaction. The two main aims of this doctohadis are:

(A) Investigation of the influence of vanadium oxigdpecies structure and their
surface dispersion on silica based materials talyat activity in ODH of

n-butane.

(B) Optimization of these materials for high catalyterformance in ODH, which is

necessary for potential using in industrial plants.

To achieve these two main objectives is necessaanpswer some partial question:

(i) How to distinguish and quantify vanadium oxisigecies in the V@silica
catalysts?

(i) Which VOx species are the most activenibutane ODH?

(iii) Is it possible to influence VQ speciation and catalytic activity by way of
used preparation?

(iv) Could be the dispersion of \WOspecies and performance of catalysts
influenced by textural structure of used support?

(v) How the support chemical composition affecte MOy dispersion and
catalytic activity?

3 Experimental

Because the experimental setup and conditionsnadetail described in PapeWII
related to this doctoral thesis, only basic desiompof preparation and characterization of

catalysts will be given in following paragraphs.

3.1 Preparation of catalysts

The silica supports were prepared at ambient comdit or by hydrothermal
treatment. The tetraethylorthosilicate (TEOS, Altjiwas used as a silica precursor in all
cases IfVIl) and tetraethylorthotitanate (TEOT, Aldrich) wased as a titanium source in

the case of Ti-HMS preparatioWvI{). The structure directing agent (SDA) was chosen
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according to the required structuné)( The template was removed from the structure of
mesopores by calcination in a stream of air at ®1Gor 8 hours with heating rate
1 °C mintin all cases.

Investigated vanadium catalysts were prepared envtiays (i) by impregnation and
(i) by direct synthesis. In the first case, vamawlioxo-species was introduced onto the
silica support by the wet impregnation from EtOHuson of vanadyl acetylacetonate
(VO(acac)) (I-V, VII). The procedure for the preparation of supportuadium catalysts
by direct synthesis method was almost the sameoaggure of support preparation but in
the first step of synthesis the source of vanadiM@(acac) (I-11, IV), NH,VO3 (VI))
were added directly to the homogeneous solutioe. ddicination of samples was carried

out at 600 °C in air stream for 8 hours.

3.2 Catalysts characterization

The vanadium content in all investigated samples wiatermined by X-ray
fluorescence spectroscopy by ElvaX (Elvatech, Ulepequipped with Pd anode. Another
details you can find in our papet§¥/{V).

The structure and crystallinity of catalysts weseially probed by scanning electron
microscopy (SEM) Y, VII) using JSM-5500LV microscope (JEOL, Japan) anigay
diffraction (V-V, VII) (D8-advance diffractometer, Bruker AXE, Germairy)the 2
range of 2—35° with Cu Kradiation § = 1.5406 A)

Specific surface area and textural properties wéstigated catalysts were measured
by means of nitrogen adsorption/desorption at teaipee of liquid nitrogen for
verification of mesoporous structure by using AS2820 equipment (Micromeritics,
USA). Prior to adsorption isotherm measurement,sta@mples were degassed at 300 °C
under turbo molecular pump vacuum for 8 h. Addiilodetails are given in papev,(VIl)
and in Ref. [22].

Distribution and coordination of vanadium specieaswnvestigated by UV-vis
diffuse reflectance and Raman spectroscopy. DR Wb/spectra were measured under
dehydration conditions (independently checked olected samples by UV-vis—NIR
spectroscopy monitoring vibrations of OH overtonas) granulated (0.25-0.50 mm)
materials by GBS CINTRA 303 spectrometer (GBC SdienEquipment, Australia)
equipped with a Spectralon coated integrating sphemg a Spectralon coated discs as a
standard. The spectra were recorded in the rangbeofvavelength 190-850 nm. The

absorption intensity was expressed using the Sehu&tbelka—Munk equation



F(R,) = (1-R.)?/ 2R, whereR, is the diffuse reflectance from a semi-infiniteday-II1 ).
Raman spectra were also measured under dehydradeftilly oxidized state of catalysts
(dehydration and oxidation protocol was the saméoaDR UV-vis measurement and
more details are given in Papéil ) by a Labram HR spectrometer (Horiba Jobin-Yvon)
in the case of spectra excited by 514.5 nm lineaof Af/Kr* laser. UV Raman spectra
were measured using Micro-Raman Renishaw RM 100fctspneter. Spectra were
excited by 325 nm HeCd laséh (V).

Redox behaviour of VQ surface species was investigated by temperature
programmed reduction by hydrogen{HPR) using the AutoChem 2920 (Micromeritics,
USA). Usually, the sample was oxidized in oxygemflbefore reduction. The reduction
was carried out from 100 °C to 900 °C in flow oflueing gas (5 vol.% Hin Ar). The
changes in hydrogen concentration were monitored@D detector. For more details you
can see experimental part of our paperb/ V, VIl ).

In addition to these most used method a few ottvais used in some special cases.
For verification of successful incorporation oatitum to the HMS matrix was used FT—IR
spectroscopy\(ll), thermal stability of samples was investigatedTi®&~DTA (VII) and
apparent reoxidation activation energyas studied by 9TPO (V).

3.3 Catalytic tests in ODH reaction

The n-butane oxidative dehydrogenation,{ODH) reaction was carried out using a
plug-flow fixed-bed reactor at atmospheric pressarthe kinetic region and at the steady
state conditions of the reaction. Usually, thewatstiand selectivity of catalysts were tested
at 540 °C in the dependence on contact time dygossibility compare the catalysts at
iso-conversion conditions. The feed composition wasually GH;J/O./JHe =
10/10/80 vol.% KV, VI1) or 5/5/90 vol.% Y, VI) with a total flow 100 cfmin™ STP. The
analysis of reaction mixture composition was made dm-line gas chromatograph
equipped with TCD and FID detectors. The feed cwmsiwa, selectivity to products,
productivity and turn-over-frequency (TOF) wereccddited based using Eq. 41§§.

4 Results and discussion

4.1 Characterization of VQ species

The supported vanadium oxide catalysts are verypt@mmaterials and the

determination of the detailed speciation of vanadnkide species present on the surface



of the support materials is still challenging task the process of the catalyst
characterization because the knowledge of the pmayanolecular structure of surface
vanadium species is an essential task for undelisigirthe structure — catalytic activity
relationship. The presence of the various strustofethe supported vanadium phase has
been extensively characterized by different tealesg especially by spectroscopic
techniques (FT—-IR, Raman, XANES/EXAFS, DR UV-vislid-state MAS®V NMR,
ESR, EPR, SEM, TEM etc.).

Characterization by DR UV-vis, Raman aH°R was used as the main technique
for study of V& dispersion and oxidation state in this thesis. Elav, a few problems
had to be solved before their application for staflgur catalystsI{lIl ).

4.1.1DR UV-vis spectroscopy

Characterization by DR UV-vis spectroscopy is fegly used because it is
widespread, relatively cheap, and a simple experiaheechnique which can provide
information about the different oxidation statesd alecal coordination geometry of

supported vanadium oxide species.
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Figure 2—Spectra of dehydrated V-HMS (impregnated — top syrthesized — below) samples without
dilution ().



The DR UV-vis spectra measured in the range 1.862%. (850-190 nm) of
dehydrated V-HMS materials are presented inRigeire 2or two sets of samples, which
were prepared by direct synthesis or by wet impaign, respectivelylf, IV). These
spectra consist of several ligand to metal chargesfer (LMCT) absorption bands
characteristic for samples containing vanadium @xsgecies supported on siliceous. The
d-d absorption bands characteristic for th€'Mn the region 1.55-2.07 eV were not
observed in the obtained spectra. This fact cosfittmat all vanadium atoms are in
oxidation state (+V).

However, the measured DR UV-vis spectra usuallysisbrof broad, absorption
bands which are overlapped with each other and onerdghese spectra is not proportional
to amount of vanadium concentratiofigure 3 B. These facts complicate detailed
speciation of vanadium oxide species present osuhface of the support and that is why
many contradictory interpretations appear veryroftepublished paper$l}. This fact was
reported already in the past by Catana at al. §26] completely prohibits the quantitative

or semi-quantitative analysis of spectra.
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Figure 3— A) Dependence of spectral intensity for subsequentilyted V-HMS (concentration of
vanadium is related to the resulting mixturi).(
B) Comparison of spectra of pure (black line) and ti®@s diluted (red line) samplei$)(

Gao [27] partly eliminated this hindrance by usmigmethodology based on the
evaluation of absorption energy edge) (from UV-vis spectra using the expression

introduced by Tauc [28] in the form: (&) - hv)? = (hv — &), where the - the energy
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edge values were determined from obtained plotseéder, this method is inapplicable for
samples containing the remarkable amount of octaligatoordinated species (the sample
with high concentration of vanadium and absorpbands in the region 2-3 eV ) [21]).
Moreover the determination of tlag value is rather subjective as well the wrong basel
correction can limit the applicability of this metiology (, I1).

The comparison of the spectra of the pure and edliigamples V-HMS-4.8 and
V-HMS-9.5 displayed aFigure 3 Bpresents the retained width of these spectra. fabis
demonstrates that vanadium oxide species suppiorigatous material has no tendency to
redistribute itself to diluting agent as it can wc the case of material supported on the
external surface of nonporous Sikased supports. Moreover, values of the integea af
diluted spectra are approximately proportionaht® ¢oncentration of vanadium in V-HMS

samplesi().
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Figure 4 — Spectreaof diluted V-HMS (impregnated — top and synthesizeldelow) materials with dilution
ratio to pure silica 1:100Ql().

The Figure 4shows DR UV-vis spectra of V-HMS samples dilutedamyorphous
silica with the constant ratio 1:100. Such obtaispdctra exhibit more clearly separated
bands which offer the possibility to attribute obsel absorption band to individual O
units more reliably. On the basis of our methodgldgscribed in detail in Papér, we



deconvoluted spectra of diluted samples into fifeient UV—-vis bands denoted as A-E.
Figure 5presents the comparison of the experimental spadth the model curves for the

four selected samples.
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Figure 5— Results of the deconvolution of experimental sebir method described in PaperRed points
are experimental data, the red line is the fittadedéope curve, and black lines are individual
spectral bands.

Highly concentrated samples prepared by the wetr@gmation exhibit intensive
absorption bands at the region 2.5-3.5 eV. Therphea bands can be clearly ascribed to
the presence of {Ocoordinated bulk-like VQ because only the )05 with the edge of
absorption energy 2.26 eV has absorption bandskisnrégion [, Il). All diluted V-HMS
samples have in the range 3.8-6.5 eV three abeorptnds at positions 4.0, 5.0, and
5.9 eV. Clearly separated absorption bands offerpitssibility to more reliably attribute
observed absorption band to eithgrimionomeric or § oligomeric units. It was done on
the base of comparison spectra of samples withtrgpet referent materials (MO, as
representative of compound composed from pymadnomers and NaV4{as source of o
oligomeric units) [[). The band with maxima position approximately a&\4 can be

attributed to T oligomeric species. The band at ca. 5.9 eV beldng3y monomeric

10



species and the band with maximum at approximd&edy is linear combination of both
T4 monomeric and dJoligomeric species, respectively. Assignment dfiviildual bands in

UV-vis spectrum is for better illustration showg-igure 6
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Figure 6 — Assignment of individual bands in UV-vis spectraonindividual VGO species for V-HMS
sample with 9.5 wt.% of V.

4.1.2 Temperature programmed reduction by hydrogen

Temperature programmed reduction by hydrogeaTPR) is next frequently used
technique for characterization of supported mexadiea This technique has close relation
to redox properties of VOspecies under real catalytic conditions. TPR frindicates
whether the vanadium species are accessible fedaxrprocess which is an important
proof of successful synthesis of sample becauseglthie preparation by direct synthesis
some part of vanadium could be buried deep inasii@lls (V) [22, 29]. Nevertheless
reliable assignment of individual peaks in TPR pesfto particular species is not solved
yet ().

The TPR profiles reported in literature [19, 22] 88hibited one, two or sometimes
even three reduction peaks with temperature maximaunged usually from 560 to 700 °C.
The low temperature peak is usually attributech® reduction of the isolated monomeric
units whereas the high temperature peak is at&btd reduction of oligomeric units and
peak with temperature maximum about 700 °C is lbedrias proof of YOs bulk-like
species presence. Nevertheless this assignment rdmeagree with results from the
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UV-vis spectroscopy as it is evident from UV—-vigspa and TPR profiles comparison in
our papersl(1V-V, VII') or in Ref. [22, 30].

On the base of deeper investigation of HPR and UV-vis spectrd, (V) was
suggested new interpretation of individual bandsTiR profiles which is in good
agreement with results obtained by DR UV-vis measant. TheFigure 7shows
representative UV-vis spectra and TPR profiles e8BA-15 materials with different
population of vanadium species. The first peakh@ TPR profiles of vanadium oxide
supported on silica materials can be definitelygmesl to the reduction of all unit withyT
coordination (monomeric and oligomeric) and theosécpeak pertains to the vanadium
species with @ coordination (2D and 3D oligomers). The third peaikht very sharp
maximum could be ascribed to large bulk-vanadiumOsv crystallites with

On-coordination. Our claim is in a good agreement witkerpretation suggested by Arena
at al. [30].

0.25

TCD signal, A.U.

T T T . -
400 500 600 700 800 900
B Temperature, °C

Figure 7—A) DR UV-vis spectra and B) HTPR profiles of VSBA-15 samples prepared by direct
synthesis with different population of individuaDy species.

4.1.3 Raman spectroscopy

Raman spectroscopy is also very often used forackenization of supported
vanadium catalysts. However, the using of Ramanctemeopy for VQ/SIO,
characterization has some problems and restridtstly, the structure information relies
on a correct assignment of the observed bandstational modes. The main problem for
VOx/SiO, materials is the strong vibrational coupling bedawe¢he vanadia species and the
silica support [31, 32]. These vibrations cannosbparated by an easy way and hence it
may be impossible to assign each of the Raman bandssingle specific bond vibration
(1, V).

12



The second fundamental problem is the fact that &aspectra (shape, intensity)
depend on laser wavelength which is used for edmitaof Raman spectra. Evidently,
visible Raman spectrum is totally different frontraviolet Raman spectrum (seeure 8
and Figure 9. This is due to the fact that different excitatisvavelengths could be
absorbed by different vanadium species in the sarapt therefore different resonance
enhancement effect control of Raman band intessitan occur I{l). For deeper
investigation of this statement, we compared vesilohd UV Raman spectra of samples
with various distributions of vanadium complexestba silica support (sdegure 9 with

results obtained from analysis of DR UV-vis spe(tig.
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Figure 8 — Raman spectra of dehydrated V-HMS with 6 wt.9%/0ét 514.5 nm (green line) and 325 nm
(blue line) excitation. Inset: DR UV-vis spectruintibe same sample with marked position of
lights of individual lasers used for excitationRdman spectra.

The green laser (514-532 nm) is one of the moguBatly used excitation laser and
in this case the resonance ofO¢ could be occurring very easily. This is the reattat
most of the visible Raman spectra contain mainlgy viatensive signals belonging to
crystalline \4Os (set bands at 282, 301, 404, 520, 697 and 993)ciBands belong to
other vanadium species are very broad with lownisitg (except banda. 1 035 cni') and
hence they can not be used for detailed descripfi@manadium speciatiorV(.
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Band at 1 035 cil is usually assigned to terminal V=0 stretchingailon. Shift of
this vibration band to higher wavenumbers was feadly taken as proofs of changes in
the extent of polymerization of \d{Ospecies on supports like A&;, ZrO,, TiO, etc.
However, no shift of this Raman band was observethé case of V@ supported on
silica. Hence some authors predict presence onlyomeric VQ and/or microcrystalline

V205 species on the silica surface [33, 34].
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Figure 9 — Visible (A) and UV (B) Raman spectra of dehyddatimpregnated V-HMS samples with
different concentration and \Qunits population.

However, this interpretation is in contradictionthviour results obtained from
detailed analysis of DR UV-vis spectra and withaosions reported in literature as well
[35-37]. We prove that changes in population of@ieric and monomeric \\Ospecies
(determined on the basis of DR UV-vis spectra dexsition (I, Il1)) in individual
samples are not manifested by significant changethe character of Raman signals
(Figure 9. From this data, it is clear that interpretatmnRaman spectra is complicated
and using of Raman spectroscopy for characterizaifo/Ox species on silica surface is
rather problematic and it could lead to misintetgtien which has been published
previously by Dobler [38] as well. On the other darRaman spectroscopy is very
sensitive technique (mainly at excitation by 514 nlaser) for monitoring of
microcrystalline \MOs species even in low concentration, which could beidetected by

DR UV-vis or XRD (II).

4.2 Catalytic activity in G-ODH

The main reaction products identified in the reactmixture were: methane, ethane
and ethene, propane and propene, l-buteiseand trans-2-butene, 1,3-butadiene and
carbon oxides (CO and GO The carbon balance was 98+3 % in all the catatgsts and
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oxygenates or products of coking were not founce @btivity of catalysts was stable at
least for 10 hours time-on-stream (TOB),(V, VII) and no loss of catalyst activity during
the time reported elsewhere [18hs observed. The conversion of bare matrix or gmpt

reactor was negligible in comparison with vanadeatalysts.

4.2.1 Activity of the individual vanadium species in ODHof n-butane

The role of individual VQ species in &-ODH was investigated on two sets
(synthesized and impregnated samples) of V-HMS hatta differing in amount and
distribution of VQ species. The population of individual Y®Gpecies was determined on
the base of energy edge evaluation from UV-vis tspeevaluation [{/) or by
mathematical deconvolution of UV-vis spectra ofutii samples\{). The relative
amount of oligomeric Jcoordinated units very well corresponds to bogtalytic activity
(expressed like apparent TOF) and selectivity girdd G-deh. products, respectively (see
Figure 10. The all low concentrated samples exhibit apprately constant value of TOF
factor (28 h'at 540 °C) until the vanadium concentration ca5 W% is reached
followed by a rapid decrease of TOF value (5=74t 540 °C). Decrease of TOF value
clearly evidences that with subsequent increasingaoadium content the significantly
less active or non active species in ODHhdifutane are generated.

No only activity, but also selectivity to sGen. products rapidly decrease. This
behaviour is probably due to increasing of abundanligomeric species with 4Tand
mainly Q, coordination because these species contain the-V-Hdidging oxygen atoms
which are readily available for reaction. Accordiegmechanism introduced by Kung [8]

the presence of this oxygen allows the formatiothefproducts of total oxidation (G
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impact on activity (black line) and selectivity (el bars) for samples prepared by wet
impregnation (A) and direct synthesis (B). Datgyjimiated fronPaper I\
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Finally, we can conclude that the isolated monom®&®yx species play the role of
the most performance catalytic centre in the ODHh-blitane, because monomeric units
are much more active and selective than all otlamagium oxide species which we can

found on silica support.

4.2.2 Catalytic activity — influence of support structure and method of VO species
deposition

Despite the fact, that there are many differenticstres of silica [39] only
the SBA-15 and amorphous silica was investigate@DH of n-butane. Nevertheless, as
shown by the results obtained in ODH of propane, tiype of support can affect the
performance of catalysts [40, 41]. However, it mbstnoted, that differences were not
significant. More significant differences in theagtic behaviour could be expected in the
case ofn-butane ODH due to higher sensitivity of this réacto the individual structure
of VOx species V). Therefore, we report comparison of catalytic f@enance of
vanadium containing siliceous with high surface difterent structure (HMS, SBA-15,
SBA-16 and MCM-48)Y).

It was observed that in addition to the channelcstires (1D - 3D) materials differ
mainly in the relative abundance of monomeriec®ordinated units. The highest relative
abundance of these units (determined from decotealuV—-vis spectra) can be found on
the SBA-15 support (approximately about 82 % reteaamount for sample with 3.6 wt.%
of vanadium). We can sort tested materials, onlthgis of the supports tendency to
generate the monomeric species, in the followindgepiHMS < SBA-16~ MCM-48 <
SBA-15 (V). More details about physicochemical propertiesiafable 1

High capacity of monomeric species on SBA-15 canghwen by the fact that
SBA-15 silica represents mesoporous material wahulkar, very well defined porous
system characterized by relatively higher volumenekopores [42]. Hence, the vanadium
source in solvent solution can easily penetratbégorous system from outer medium and
spread homogenously on the silica wall. In thisedh® overconcentration in microspores
does not occur contrary to worm-like (HMS) or inkttle (MCM-48) structure with
weaker regularity and larger amount of micropokés (

Previous paragraph shows that the incorporatiovaohdium by impregnation may
cause creation of large amount of oligomeric s@ecign the areas of solution
accumulation) in less defined structures. This |gnobcould be solved by using of the

different method of vanadium incorporation. Theedirsynthesis of vanadium silicate in
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one step is often denoted as the best method épapaition of supported catalysts [22, 24,
25] and that is why we report comparative studinaf sets of V-HMS differing in amount
and distribution of VQ species IY). The samples with the vanadium concentration less
than approximately 4-5 wt.% of V exhibit nearly g@ne amount of monomeric units and
these species represent significant part of the $fi@cies generated on the surface but the
highest achievable amount of monomeric speciesshigistly higher for catalysts prepared
by direct synthesis (sdagure 10Q. The oligomeric and polymeric units with widergtdee

of oligomerization, which are formed in higher exten the samples prepared by the wet
impregnation method, start to generate after regcha. 4-5 wt.% of VI[, IV). Above

this concentration polymeric \iOspecies with high polymerization degree and biki& |
V,0s are generated in the case of impregnated samipie& eneans rapid loss in activity
and selectivity to alkenes$\). The relative amount of oligomeric species inhbsets of

samples and their relationship to catalytic adtiistpresented ifigure 10

Table 1- Physico-chemical characterization and main gttatesults at iso-conversion nfbutane 13% for
different V-containing high-surface mesoporoussitius materials\).

sample V, SseTs Vi®, Vv’ Dwe® Ximono Xoigo.  Xon® Sros, Pros’, TOF

wt.% m?gt  cm’g?  cmg?  nm % ht
HMS 879 0.010 0.189 6.9
SBA-15 780 0.060 0.820 6.7
SBA-16 710 0.073 0.510 3.9
MCM-48 820 0.068 0.770 7.0
V-HMS 3.6 640 0.025 0.176 7.1 0.42 0.58 0 53 0.32 16
V-SBA-15 3.6 600 0.030 0.730 5.6 0.82 0.18 0 58 0.57 26
V-SBA-16 3.6 570 0.043 0.309 4.0 0.56 0.44 0 58 0.41 19
V-MCM-48 3.6 670 0.045 0.678 6.0 0.55 0.45 0 43 0.31 19

vanadium content determined by XRF method

Vw micropore volume determined by using the t-plothod

Vue mesopore volume determined by Barret-Joyner-HaléBdlid) algorithm
Dwe mesopore diameter determined by BJH algorithm

relative amount of Fmonomeric, F-oligomeric and @units

Srps = selectivity to all G 4en products

Pros = productivity to all G gen Products grog Gear - N1

Based on our result$, V) we can suggest that the most promising catalystesm
for ODH of n-butane could be V-SBA-15 prepared by direct synshéss thePaper Viwe
report simple one-pot synthesis of V-SBA-15 catalyscording procedure reported by
Gao at al. [31] and its high catalytic performanc®DH of n-butane.
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Directly synthesized V-SBA-15 catalysts with 6.5.%t of vanadium shows
significantly higher TOF value (45% in comparison with previously published TOF
value for V-SBA-15 system prepared by impregna(@2-35 h") (V) [14, 43]. No only
high activity, but also relatively high value of legtivity to desired products
(Sca-den=59 % at 13 % oh-butane conversion), which was equal to selectiatthieved
over impregnated V-SBA-15 with 3.6 wt.% of V (s@able ). The big advantage of
samples prepared by direct synthesis is the faadtttie high selectivity value could be
obtained even over samples with the high vanadioncentration in comparison with
samples prepared by impregnatidv, (V).

The catalytic productivity (P) is generally acceptike the best criterion for
comparison of different catalytic systems testedoite reaction but under different
conditions and it is also one of evaluation créador potential industrial using (the lowest
limit for industrial using is 1 Kgod. kgeat™ " [44]). The productivity value obtained over
our synthesized V-SBA-15 catalyst (1.9,kg kgear ™ h* ) is one of three highestsGen
productivity values which were published for ODHmelbutane in literatureM]) [45, 46].

4.2.3 Activity of catalyst influenced by support composiions — Ti-HMS

The main restriction of vanadium oxide catalystppmuted on silica is low
monolayer capacity of VQspecies, which is only 0.7 \{Oper nnf [47]. However, this
disadvantage is compensated by large specificcideea of mesoporous silica materials.
The second problem is low activity of vanado-stesadue to relatively high apparent
activation energies of C—H bond over ¥8upported on Sig}16, 48].

This problem could be solved by using of ¥€pecies supported on TiCanatase).
These catalysts showed the highest activities iH@&actions and moreover they allow
carry out the reaction at lower temperature [6, Ngvertheless, VQanchored on Ti®
support has relatively low selectivity in ODH raaatand low specific surface area, which
can be further reduced by sintering during therttatreatments. This property precludes
the application of TiO2 as conventional support@®@H catalystsly/, VIl ).

This problem could be solved by preparation a misegport which combines
suitable properties of SpOand TiQ together in one material. The first attempts of
preparation titano-silicates [16, 18, 49, 50] waog prepared in titanium content higher
than 9 wt.% [50] which is still too low for obtamg sufficient activity in ODH reaction

requiring for industrial usingull ).
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We report one-pot synthesis of Ti-HMS support viniph content of titanium (6 and
19, respectively)\Il). In this case we obtained hexagonal mesopordiaa support with
the isomorphously exchanged titanium oxide speeies this is evidenced from DR
UV-vis spectra inFigure 11 These species serve like an “anchor” for vanadaative
species. The main reason for this behaviour is glybthe difference in the isoelectric
point of TiG, (IEP = 6—6.4) and SK)(IEP = 1-2) supports. The acidic vanadium oxide
species (IEP = 1.4) are preferentially bonded eodtwrface hydroxyls of more basic BiO
[10].
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Figure 11- DR UV-vis spectra of dehydrated supports and fowmhlysts with vanadium content about
1.5 wt.%. The x in xTi-HMS is the titanium contentwt.% (VII).

Moreover, acid/base properties of titanium spedreshe support influence the
strength of the bridging oxygen in Ti-O-V and tHere their reactivity. The high
reactivity of V-Ti-HMS catalysts allows carry out the reaction at sigaifity lower
temperature (460 °C) then in the case of V-HMSIgsts. TheFigure 12shows that the
selectivity to G.gen, products is comparable for both catalytic systgvisHMS and
V-Ti-HMS, respectively) and it is about 50 %. Howeyv the activity of V-Ti-HMS
catalysts is significantly higher in comparison wiY-HMS, even at lower reaction
temperature I{/). However, the productivity of V-Ti-HMS catalyss istill to low in
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comparison with our most performing catalysts V-SBA prepared by direct synthesis
(VI, VII).
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Figure 12— The conversion (full red circle and line), hypetic conversion (hollow red circle point) and
selectivity (stacked bar) of bare supports and sttppwith impregnated VQ (1.5 wt.%) in
ODH of n-butane at 460 °CAll ).

5 Conclusions
This doctoral thesis contributed to the generalwkedge about vanadium oxide
supported on silica and their using in ODH mbutane and the main results can be

summarized as follows:

e It is necessary use combination of more charackoiz techniques for proper

catalyst characterization.

« DR UV-vis spectroscopy provides the most detailefbrmation about VQ
speciation on silica based supports but for theecoresults it is necessary to dilute
the vanadium containing samples by pure silicaqratl00). Intensity of obtained
spectra of the diluted samples is proportionaluerall concentration of vanadium
what allows us to use deconvolution of spectrantividual spectral bands and
offers the possibility to obtain more detailed as®mi—quantitative information

about speciation of supported ¥YGpecies.
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The Raman spectroscopy is very sensitive techniguemonitoring of \4Os
microcrystallines but the using of several exaativavelengths is recommended
for more accurate characterization of dispersedadam complexes. No
information about § coordinated VQ particles speciation was founded in Raman

spectra due to strong vanadium silicon vibrationptiog.

The monomeric units with 4T coordination are the most active and selective
catalytic sites im-butane ODH in comparison with all other speciesciviwe can
found on the surface. Moreover«©DH reaction is very sensitive to presence of
isolated vanadium species and can be used as d&e€‘preaction” for their

investigation.

The VO species with higher degree of polymerization pgréite mainly in

undesired consecutive reactions with of ODH prosluct

The method of preparation influences the formatdroligomeric species. The
impregnated samples contain higher amountpé@@rdinated species compared to

samples prepared by direct synthesis.

SBA-15 support is the most suitable structure fepasition of vanadium in the

form of isolated § coordinated monomeric species.

The V-SBA-15 material prepared by direct synthégi®ngs to three catalysts with
highest G.qen productivity values which were published for ODIH mebutane in

literature.

Introduction of titanium to the silica walls led tatalysts with proper selectivity
and high activity even at lower temperature (46DihG:omparison with pure silica
based materials without significantly negative etfeto G_qen Selectivity observed

on the pure Ti@based supports.
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