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Abstract

The introduced doctoral thesis deals with the study of structural properties and
catalytic performance of vanadium oxidic species (VOx) containing high surface
mesoporous silica materials in oxidative dehydrogenation of n-butane (C4-ODH) to
corresponding alkenes. The ODH of n-butane could be good alternative to classical
dehydrogenation, steam cracking and fluid catalytic cracking processes which have some
limitations and they are expected to be insufficient to supply increasing demand for olefins
in the coming years. The thesis consists of 7 papers complemented by introduction and
discussion of main results.

The main aim was investigation of the influence of VOx species structure and their
surface dispersion on silica based materials to catalytic activity in C4~-ODH reaction. Many
experimental techniques were used for deep characterization of catalysts. The XRD, SEM
and Nj-adsorption were used for the study of texture and H,-TPR, DR UV-vis and Raman
spectroscopy for determination of VOx complex speciation. The most valuable method for
determination of vanadium speciation seems to be a new methodology of the measurement
and evaluation of DR UV-vis spectra which was developed during this thesis. The
suggested methodology utilizes the benefit of the well resolved absorption bands in the
UV-vis spectra of samples which were highly diluted by pure silica. By combination of the
results obtained from characterization and from measurement of catalytic activity, we can
conclude that the highest activity and selectivity to alkenes is reached on materials with
high content of monomeric VOx units with the tetrahedral coordination.

The second aim of this thesis was optimization of catalysts for high catalytic
performance in C4-ODH, which is necessary for using in industry. The effect of
mesoporous silica support (HMS, SBA-15, SBA-16, MCM-48) differing in porous
structure, the two different method for incorporation of vanadium (the wet impregnation
and direct synthesis) and the effect of titanium incorporated as support modificator into
silica was studied for this purpose. The best catalyst seems to be V_SBA-15 catalysts
prepared by direct synthesis, which exhibits high butenes productivity (1.9 kgprod.kgcat,'lh'l)
and sufficient selectivity. If the productivity is used as a criterion of catalytic performance

this material belongs to the three best catalytic systems reported for C4-ODH ever.

Keywords: mesoporous silica, DR UV-vis spectroscopy, oxidative dehydrogenation

(ODH), vanadium oxide species, butenes



Abstract in Czech

Tato doktorskd prace se zabyva charakterizaci vanad obsahujicich mesoporéznich
silikati a studiem jejich katalytickych vlastnosti v oxidativni dehydrogenaci n-butanu
(C4-ODH) na odpovidajici alkeny. Oxidativni dehydrogenace by mohla byt vhodnou
alternativou k dnes bézné¢ pozivané dehydrogenaci nebo fluidnimu katalytickému
krakovani, které maji své limity, a navic se ofekava, ze stavajicimi procesy nebude do
budoucna mozné pokryt stale rostouci poptavku po nenasycenych uhlovodicich. Tato prace
se sklada ze 7 odbornych publikaci doplnénych o uvodni text a diskusi hlavnich zavéra.

Hlavnim cilem této prace bylo detailni studium vlivu struktury VOx ¢éstic a jejich
disperze na povrchu silikdtového nosice na katalytickou aktivitu v C4-ODH reakci. Pro
charakterizaci materidli byla pouzita fada experimentdlnich technik. Mezi nejcastéji
pouzivané patiily XRD, SEM a adsorpce N,, které slouzily pro ovéfeni struktury a
morfologie pfipravenych materiald. Pro urceni struktury a stupné disperze VOx komplexti
na povrchu nosice bylo pouzito H,-TPR, DR UV-vis a Ramanova spektroskopie.
spektroskopie méfena pomoci nové metodologie, ktera byla vyvinuta vramci této
diserta¢ni prace a je zaloZzena na méfeni vzorku, které jsou fedény cCistou (bilou) silikou.
Takto ziskana spektra maji dobie rozliSitelné jednotlivé adsorpéni pasy a jejich intenzita je
pifimo Umérnd koncentraci, coZ umoziuje semi-kvantitativni analyzu. Na zaklad¢
kombinace vysledkli ziskanych z charakterizace a z katalytickych test miizeme fici, Ze
nejvyssi aktivitu a selektivitu na zddané alkeny je mozné ziskat na materialech s vysokym
obsahem monomernich VOx castic s tetraedralni koordinaci.

Druhym utkolem této prace byla optimalizace katalyzator pro vysoky vykon
v C4-ODH, ktery je nutny pro pfipadnou primyslovou aplikaci. Za timto ucelem byl
studovan vliv struktury nosice (HMS, SBA-15, SBA-16, MCM-48), vliv zplisobu nanaseni
vanadu (pfimad syntéza, impregnace z roztoku) a efekt pfidavku titanu do silikdtové
matrice. NejlepSim katalyzatorem se zda byt materidl V_SBA-15 pfipraveny piimou
syntézou, ktery méa vysokou produktivitu (1.92 kgpmd.kgcat,'lh'l) a dostatecnou selektivitu.
Svymi parametry se navic fadi mezi tii nejlepsi katalyzatory pro C4,-ODH, které byly

uvedeny v literatufe.

Kli¢ova slova: mesoporézni silika, DR UV-vis spektroskopie, oxidativni dehydrogenace

(ODH), vanadové oxo-¢astice, buteny
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1 Introduction

The today’s definition of catalyst is given by the IUPAC (International Union of
Pure and Applied Chemistry) like ,,a substance that increases the rate of a reaction without
modifying the overall standard Gibbs energy change in the reaction® [2]. However, the
term catalysis was already coined by Swedish chemist Jons Jacob Berzelius in 1835 [3]
and the beginning of industrial catalyst technology was about
1875 with large-scale production of sulphuric acid on platinum
catalysts. Next very important historic milestones in catalysis
were Haber—Bosch process for industrial production of
ammonia in the year 1913, catalytic cracking was a significant
development for petroleum industry in the year 1937 or

catalytic naphtha reforming led to dehydrogenation and

, isomerization processes in the year 1950 [3, 4]. Currently the

Figure 1 —1J.J. Berzelius [1]
catalysis plays an important role in up to 90% of the world’s
chemical processes and we can say that without catalysts our civilization as we know it
today would not exist [3]. The current widespread use of catalysts does not implicate the
impossibility of their further improvement. One of the main fields for catalysis
investigation is the development of suitable catalysts for selective oxidation because they

play the main role in more than 60% of industrial processes.

1.1 Selective oxidation of alkanes

The alkenes belongs to main building blocks of present chemical industry (next very
often used are aromatics and oxygenates), mainly due to their higher reactivity relative to
alkanes [5, 6]. The light alkenes are obtained mainly from catalytic or steam cracking of
crude oil or natural gas and from fluid catalytic cracking (FCC) of vacuum gas oil.
However, current industrial capacity for lower alkenes including ethene, propene, and
butenes is expected to be insufficient in the coming years, as the demand grows for these
important intermediates of the modern petrochemical industry. Even if the mentioned two
routes are very well developed and widely used, the increase capacity of these processes is
possible only to some extent. Hence, here appears the necessity to improve existing
technologies or to develop new ones for attainment of satisfactory alkene production [6, 7].

The using of alkanes as raw materials for selective oxidations reactions could be one

of the alternatives how to improve the current processes. Alkanes are, not only, cheaper
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(the current cost of one metric tone of propane is 860 $/t while the cost of propene
1 105 $/t) because they are available from natural gas, but moreover they have lower
impact to environment due to lower toxicity in comparison to alkenes or aromatics [6, 8-
11]. These are the main reasons why the big effort is focused to use alkanes for direct
synthesis of oxygenates by partial oxygenation [6] or for production of alkene by
dehydrogenation or oxodehydrogenation processes [6, 10, 12] in recent years. The most
extensively studied industrial processes which use alkanes feedstock in present time are:
(1) methane in the presence of HCIl to vinyl chloride, (i1)) methane to ethene or
formaldehyde, (iii) ethane to acetic acid or acetaldehyde, (iv) propane in the presence of
ammonia to acrylonitrile, (v) propane to acrylic acid or acrolein, (vi) n-butane to maleic
anhydride, (vii) i-butane to i-butene or terc-butyl alcohol, (viii) cyclohexane to
cyclohexanone and lot of others [6, 13].

From the above mentioned reactions are commercialized only two. The direct
oxidation of n-butane to maleic anhydride over vanadium phosphorous oxide (crystalline
(VO),P,07) catalysts [6-8] and the production of acrylonitrile by direct synthesis from
propane and ammonia over molybdenum or antimony oxides based catalysts [6, 13]. The
using of others reactions for selective oxidation of alkanes is still under scientific research
or in stage of pilot plant testing. The relatively low utilization of selective oxidation of
alkanes is due to several problems which have to be solved before broader industrial
exploitation. The main problems are: (i) low selectivity to desired products due to
formation lot of by-products or even products of total oxidation (alkenes have higher
reactivity compared to alkanes feedstock and therefore they are vulnerable to subsequent
reactions), (ii) some of by-products are not interesting from an economical point of view or
they are dangerous for environment or for human health, (iii) some reaction feedstock
could be explosive in certain range of concentration (iv) some by-products may cause
corrosion of technological equipment (v) some processes require high-cost or toxic

oxidizing agent (NaClO, C¢HsIO, terc-BuOH) [6, 8, 14].

1.2 Economic and scientific aspect of C; hydrocarbons utilization

Presently, the worldwide output of Cy4 fraction (recovered from LPG by distillation)
is approximately 200 million metric tons (data from the year 2009) annually [15]. The
main part of C4 fractions is used as fuel and approximately 20 % (this percentage is

increasing in recent years) is used in chemical industry for selective oxidation to maleic
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anhydride, cracking to light olefins, dehydrogenation to butenes and butadiene efc. [10,
16].

Significant attention has been paid to the study of n-butane dehydrogenation process
because of the growing demand for butenes and butadiene, respectively. While, the world
production of butenes was 28.1 million tons in 1984 [17], in 2004 it was more than 44
million tons and growth of production is expected about 0.8 % per year [18]. The
butadiene production is in the similar situation. The butadiene production in USA was 1.2
million tons in 1983 [17] while after ten years latter it was 1.47 million tons [10] and in
2000 it was even 2.1 million tons and similar trends we can observe around the world [19].

More than half of n-butenes production is used to manufacture alkylate and polymer
gasoline. Around one-third is used without any conversion as fuel gas and 10% of the
n-butenes was used in the manufacture of a variety of other chemical products like linear
low density polyethylene (LLDPE) or for production of butadiene and maleic anhydride,
polybutene, butylene oxide, secondary butyl alcohol (SBA), methyl ethyl ketone (MEK)
and a more versatile range of polypropylene resins. i-Butene is used for production of
methyl ferc-butyl ether (MTBE) which is used as additive to gasoline to increase its octane
rating and helping prevent engine knocking [6, 7, 20].

The importance of 1,3-butadiene production can be attributed to the enormous
applications of its synthetic products. One of the well-known products is butadiene-styrene
rubber — the major rubber for manufacture of automotive tyres. The other synthetic
products include latex and polybutadiene rubber, plastics with special mechanical
properties (i.e. polystyrene, ABS polymers) and of course as raw material in a wide variety
of chemical synthesis [21, 22].

From the scientific point of view the n-butane is interesting mainly due to its higher
reactivity in comparison with propane or ethane, because the n-butane has two secondary
carbons. The cleavage of secondary C—H bonds is the first, the rate-limiting step in the
oxidative reaction of hydrocarbons [12, 23]. Moreover, the number of the primary and
secondary carbons is the equal what is beneficial for evaluation of obtained data. The
detailed study of activation and mechanism of n-butane oxidation is very important for
understanding very complex reaction network (see Figure 2) which leads to many different

products which could be interesting for industry [6, 12].
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1.3 Catalytic C, alkane to C, alkenes transformation

From previous chapter we can see that importance of C, alkenes is continuously
growing up. Hence, it is necessary to find new way of their production from easy available
and low price raw material. The direct catalytic oxidative dehydrogenation of n-butane,
which is easily available from low price natural gas, to butenes and butadiene could be

good alternative to classically used dehydrogenation [10].

1.3.1 Direct Dehydrogenation vs. Oxidative Dehydrogenation
The direct dehydrogenation (DH) of n-butane, which is usually used in today’s
industry, is carried out according to the following equation:
C,H,—»CH,+H,
Unfortunately, the equilibrium of this reaction is shifted to alkanes in the low
temperatures and at the atmospheric pressure. The reaction is endothermic (e.g. for
n-butane is AH® 293 = 125 kJ -mol” [24]) and in order to shift the equilibrium to products

formation, the reaction must be carried out at relatively high temperatures (for conversion
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of n-butane about 40 % approximately 560°C was used [25]). The use of high temperature
in catalytic dehydrogenation is affected by several disadvantages. The difficulty in
controlling of undesirable reactions that decrease selectivity (such as cracking of
hydrocarbons) and coke formation over the catalysts, which decreases activity, are the
most significant of them. The chromia-alumina catalysts (used in a commercial process for
conversion of alkanes) are good example of these problems, because these catalysts require
regeneration after a few minutes of operation. Second disadvantage of classical
dehydrogenation is the fact, that for achieve a high temperature we need to supply lot of
external heat, which increases the cost of products [7, 22].

In addition, the number of molecules is higher on the product side and consequently
the operation at higher pressures, which is usually preferred in industrial practice, would
shift the equilibrium towards to the unfavourable direction [10, 20, 25].

Although the DH processes are, over all its drawbacks, widely used in practice, an
intense research activity is taking place to develop catalysts for the oxidative
dehydrogenation (ODH) of alkanes, which is promising alternative for alkenes production
[14]. This reaction overcome some above mentioned drawbacks and it could be written by
the following equation:

c,H,+»0,—-CH,, +xH,O

The formation of water as a very stable products makes this reaction very
thermodynamically favourable and the conversion of n-butane is significantly increased
due to the presence of oxygen [12, 20, 26]. Moreover, the reaction is exothermic (e.g. for
n-butane is AH® 293 =-116 kJ -mol! [24]) and it means that there is no low temperature
limits for carry out this reaction. Thus, in principle, practically complete conversion can be
attained at temperature about 200 °C lower than those used in DH [27] and even at high
pressures, bringing enormous advantages from the economic and process engineering point
of view [10]. The catalyst deactivation is also suppressed in this case, because the coke and
its precursors are removed from catalysts surface by oxygen directly in reactor [10, 25].

Despite of all those advantages mentioned above, ODH has still some drawbacks,
which have to be solved before putting it into the industrial practice [8]. The main
problems are following:

1) Due to its exothermic character it may be required special care in reactor operation

due to avoid some “hot-spot” phenomenon [10].
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2) The feed composition can be explosive (explosion limits in air: n-butane 1.4-8.4 %,
butene 1.6-9.3 %, butadiene 2.0-11.5 % [28]). It leads to limitations in feed
composition or to multiple air inlets or utilization of membrane reactor

3) The molecule of n-butane contains four atoms of carbon which give a possibility a
wide variety of products through a relatively complicated reaction network (see
Figure 2). The formation of the particular products is influenced by used catalyst
and by the reaction conditions [6]. The desired products must be sufficiently stable
in the reaction conditions in order to be removed from the products stream before it
decomposes or undergoes to other subsequent reactions. Indeed, CO and CO, are
the most thermodynamically stable products. In general, the by-products of the
ODH of alkanes have no economic interest when compared to the high value of

hydrogen that is produced as a co-product in the conventional DH.

Selectivity, %

Conversion, %

Figure 3 — The selectivity-conversion plot for oxidative dehydrogenation of n-butane over different

catalysts and under different reaction conditions. Data from References in Table 1.

4) The main problem with most of the catalysts studied in C4~-ODH is the relatively
low selectivity to desired products. This is caused by reasons discussed in previous
paragraph and also due to the fact that alkenes have four—time higher reactivity in

comparison with starting molecule of n-butane [11, 12]. This behaviour is caused
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by difference in bond dissociation enthalpy of the weakest C—-H bond of
intermediates (e.g. C—Hpytene = 345.2 kJ ~mol [29]) which can be more easily
cleaved than the weakest C-H bond in the molecule of n-butane
(C—Hpuytane = 390.8 kJ ~mol! [29]). The Batiot et al. [29] found that if the
dissociation enthalpy difference is less than 30 kJ-mol’ a very high selectivity
(limiting to 100%) is achievable at all degree of conversion, whereas for difference
greater than 70 kJ-mol” only poor selectivity is usually recorded. The difference in
dissociation enthalpy of products and reactant of C4~-ODH reaction is between two
values mentioned above. This is the reason why the selectivity to Cygen (all
dehydrogenated products, i.e. 1-butene, cis- and trans-2-butene and 1,3—butadiene)
for conversion degree more than 20 % limits to 50 % and it could be clearly seen in
Figure 3.

5) Reaction of alkane with oxygen could result in oxygen-containing organics
products such as alcohols, ketones, aldehydes and acids. These substances could
cause the corrosion and thus contribute to rapid wear of technological equipment

[12].

1.3.1.1 Oxidizing agent for ODH

Gaseous oxygen from air is the most widely used oxidant, leading to the formation of
very thermodynamically stable byproducts and this fact allows working at lower
temperature. In addition to the oxygen from air, the pure O, or O3 are sometimes used due
to their higher reactivity. The main disadvantage of oxygen is the formation of products of
total oxidation and that is why, the alternative dehydrogenation reagents were sought. One
good example could be ODH of n-butane in the presence of iodine with high selectivity,
known as the “Idas process”, developed by Shell [30]. However, this process has not
gained commercial success due to the prohibitive cost of iodine, environmental problems
and corrosive nature of nascent HI [10, 31]. The ODH of ethane in the presence of HCI,
H,0 and O, over Fe-Al catalysts could not be used from the same reason [32]. In some
cases, the use of nitrogen oxides or CO; is also mentioned, however benefits of utilizing of
these compounds are not so high in comparison with oxygen [12, 20, 33, 34]. From
previous sentences is evident, that over all problems, the molecular oxygen is undoubtedly
the most attractive oxidant for industrial application due to its low price and absence of
environmental problems. For reasons of brevity and due to advantages of O,, this work

does not discuss the ODH of n-butane carried out with others oxidants.
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1.3.2 Catalytic systems used in oxidative dehydrogenation of C,-hydrocarbons

Studies regarding to ODH of alkanes started in the 1960s, when the importance of
the surface nature in catalytic behaviour was emphasized. Some of the pioneering studies
concerning n-butane ODH were performed with cobalt-molybdate which strongly favoured
butadiene formation by ODH or with a Na- and/or Li-phosphomolybdate which produced
17% of butadiene and 5% of butenes at 600 °C. Nevertheless, these materials never been
used in industry due to low selectivity and high temperature indispensable for their
operation [10, 12, 35].

The catalysts could be generally classified according to many different criteria like:
phase (homogenous or heterogeneous), catalytic active species (noble metal, transition
metal), etc. We will divide catalysts to the two groups by location of active phase of

catalysts.

1.3.2.1 Unsupported catalysts

The majority of the systems applied in n-butane ODH are solid unsupported (bulk)
catalysts based on mixed oxides [10]. This group also includes the V-P—O catalyst, which
is already used in industry for the production of maleic anhydride [6]. Another important
member of this group of catalysts tested for n-butane ODH are the mixed V-Mg—O and
Mo-Mg-O catalysts [12, 36, 37], which achieved 20% yield for Cs.4en products at the
conversion of n-butane about 40% [38]. Also nickel-molybdate catalysts have been
investigated extensively [9, 11, 39, 40]. The selectivity to C4.gen achieved over Ni-Mo—O
catalysts was 75 % [11] and over Ni-Mo—P-O the reported selectivity to 1,3-butadiene was
even 83% [9].

In more recent time, the great attention was paid to the Bi-Mo—O catalysts, which
were intensively studied by Jung et al. [41-43]. The selectivity to 1,3-butadiene was almost
90 % at 50 % of n-butane conversion. However, the big disadvantage of these catalysts is
their low thermal stability, which prevents their use in industry.

This group of unsupported catalysts includes also many multi-component materials
like Ni-P-O, V-K—-SOj4, Ni-P-0O, ZnFe;O4, M01V(26Sb0.13Nb0.060x, CooFe3;BiM0;,05; or
H3iPW 204, [10, 12, 44-47]. These systems have very often complicated structure and
contain several different phases which could undergo changes under reaction conditions.
The complexity of theirs structure prevents to find catalytic active centre very often, what

complicates the research of these materials.
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1.3.2.2 Supported catalysts

In the case of supported catalysts, the active species (most often oxides of transition
metals like V, Mo or Ni) are deposited on the surface of suitable more or less inert support.
Nevertheless, in these systems, besides the nature of the deposited material, the physico-
chemical character of the support could also strongly affects the catalytic activity of
anchored catalyst species, mainly due to their acid—base character of the support and this
phenomenon will be discussed in more details latter [10].

The supported catalysts have some advantages in comparison with bulk catalysts
depending on the particular support used. The main benefits could be:
(1) good mechanical and thermal stability, (i1) usually high specific surface area which
makes it possible to good dispersion of active species on the surface, (iii) structure of
support (usually micro- or mesoporous) brings advantages in shape selectivity of these
materials and last not least (iv) important point for supported model catalysts is the
structural homogeneity of the support material. This allows to concentrate researcher’s
interest only to the active site, their relatively simple characterization by many analytical
techniques and possibility to describe these systems by apparatus of theoretical chemistry
(it means that they could be very easy used as model catalysts) [10, 23, 48].

Silica (Si0,) in numerous structural modifications and alumina (Al,O3) belong to the
most widely available supports for study of ODH reaction ever [10, 12, 20]. Among
another very often used supports belong TiO,, MgO, zeolites (crystalline alumino-silicate
with an ordered structure), Nb,Os or ZrO, and many others like result of their combination
(Ti0x-Si10,, ZrO,—Al,03) [23, 38, 49-56]. The active carbon nanotubes are also another
very promising support for oxides of transition metals which have been tested in ODH of

n-butane reaction in present time [57].

1.3.2.3 Others systems tested in ODH of n-butane

Téllez et al. used a membrane reactor (with an inert ceramic membrane for controlled
distribution of oxygen to the bed containing traditional V-Mg—O catalyst) for catalytic
oxidation of n-butane. This system is displaying more efficient performance than the
traditionally used fixed bed reactors [58, 59].

Lemonidou et al. [60] studied oxidative pyrolysis (i.e. non-catalytic oxidation) of
n-butane and concluded, that by optimizing the reaction temperature and the
n-butane/oxygen ratio, relatively high selectivity do C4 alkenes up to 50% at 10% of

conversion can be achieved.
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Recently, Malaika et al. [61] reported n-butane ODH over the carbon activated by
hydrogen peroxide, nitric acid, ammonium peroxydisulfate or peroxyacetic acid and they
reported yields to Ca_gen products almost 13% at 450 °C.

Summary of catalysts (supported, unsupported and others) tested in oxidation
reaction of n-butane to butenes and /,3-butadiene is given in Table 1. Of course, the table
does not contain all tested catalysts, but only a few representative catalysts with the best
results for each catalytic system. The table contains information about catalytic system (the
supports are written by italic font and the active species or bulk catalysts are written by
normal font; this method of marking will be used throughout the work.), the temperature at
which the reaction was studied (T), the value of n-butane conversion (X), the sum of
selectivity to all desired Casqgen products (S for 1-butene, cis- and trans-2-butene and
1,3-butadiene) and the productivity (P) to C4.4en (unfortunately this value is not calculated
in all cases due to lack of information in literature), which is the most relevant parameter
for comparison of different catalytic systems in view of potential commercial applications
(the limit value of productivity which could be interesting for commercial application is

1 Kgproquer-Kgiar 07 [14]).

Table 1 — Summary of catalysts studied in the ODH of n-butane

Catalyst T,°C X,% S,% P, gcay @b’ Ref.
Mg;V,04 550 50 31 4.65 [62]
Fe-Zn-O 450 19 65 2.23 [63]
V_SBA-15 (synt) 540 13 59 1.92 Paper VI
V_TiO5-SiO, 500 9 49 1.65 [52]
Zn—Cr-Fe,04 470 10 61 1.06 [64]
V_ZrO, 330 43 72 1.02 [65]
Zn-Fe,04 470 8 51 0.76 [64]
V-MgO 550 36 73 0.74 [66]
V_HMS (synt) 540 36 53 0.72 Paper IV
V_Mg-SBA-15 520 41 56 0.69 [67]
ZnO 450 13 65 0.63 [68]
V_SBA-15 540 13 59 0.57 Paper V
V_TiO, 500 3 51 0.56 [52]
Pt-Sn_Al,0; 450 22 20 0.48 [51]
V_Al,0; 500 21 49 0.46 [69]
V_SBA-15 520 57 26 0.45 [70]
V_Sio2 520 6 72 0.45 [71]
alfa-Fe,O; 450 9 32 0.43 [68]
H3;PW,04_clinoptilolite 700 83 19 0.43 [46]
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Catalyst T,°C X,% S,% P, gciy g b’ Ref.
V_SBA-16 540 13 58 0.41 Paper V
V-Mo_MgO 550 49 48 0.35 [38]
Pt-Sn_Zr0,-Al,0; 450 20 15 0.33 [51]
V_MCM-48 540 13 43 0.31 Paper V
V_MgO 550 56 37 0.31 [38]
V_Sio, 540 13 90 0.29 [15]
V_Ti-HMS 460 17 44 0.28 Paper VII
V_MgO 600 30 71 0.21 [72]
Mg,V,0, 550 6 79 0.13 [66]
Pt AL,0; 450 10 10 0.10 [51]
Cs-NiMoO 540 10 47 0.06 [9]
Cr_ZrO2 450 41 17 0.03 [50]
Cr_CIl-ZrO; 450 14 48 0.03 [50]
ultradispersed diamonds (UDD) 450 11 54 0.01 [73]
V_ALO; 550 30 21 0.01 [74]
Mgz V,05 550 8 5 0.01 [66]
Mo MgO 600 73 46 0.01 [37]
coal 700 40 8 — [75]
Mg-Ni-Sn-O 540 57 11 — [35]
MoV 23 Teo23Nbg 140x 400 11 18 — [47]
Nanocyl-2 500 11 21 — [76]
none 560 45 26 — [60]
M;3(VOy4), M = Mg, Zn, Ca, Pb, Cd) 540 51 32 — [77]
V_SnO,2Zr0O, 600 2 37 — [49]
Mo-Mg A6,0; 560 21 44 — [78]
Mg3(VOy), ZrO, 500 28 45 — [79]
Mo-V_MCM-41 525 6 45 — [80]
Mg3(VOy), MgO-ZrO, 500 47 46 — [81]
Mo MgO 550 68 47 — [82]
NiMoO, 525 4 56 — [40]
TiP,0O, 530 25 56 — [83]
TiP,0; 530 25 56 — [84]
Mg-Ni-SO, 540 18 58 — [35]
ZrP,0, 530 12 61 — [84]
SnP,0, 530 19 63 — [83]
V-MgO 540 8 66 — [60]
TiP,04 570 21 70 — [85]
Ni-Mo-P-O 540 39 72 — [39]
Ni-Sn-P-K-O 560 37 72 — [86]
LiCl 550 29 75 — [87]
Ce MCM-41 525 90 — [80]
V_MCM-41 500 92 — [88]
V,05 (bulk) 540 11 7 — [89]
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1.4 Vanadium based catalysts

Vanadium was discovered in 1801
in Mexico by the Spanish mineralogist
Andrés Manuel del Rio, and rediscovered
in 1830 by the Swedish chemist Nils
Gabriel Sefstrom, who named the
element as vanadium in honour of

Vanadis, the old Norse name for the

Scandinavian goddess Freyja (Figure 4) —

Figure 4 — Freyja

a beauty and fertility goddess — because
of its beautiful multicoloured compounds [55].

Vanadium is one of the most abundant and widely distributed metals in the earth’s
crust (world resources of vanadium exceed 63 million tons [90]) and it is found in about
152 different minerals (e.g. Cavansite - Ca(VO)Si;Oj - 4 H,O, Patronite - VS,,
Schreyerite - V,Ti309 or Sincosite - CaV,(PO4),0; - SH,0). About 80% of the world’s
vanadium production (38 000 tons per year [55]) is used as steel additive. The second most
dominant non-metallurgical use of vanadium is in catalysis, which represents about 5% of
the annual production of vanadium. Vanadium oxides as transition metal oxides can be
classified as redox catalysts. Besides the most common of V°*/V* ™ can be also find
systems V*/V>" and V>*/V*". The simplest and longest used vanadium based catalysts are
the bulk oxides of vanadium (mainly V,0s) which are the big reservoir of oxygen. This
oxygen is highly mobile in lattice, if the oxide is in partially reduced state and it is used in
many industrial applications in selective oxidation. The Table 2 summarizes some
industrially important processes in which the vanadium oxides are used. Vanadium oxide
based catalysts are used in the production of important chemicals (e.g. sulfuric acid,
phthalic anhydride) and in the reduction of environmental pollutants (e.g. nitrogen oxides
from exhaust gas of power plants) [20, 55, 91].

In the case of ODH of alkanes, carried out at higher temperatures, the using of bulk
vanadium oxide leads to products of total oxidation like COx and H,O. From this reason, it
is better deposit the vanadium oxide on a suitable support (vanadium supported catalysts
represent 28% of all supported catalysts [55]) in the form of isolated species [14, 20]. This
arrangement not only prevents the overoxidation of raw hydrocarbons but also

significantly improves the activity of catalysts.
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Table 2 — Industrial catalytic processes using vanadium oxides [55, 92]

Industrial process Catalyst material Year of
introduction
Oxidation of SO, to SO; in the production of sulfuric acid V,05 1920-1930
Oxidation of benzene to maleic anhydride V,05 1930-1940
Oxidation of naphthalene to phthalic anhydride V, Mo oxides 1950-1960
Oxidation of butene to phthalic anhydride V, P oxides 1960-1970
Oxidation of o-xylene to phthalic anhydride V, Ti oxides 1960-1970
Selective reduction of NOy with NH; V,05/W0O5/Ti0, 1970-1980
n-Butane to maleic anhydride VPO 1980-1990

VOx catalysts are mostly deposited on the surface of an oxide support, such as SiO,,
Al O3, TiO; and ZrO,. The fundamental basis for the catalytic performances of supported
vanadium oxides lies in the variability of geometric and electronic structure of surface
vanadium oxides and in the properties of support [55]. The most profound changes are
frequently observed at low vanadium loadings not exceeding the surface monolayer
coverage. Species in the sub/monolayer display different activity and/or selectivity than the
bulk V,0s5 in a number of oxidation reactions, among other things in the oxidative

dehydrogenation of alkanes [20, 23, 93-95].

1.4.1 Molecular structures of vanadium oxides

Supported vanadium oxides exhibit chemical and electronic properties, which are
absolutely different from those found for unsupported V,0s. For better understanding of
these differences, a brief overview of the molecular structure will be given. Vanadium has
the electron configuration 3d® 4s>. The main oxidation states are II+, I+, IV+ and V+.
VY (d°) can be present in tetrahedral (VO,), pentahedral (VOs) and octahedral (VOg)
coordination environment and tends to form polyoxoanions. V'V* (d") is also stable and it is
mostly present in a square pyramidal or pseudo-octahedral coordination as an isolated
cation. Other oxidation states such as V' (d%) and V'™ (d”) are less stable and they exist

only under reducing conditions [55].

1.4.1.1 Molecular structures of vanadium oxides in aqueous solution

The knowledge about vanadium structure in aqueous solution is important mainly
during the preparation of catalysts. The most important oxidation states in aqueous solution
are V' and V""", The type of vanadium oxo-species depend on the solution pH and the

vanadium concentration. This is illustrated for V'" in Figure 5, which shows the different
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regions in which a particular vanadium (V+) oxo-species is stable and this scheme is

generally known as the Pourbaix diagram [55].
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Figure 5 — Pourbaix diagram of vanadium, expressing the vanadium speciation as a function of pH and

total vanadium concentration [96].

1.4.1.2 Molecular structures of vanadium oxides on the solid surface

In literature, the structure of dehydrated supported vanadia is still a matter of
discussion with regard to loadings below the formation of crystalline V,0s. Depending on
the type of preparation, the maximum amount of well dispersed vanadium oxide species
corresponds to 0.5-2.3 V atoms per nm” [55, 97, 98]. The vanadium oxide species may be
found in different coordination (tetrahedral, octahedral), in different oxidation state (0, II+
to V+) and in varying degrees of dispersion on the surface. Mix of all these properties
causes the unique catalytic properties of these systems.

We can found four basic structural types of VOx particles on the surface of the
support [12, 23, 55]. If the concentration of vanadium on the surface is low

3-10 wt.% of V in dependence of used support), the particles can be dispersed in the form
p pp
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of vanadium isolated tetrahedral units (group of symmetry T4 or C;y) usually expected to
have a structure (sup—O);V=0 under dehydrated conditions (Figure 6 A). This type of
particle contains one terminal oxygen V=0 with the distance dy-0) = 1.58-1.62 A. All
three bonds between vanadium and bridging oxygen have an identical length
approximately 1.78-1.82 A [55]. However, this species can significantly change its
structure and properties after hydration and this phenomenon will be discussed later in

detail. These particles seem to be playing the key role in the ODH reactions.

A

Figure 6 — Possible molecular configurations for supported vanadium oxides (red ball — oxygen, light gray ball
— vanadium, dark gray — silicon and white ball — oxygen in support): A) isolated vanadium oxide
species with Ty coordination; B) dimeric and 1-D oligomeric vanadium species with Ty
coordination; C) 2-D vanadium oxide chains with T4 coordination; D) bulk V,0s crystals with Oy,

coordination of vanadium atom

The increasing of vanadium concentration leads to formation of 1-D oligomeric units
with tetrahedral (T4) coordination (Figure 6 B). In this case, the vanadium is bound in
chains through the bridging oxygen V-O-V. These units are combined with each other
together and they create polymeric chains. The presence of V-O-V bond results in a
change a T4 coordination to a deformed T4 coordination. This change is reflected as the
appearance of new shifted bands in the UV—vis spectra.

Subsequent polymerizations of VOx units lead to generation of 2-D oligomeric VOx
species with a square pyramidal structure (Figure 6 C) or with octahedral (Op)

coordination. At the highest level of VOx concentration, Oy coordinated polycrystalline
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V,0s units can be created (Figure 6 D) on the surface. These particles are absolutely
unselective and they are assumed to be active in the formation of total oxidation products.
Distance between terminal oxygen and vanadium ion is similar to the same bond in
monomeric units (dv-o0) = 1.58 A) and the length of V-O bond has 1.88 A [20, 55].

How, it was noted above, the molecular structure of the surface vanadium species
supported on silica is a strongly affected not only by vanadium concentration but also by
the environmental conditions. For example, the extent of catalyst hydration dramatically
changes the molecular structure of the surface vanadium oxide species, and the degree of
hydration plays a critical role in the determining their specific structure on the surface.
Water is always formed during ODH reactions and leads to a partial or full hydration of the
catalyst surface depending on reaction conditions. Hence, the knowledge about molecular
structure of the hydrated supported vanadium species is very important for a better
understanding of their catalytic performances during the ODH reactions.

Hydration affects mainly monomeric and low oligomeric units while the crystalline
V,0s species are reported to be usually unaffected by water vapor [99, 100]. Despite the
importance of this issue, only a few works about hydration process of silica supported
vanadium oxide catalysts have been published [97, 99, 101-103] and still there is no
consensus on the structure and stability of hydrated forms. The molecular structure of the
hydrated surface vanadium species is apparently a strong function of the degree of
hydration. The critical factor for hydration is chemisorption of water and hydrolysis of
V—-0O-Si bridging bonds. The gradual breaking of V-O-Si bonds and formation of V-OH
groups allows the formation of the “umbrella-type” structure (i.e. Si-O—V=0(0OH),) [99].
These particles are able to move over the surface and V-OH groups allow the
polymerization of surface species via olation. At higher water pressures, full hydration may
break all the V-O-Si bridging bonds, resulting in the maximum polymerization between
VOs units and it leads to formation of 2D layered structure connected to the support only
via hydrogen bonding allowing them also to move over the surface. Up to this step, the
hydration is still reversible, and the isolated monomeric structure can be obtained after
dehydration. However, with large quantities of water around the surface, they can compete
and substitute for the Si—OH groups as the binding sites on the 2D layered structure. Once
the VOx species leave the silica surface by breaking the V---OH-Si hydrogen bonds,
oxolation occurs to form V,0s - nH,O gels with V-O—V connections and this process is

irreversible [97, 99]. This process is schematically shown in the Figure 7.
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Figure 7 — Schematic dehydration/rehydration mechanism for supported vanadium oxide catalysts

according to Ref. [97] A) pyramidal monomeric species, B) partially hydrated structure, C)
umbrella structure, D) chain polymers, E) mobile chain and/or 2D polymers F) 2D layered
structure (V,05 - nH,O gels)

1.5 Amorphous silica — support for vanadium catalysts

The support strongly affects the catalytic performance (activity and selectivity). The
most important factors are: (i) acid—base character which influences the retention period of
reactants on the surface and the dispersion of the vanadium oxides and (ii) textural
properties which has influence on dispersion of vanadium oxide and on the performance.
Silica is one of the most widely available supports studied in ODH reactions and it was
used in presented study. Hence, the main emphasis will be placed to description of silica

based supports in following paragraphs.
1.5.1 Acid-base character of support

1.5.1.1 The influence of support basicity to ODH selectivity

The molecules of alkenes with 1 C=C double bonds have higher electron density
(nucleophilicity) than alkanes, corresponding to their higher basicity. The proton affinity of
butene is 820 kJ-mol', which is higher than that of n-butane with 649 kJ-mol'. The
difference of proton affinity between butene and n-butane is about 1.7 eV [104-106].
Therefore, the surface acidity/basicity has an important influence on the catalytic activity,
which has been widely discussed in literature. An increase in the basicity improves the
desorption rate of alkenes, resulting in decrease in deeper oxidation. When the basicity of
catalysts is increased, the adsorption of hydrocarbons at active sites is weaker, resulting in
lower reactivity and high selectivity to mono—alkene without oxygen containing products

formation. Hence, the surface basicity also explains the absence of oxygenated products
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other than carbon oxides in the reaction effluent. The using of acid surfaces with high
potential to adsorbed alkene leads to formation oxygen containing products (like maleic
anhydride or furan) in the reaction effluent [8, 10, 107].

Blasco et al. [107] used vanadium based catalysts with different supports in ODH of
n-butane and they found that selectivity to desired dehydrogenation products, as well as
distribution of Cj-alkene, can be very well related to the acid—base character of the
catalysts. Indeed, 1-butene and 1,3-butadiene selectivity decrease when the strength and
number of Lewis acid sites (determined by FT-IR of adsorbed pyridine) are increased,
while 2-butenes and carbon oxides show the opposite trend. It must be noted that no
similar results were obtained in the case of propane or ethane ODH. However, it must be
also noted, that no only the acidity of the support has the influence on the selectivity in
ODH of n-butane. The Bronsted acid character of octahedral vanadium oxide species,
which can be found in the samples with high surface density of vanadium, can play even
more selectivity determining factors than acid—base character of support [10, 108]. The
Figure 8 shows schematically the relationship between the dominant ODH products and

catalysts acidity/basicity.

BASIC ACID
1-butene 2-butene iso-butene maleic co
1,3-butadiene anhydride co,

Figure 8 — Schematic illustration for the influence of acidity/basicity on products

1.5.1.2  The influence of support basicity to VOx dispersion

The results reported in the literature indicate that the dispersion of the vanadium
oxide as well as its structure can be strongly influenced by acid-base character of the
different supports [23, 91, 109]. The acidity of the metal oxides is very often related to
isoelectric point (IEP) (sometimes denoted zero charge point (ZCP)) and the Table 3
reports the IEP for several metal oxides which are used as supports for vanadium catalysts
and the acidity of mixed metal oxides is between those of the corresponding single metal
oxides. From the data in Table 3 we can see decreasing in acidity in this way: V,0s > SiO,

> T10, > ZrO, > Al,O5 > MgO

29



Table 3 — Isoelectric point at 25 °C for selected materials in water [23, 110, 111]

Material IEP Material 1IEP
WO, 0.2-0.5 V4{0J} 6.7
V105 1-2 CeO, 6.75
Si0, 1.7-3.5 Cr,05 6.5-7.5
SiC 2-3.5 a-, 7-AlO; 7-9
TiO, 3.9-8.2 ZnO 8.7-9.7
MnO, 4-5 CuO 9.5
SnO, 4-5.5 NiO 10-11
a-Fe,0; 6.5-6.9 MgO 12.1-12.7

It has been observed that the tendency of VOx species to be dispersed on the surface
of the metal oxide support is related to its basicity, and decreases from MgO to SiO, [109,
112]. In other words, the agglomeration of vanadium oxide species to form V,Os
crystallites is favoured with the acid character of the support. For example, crystalline
V,0s structures are obtained at relatively low vanadium coverage of the theoretical
monolayer (monolayer surface coverage is defined as the maximum amount of amorphous
or two-dimensional vanadia in contact with the oxide support) on an acid supports like
Si0s.

Wachs and Weckhuysen [91, 113] found that vanadia monolayer surface coverage is
approximately 7-8 VOx units per nm” for different oxide supports (Al,O3, TiOs, ZrO; ...)
with the exception of silica supported vanadia, which exhibited a maximum surface
coverage at only 0.7 VOx units per nm”. The much lower monolayer surface coverage on
silica is (i) due to the acid character of silica and (ii) also due to the lower density and
reactivity of the silica surface hydroxyls [113].

From above discussed paragraphs the MgO support (IEP ca. 12.5 [23]) seems to be
the best support for ODH of alkane because rising alkenes (more basic then alkanes) are
easy desorbed and it suppress consecutive reactions leading to COx. Moreover, the acid
character of V,0s (IEP ca. 1.5 [23]) facilitates good dispersion of VOx species. These
presumptions confirmed Nieto [74] who shows that the VMgO mixed oxides are the very
selective catalysts for ODH of n-butane. Nevertheless, the MgO support has some
disadvantage like specific area only about 100-150 m*g™ [107, 114] what limits vanadium
loading and the formation of bulky vanadium magnesium oxide compounds also occurs on
this support [48, 115] what leads to disappearance of the part of vanadium from its

catalytic role. In contrary, the VOx units supported on silica based materials, which are
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theoretically least suitable, are very often reported to be efficient catalysts in the ODH of
n-butane [10, 15, 20, 52, 67, 70, 89, 116] and hence more details about silica supports will

be given in the next paragraphs.

1.5.2 Textural properties of mesoporous silica

In contrast with zeolite (crystalline alumino-silicate with pore diameter <2 nm), the
mesoporous materials are solid amorphous materials with a narrow distribution of pores.
The pore diameter size is between 2 and 50 nm for mesoporous material (according
IUPAC definition) and they usually exhibit the high surface area (up to ca. 1 000 m°g™")
which provides the space to create high amount of isolated active centers. The mesoporous
materials are based on silica most often, but they could be synthesized in different
chemical composition like TiO,, Al,Os, sulfide, carbon or their mixture as well [117-119].

The first synthesis of an ordered mesoporous material was described in a patent in
year 1971 [120]. However, due to a lack of analysis, the remarkable features of this
product were not recognized. In 1992, a similar material was obtained by two groups of
Japanese and American scientists from Mobil R & D Co. Both separately reported first
synthesis of this novel type of silica and opened up a whole field of research of
macrostructure materials [117, 119, 121, 122].

The material called MCM—41 (MCM - "Mobil Composition of Matter") was one of
the first prepared and characterized mesoporous materials. It consists of parallel channels
which are approximately hexagonal in cross-section and are arranged in a hexagonal
honeycomb structure. Size of channels depends on the method of preparation and it is
between 3-4 nm with the wall thickness about 0.8-1 nm and with the surface area up to
1 400 m°g”. This material together with other materials from the M41S family (HMS,
SBA-15, MCM-48, MCM-50, FSM, PCH, MSU, KIT) are very suitable for the
preparation of supported vanadium catalysts because they contain great number of weakly
acidic silanol groups on the pore walls (2-3 Si—~OH per nm” [119]), on which a large
number of catalytic active centers can be incorporated. The main difference between
individual materials is their structure. All materials could be separated to the three main
structural groups (see Figure 9) [123]:

- hexagonal (H) — a one-dimensional system of hexagonally oriented pores without
mutual crossing, this group contains materials labelled MCM—41.
- cubic (C) — a cubic structure with [a3d symmetry and 3-dimensional pore system,

with mutual crosses. The advantage of this structure is higher degree of order
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however with lower hydrothermal stability. The typical example of this cubic
structure is MCM—48 (sometimes is the whole cubic structured material family
labeled MCM—48) or SBA-16 material.

- lamelar (L) — a two-dimensional system of silicate layers labeled MCM-50

(e.g. KIT), which are separated by double layer of organic template. MCM-50

typically collapses upon calcination, but retains large surface area, roughly 50%

of the equivalent MCM-41.
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Figure 9 — M41S family of ordered mesoporous materials: A) hexagonal, B) cubic, C) lamelar Ref. [123]

1.5.2.1  Synthesis of mesoporous silica

Many papers and books [117, 119, 123-127] were written about the synthesis of
mesoporous materials, hence only the short overview will be reported here. The synthesis
gel contains the following reagents for the synthesis of ordered mesoporous materials
based on silica usually:

—source of silicon - oligomeric inorganic precursors favor the formation of highly
ordered mesoporous materials and almost all inorganic salts can be used as
suitable precursors (e.g. — silica gel, SiO, (aerosil), sodium silicate). Tetraethyl
orthosilicate - CgH»004Si (TEOS) is other very often used source of silicon, one
of the most convenient silicate precursors in the laboratory synthesis.

— template - often also called SDA (Structure Directing Agent) or surfactant plays a
key factor in synthesis of mesoporous materials. The structure and nature of
surfactant greatly affects the final structure (shape/topology), pore size and
surface area of mesoporous molecular sieve because dissolved inorganic silicon
precursors are arrange around the micellar template structure. Templates differ
in size, shape, charge or in the presence of various functional groups and

frequently are classified according to their polar groups into three main groups:
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(1) cationic - quaternary alkyl ammonium salts with long aliphatic chain, (ii)
anionic - quaternary minoslanes, carboxylic acids and (iii) non-ionic — amine
with long aliphatic chain or triblock copolymers of BASF company.

— suitable solvents — the synthesis of mesoporous materials is generally carried out
through a solution reaction in water or their mixture with alcohol. The pH value
of the media is also a key factor which influences the structure of materials. The
highly ordered structure arises under acidic or basic conditions whereas neutral
solution is not suitable.

Synthesis of mesoporous materials consists of several steps and it is shown
schematically in Figure 10 where is displayed the way over “liquid crystal templating”
(LCT) which is one of the most often used method for preparation [117]:

1) In the first step, the template is dissolved in suitable solvent with required

temperature, pH or in the presence some additives, such for example

1,2,3-trimetylbenzene for increasing of pore diameter.

Template  Surfactant

) micelle Micellar rod

source
of silica
Calcination
T,0,
Impregnation
by VO,

Figure 10 — Synthesis of mesoporous materials over liquid crystal templating route and theirs

impregnation by vanadium
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2) In the second step, the source of silica (e.g. TEOS) is added and it starts to
hydrolyze. Sometimes, the increase of temperature (up to 100 °C) is necessary for
sufficient hydrolysis.

3) The key step is condensation, which is very often carried out at higher temperature
or under hydrothermal conditions which are one of the most efficient methods to
improve regularity of structure of products. Duration of this step is a few hours or
even a few days.

4) After condensation is necessary to separate products from the mother liquor and as-
synthesized mesostructured material is obtained after washing (most often by water
or by alcohol) and careful drying, because the washing step may cause the
destruction of partially cross-linking frameworks.

5) The final step is the removal of templates from as-synthesized inorganic-organic
composites. Different removal methods (calcination, extraction, irradiation using
microwave) certainly influence the characters of mesoporous material as well. The
most common method is the calcination owing to the easy operation and complete
elimination. Disadvantage of this method is the total destruction of template (most

often of high cost) which can not be reused.

1.5.2.2  Mesoporous materials used in this thesis

Four structures of mesoporous silica based materials, namely HMS, SBA-15,
SBA-16 and MCM-48 (see Figure 11), were examined in this thesis. The most often used
structure was HMS which was modified in the composition as well.

HMS — is the material with ordered hexagonal array of one-dimensional pores with a
very narrow pore size distribution (35-40 A), pore volume 0.7-1.4 cm’ g'1 and
wall thickness about varying from 17 to 30 A. The degree of order and
thermal/hydrothermal stability are little bit worse in comparison to other used
materials, but still sufficient for application in catalysis. This material is
commonly prepared by using of neutral dodecylamine like SDA and tetraethyl
orthosilicate like source of silica in neutral aqua/alcohol solution under ambient
conditions [125, 127-129].

SBA-15 — this material belongs to the most often used mesoporous materials. It is very
precise ordered 2D hexagonal structure which combines micro- and mesoporous
structure. The volume of micropores varying between 0.06-0.1 cm’g”’ and

volume of mesopores from 0.8 to 1.2 cm’g”. The large pore size adjustable
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between 60 and about 150 A which facilitate mass transfer and the very high
surface area allows a high concentration of active sites per mass of material.
Moreover, the thick wall of 30-70 A significantly improves the thermal and
hydrothermal stability compared to others M41S materials. The SBA-15 is
prepared from TEOS as source of silica and from triblock copolymer Pluronic
P123 (EOPO7EO,9) as SDA in the autoclave under mild acidic conditions
[125,127,130-132].

SBA-16 — in comparison to two previous discussed structures this material exhibits 3D
structure of channels with cubic cage in the channel crossing with diameter up to
176 A (adjustable by conditions during the synthesis) and with the micropores in
the wall. Opened 3D structure allows good and fast mass transport in
comparison to 1D and 2D structure of HMS and SBA-15, respectively. The
block copolymers with larger EO chains (e.g. EO;¢osPO70EO,06 = F127), which
favor the formation of globular structure, are used as templates under acidic

conditions at room temperature for SBA-16 synthesis [127, 133, 134].

Figure 11 — Structure A) HMS, B) SBA-15, C) SBA-16 a D) MCM-48

MCM-48 — this material has a cubic 3D structure with two independent micelle system
separated by the pore wall. It brings some advantages like fast mass transport.
However, the wall thickness of the MCM-48 is very thin (thinner than in the
case of HMS). It cause only limited chemical a hydrothermal stabilities of this

support, which limits its using in catalysis and it is interesting mainly from
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scientific point of view. The pore diameter varying between 25-40 A and the
pore volume is about 1-1.4 cm®-g"'. The Pluronic P123 and n-butanol dissolved
in slight acid aqueous solution are used like SDA for MCM-48 synthesis. The
organized MCM-48 material could be obtained only with template to silica ratios

higher than 1 and TEOS is used as like the silicon source [127, 134, 135].

1.6 Preparation of supported VOyx catalysts

Supported vanadium oxide catalysts can be prepared via several methods, which can
be divided to two main groups: (i) incorporation of VOx species to the structure of support
directly during the synthesis procedure or (ii) the post-synthetic dispersion of VOx species
on the support. In the following paragraphs, the most important preparation techniques will

be briefly described, and their advantages and disadvantages will be discussed.

1.6.1 Direct synthesis

In this case, the source of vanadium is added directly to the synthesis gel during the
preparation of mesoporous material. The vanadium species are incorporated directly to
mesoporous structure, where the VO, units with tetrahedral coordination substitute the
SiO4 isomorphly. This interchange is possible due to similar diameter of ions and by
similar coordination. The main advantage of such prepared materials is the larger surface
area, better dispersion and reducibility of vanadium species and superior catalytic
performances in selective oxidation reactions in comparison to material prepared by post-
synthesis modification. Disadvantage of these materials is relatively low concentration of
vanadium which could be deposited on the surface (maximally 15 wt. %) and moreover
these materials often has lower hydrothermal stability at higher temperature [71, 136-140].
Also possible burying of part of vanadium species into the wall can be disadvantage of

these materials [141].

1.6.2 Post-synthetic modification of support

Many different techniques of post-synthetic modification could be used in the
preparation of supported vanadia catalysts which differ in experimental difficulty, cost of

vanadium source or degree of dispersion and the amount VOx species on the surface.
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1.6.2.1 Impregnation

Impregnation is the most simple and widely used preparation technique for making
supported vanadium oxide catalysts. The term impregnation denotes a procedure whereby
a certain volume of an aqueous or non-aqueous solution containing a vanadium compound
is adsorbed onto the surface of pores. The commonly used sources of vanadium VOyx are:
(1) vanadates [33, 69, 142, 143], (i) vanadyl acetylacetonate — VO(CsH;0O,), or
tripropoxyoxovanadium — VO(OCsH7)s [55, 91, 141, 144-147], (iii) vanadium oxalate
VO(C,04), which is very often used in industry due to its high solubility in water and the
absence of undesirable volatile organic solvents [55, 91, 148] and (iv) vanadyl sulfate
[149-151]. The impregnation process is followed by a drying and calcination step in which
the vanadium oxide compound is chemically anchored/bonded onto the support. This
process is schematically showed in the Figure 10 and Figure 12. A significant disadvantage
of this technique is the wide distribution of different VOx species on the surface. It is the
result of a gradual evaporating of solvent, which leads to higher concentration of vanadium
complexes and their possible agglomeration (see Figure 5) already in liquid phase, as was

reported in Ref. [55].
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Figure 12 — Impregnation with VO(OC;H;); from water/methanol solution, followed by calcination in

oxygen or air and release of propanol.

1.6.2.2  Grafting

Grafting is defined as the removal of vanadium precursor from solution through
interaction with Brensted acid hydroxyl groups on the surface of an inorganic support. The
using of vanadium source with a bulky anion (e.g. VOCI; in CCly or in benzene) sterically
prevents to oligomerization of vanadium particles not only on the surface, but in the
solution as well. A monolayer of vanadium oxides on the surface is obtained after multiple

grafting followed by calcination. The difficulty of this process together with high cost and
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low final VOx concentration on the surface are the main disadvantages which prevents to

widely using of this method for preparation supported vanadium catalysts [13, 52, 55, 152]

1.6.2.3  Ion exchange

Another method of preparation of supported vanadium catalysts is based on the ion
exchange, which is well known from work dealing with zeolites and in principle is very
similar to grafting [123]. Ion exchange is very often performed after grafting of a suitable
anion (e.g. 3-aminopropyltrimethoxysilane), which after treatment with aqueous HCI

solution serves as an "anchor" for the deposited VOx particles [13, 116, 153].

1.6.2.4  Chemical vapor deposition

The CVD (chemical vapor deposition) method combines advantages of ion exchange
in solid with selective reaction (grafting). The volatile and stable inorganic or organo-
metallic vanadium complexes (e.g. VOCl;, VO(OC,Hs); or VCly) are used as source of
vanadium. These complexes are transferred to the gas phase and transported to surface
(tempered on higher temperature) by stream of inert gas where are deposited at the surface
by reaction with the support hydroxyl groups. Such prepared catalysts have high
concentration of monomeric vanadium species. These benefits are unfortunately

compensated by the high costs of such prepared materials [55, 97, 154].
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1.7 Aims of the study

This doctoral thesis deals with supported vanadium catalysts on mesoporous
materials which are characterized by broad range of analytical techniques and tested in

C4-ODH reaction. The two main aims of this doctoral thesis are:

(A) Investigation of the influence of vanadium oxide species structure and their
surface dispersion on silica based materials to catalytic activity in ODH of n-

butane.

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

necessary for potential using in industry.

To achieve these two main objectives is necessary to answer some partial question:

e How to distinguish and quantify vanadium species in the VOx-silica

catalysts?
e  Which VOx species are the most active in n-butane ODH?

e [s it possible to influence VOx speciation and catalytic activity by way of

preparation?

e Could be the dispersion of VOx species and performance of catalysts

influenced by textural structure of used support?

e How the support chemical composition affects the VOx dispersion and

catalytic activity?
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2 Summary of Papers

2.1 How to distinguish the individual vanadium species on the silica
surface

Even though the supported vanadium oxide catalysts have found wide commercial
application in industry (see Table 2) and many scientific groups investigate their next
potential application, the detailed understanding of the mode of operation of supported
vanadium-oxide catalysts is still missing. The knowledge of the prevailing molecular
structure of surface vanadium species is an essential task for understanding the structure —
catalytic activity relationship [14, 155] (Paper IV).

The supported vanadium oxide catalysts are very complex materials and the
determination of the detailed speciation of vanadium oxide species present on the surface
of the support materials is still challenging task in the process of the catalyst
characterization. Nowadays the most acknowledged theory expects the existence of three
or four different types (see Chapter 1.4.1.2 of this thesis) of vanadium oxide species on the
surface without being exposed to reaction conditions. Despite a number of studies (Paper
IV-VII and references therein) dealing with this problem the structure of VOx species is
still matter of debate. Under reaction conditions, in which the water is formed, a hydrated
analogous structures of vanadium oxide species could be found on the surface (see Chapter
1.4.1.2) and this fact further complicate the understanding of vanadia based catalysts [13].

Useful characterization techniques, which can provide detailed information about the
molecular structure of supported vanadium oxides, must be capable to distinguish these
different vanadium oxide configurations and quantify their amount on the surface.

The presence of the various structures of the supported vanadium phase is mostly
characterized by FT-IR, Raman, XANES/EXAFS, UV-vis diffuse reflectance (DR), solid
state MAS °'V NMR, ESR, XPS, SEM, TEM, TPR, XRD, voltammetry etc. The most used
techniques are summarized in Table4. It could be seen from Table4 that no
characterization technique is able to provide all the information needed for a complete
characterization of supported vanadium species. Thus, successful characterization of
vanadium oxides in heterogeneous catalysts requires a multi-technique investigation or
some new approach [55].

Characterization by DR UV-vis, Raman a H,-TPR was used as the main technique

for study of vanadia dispersion and oxidation state in this thesis. However, a few problems
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had to be solved before their application for study of our catalysts (Paper I-III). The main
problem and benefits of combining results of DR UV-vis and Raman spectroscopy with
results of Hp,-TPR will be shortly discussed in following text separately and at the end the

general recommendation for these techniques will be done.

Table 4 — Most often used characterization techniques for study of supported vanadium oxides

Determine

Characterization technique Oxidation
Coordination Dispersion Quantity

state

Infrared spectroscopy (IR) + + - +/-
Raman spectroscopy (RS) + + +/- -

Electron spin resonance (ESR) + + +/- +

X-ray photoelectron spectroscopy (XPS) + R + +

Nuclear magnetic resonance (NMR) - + - +

Diffuse reflectance (DR) UV—vis-NIR + + - +/-
X-ray absorption fine structure spectroscopy

(XAFS) " - i -

Temperature programmed reduction by H, (H,-TPR) + 4/ 1/- +

X-ray fluorescence (XRF) - _ - +

X-ray diffraction (XRD) - +/- - -

2.1.1 DR UV-vis spectroscopy

Characterization by diffuse reflectance DR UV—vis spectroscopy is frequently used
because it is widespread, relatively cheap and simple experimental technique which can
provide information about the different oxidation states and local coordination geometry of
supported vanadium oxide species. The main disadvantage of this technique is the fact that
measured DR UV-vis spectra usually consist of broad, absorption bands which are
overlapped with each other and it complicates their detailed interpretation (Paper I-1I).

The contradictory interpretations of UV—vis spectra appeared very often in the past
[98, 101, 155-162] and for clarity they are plotted in the Figure 13. Moreover, the
intensities of the previously published spectra were frequently not proportional to the
vanadium concentration, even for the moderately concentrated samples. This fact was
reported already in the past by Catana at al. [157] and completely prohibits the quantitative
or semi-quantitative analysis of spectra.

Therefore the approach which can partially overcome this problem was developed by

Gao [163]. It is based on the evaluation of absorption energy edge (gy) from the UV—vis
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spectra using the expression introduced by Davis and Mott [164] or by Tauc [165]. More
details are given in Papers I-1I and some examples are showed in Paper I and Papers I1I-V.
This method allows us to obtain certain information about the speciation of vanadium on
the support and through comparison with standards of known structure (Paper II and
Paper V) enable the semi-quantitative analysis. Despite the fact that this method was very
often used for characterization of vanadium based catalysts [141, 163, 166, 167], there are
several problems that prevent wider use of this method. Firstly, it is inapplicable for
samples containing the remarkable amount of octahedrally coordinated species and
secondly the determination of the g, value is rather subjective. These facts limit the
applicability of this methodology for sets of samples with broad distribution of
concentration and VOx speciation and due to subjective determination of & make semi-

quantitative analysis impossible.
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Figure 13 — Examples of previously reported absorption bands positions and their assignment. Red circle -
O, polymers or bulk V,0s species; blue circle - T4 oligomeric species; green circle -

T4 monomeric species; gray circle - other species described in plot

Due to above mentioned reason we tried to develop more relevant methodology for
characterization of supported vanadium by UV—vis spectroscopy. In Figure 2 in Paper Il

we can see dependence of spectral intensity of the sample which is subsequently diluted by
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pure silica (without any significant spectral signal in studied interval of wavelengths). This
plot clearly indicates that linear dependence of the Kubelka—Munk function value F(R.,) on
the concentration of vanadium can be obtained only for the dilution degree higher than 50
or F(R.) values lower than approximately 0.5. From this reason all samples were diluted
with constant ratio 1:100 by pure silica and spectra of such prepared samples you can see
in Paper [-1II and Paper V. The integral area values of diluted spectra are approximately
proportional to the concentration of vanadium in samples, which indicates that the
absorption coefficients of all supported VOx species are approximately the same, which
allows the semi-quantitative analysis of such obtained spectra. Moreover, such prepared
spectra exhibit more clearly separated bands which offer the possibility to attribute
observed absorption bands to individual VOx units more reliably.

First attempt to attribute observed absorption band in diluted spectra to individual
vanadium species have been published in Paper I. However, due to technical problems
with UV—vis spectrometer which leads to partially deformed spectra, the interpretation was
not sufficiently accurate. After removal of the problem, the second partially modified,
reinterpretation has been done on the base of systematic study and analysis wide set of
V_HMS samples, which were prepared by two different techniques. The final description
of individual spectral band of vanadium oxide supported in channel of mesoporous silica is
given in Paper II. On the basis of our methodology described in detail in Paper I, we
deconvoluted spectra of diluted samples into five different UV—vis bands (Figure 6 and
Table 1 in Paper II).

The all spectra contain three absorption bands in the region 3.0-6.5 eV and these
bands can be attributed to the ligand to metal charge transfers of tetrahedrally coordinated
(T4) species. The band with maxima position approximately at 4 eV can be attributed to Ty-
oligomeric species. The band at ca. 5.9 eV belongs to T4q-monomeric species and the band
with maximum at approximately 5 eV is linear combination of both Ty monomeric and
oligomeric species, respectively. For samples with vanadium surface density higher than
monolayer coverage (for silica about 0.7 V-nm™ [91]) the two new intensive absorption
bands at the region 2.5-3.5 eV may occur. These absorption bands can be clearly ascribed
(on the base referent V,0s spectra measurement) to the presence of octahedrally (Op)
coordinated bulk-like VOy units. Assignment of individual bands in UV—vis spectrum is
for better illustration shown in Figure 14. Relative amount of individual VOx species on
the surface could be determined from area of corresponding bands, because the extinction

coefficients of individual bands are in the first approximation the same (Paper II).
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Figure 14 — Assignment of individual bands in UV—vis spectrum of V. HMS sample with 9.5 wt.% of V

We can say, in short conclusion of this first part dealing with DR UV-vis
spectroscopy, that our new and improved methodology of characterization of vanadium
oxide supported materials by DR UV-vis spectroscopy brings some benefits like: (i) the
well separated absorption bands obtained by deconvolution of spectra offer detailed
information about supported VOx species, (ii) obtained spectra measured by our
methodology samples are proportional to the overall amount of vanadium and allows semi-
quantitative VOx species analysis and (iii) lower sample consumption. However, this
methodology has some drawbacks and constriction too. This way of sample preparation is
applicable only for material which contains vanadium species inside the porous structure.
In opposite way the mechanical redistribution can occur (checked on the small set of
samples with VOx supported on amorphous silica). Next disadvantage is the higher labor
intensity and requirement for precision in preparation of sample. This new methodology

was successfully used for evaluation of UV—vis spectra in Paper III and Paper V.

2.1.2 H,-TPR

Temperature programmed reduction by hydrogen (H,-TPR) is other frequently used
technique for characterization of supported metal oxide [143, 145, 146, 168, 169]. It
provides less information about coordination in comparison to DR UV—vis, but it is cheap
and simply method which has close relation to redox properties of VOx species under real

catalytic conditions. Moreover, this method is able bring information about amount of VOx
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species accessible for redox processes [141, 170]. Nevertheless reliable assignment of
individual peaks in TPR profiles to particular species is not solved yet. Our contribution to
assignment of TPR peaks to specific vanadium species was done in Paper I and Paper IV.

The TPR profiles reported in literature [141, 146, 171] exhibited one, two or
sometimes even three reduction peaks with temperature maximum ranging from 560 to
680 °C. The low temperature peak is usually attributed to the reduction of the isolated
monomeric units whereas the high temperature peak is attributed to reduction of
oligomeric units and peak with temperature maximum about 700 °C is ascribed as proof of
V,0s bulk-like species [143, 146, 158, 171, 172]. Nevertheless this assignment does not
agree with results from the UV—vis spectroscopy as it is evident from UV—vis spectra and
TPR profiles comparison in Paper I, Paper V-V and Paper VII or in Ref. [141, 171].

On the base of deeper investigation of H,-TPR and UV-vis spectra in Paper I and
Paper IV was suggested new interpretation of individual bands in TPR profiles which is in
good agreement with results obtained by DR UV—vis measurement. The Figure 15 shows
representative UV—vis spectra and TPR profiles of V_SBA-15 materials with different
population of vanadium species. The first peak in the TPR profiles of vanadium oxide
supported on silica materials can be definitely assigned to the reduction of all unit with Ty
coordination (monomeric and oligomeric) and the second peak pertains to the vanadium
species with Oy coordination (2D and 3D oligomers). The third peak with very sharp
maximum at high temperature (= 700-900 °C) could be ascribed to large bulk-vanadium
V,0s5 crystallites with Oy coordination. Our claim is in a good agreement with

interpretation suggested by Arena at al. [171].
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Figure 15— A) DR UV-vis spectra and B) H,-TPR profiles of V_SBA-15 samples prepared by direct
synthesis with different population of individual VOx species.
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In conclusion we can say that H,-TPR is not so powerful tool for investigation
detailed speciation of supported vanadium as DR UV—vis spectroscopy, but it brings some
benefits too. Firstly, we are able to determine the change of oxidation state during the
reduction of supported vanadium samples. Additionally, the TPR is quantitative method
and that is why the results from TPR further indicate whether the vanadium species are
accessible for a redox process. This is an important proof of successful synthesis of sample
because during the preparation by direct synthesis some part of vanadium can be buried in

silica walls (Paper IV).

2.1.3 Raman spectroscopy

Characterization of supported vanadium species is very often studied by Raman
spectroscopy, in addition to widely used UV—vis spectroscopy [159, 173-178]. However,
the using of Raman spectroscopy is connected with solving of some problems and
restrictions for VOx/Si10, characterization which could be taken into account before
interpretation of Raman spectra. Firstly, the structure information is obtained only
indirectly and relies on a correct assignment of the observed bands to vibrational modes.
Raman spectra of vanadium supported on silica based materials are more complex and
their interpretation is more difficult in comparison with other oxide supports (Al,O3, ZrO,,
TiO, or Nb,Os). The main reason is the strong vibrational coupling between the vanadia
species and the silica support, which was reported recently [178, 179]. These vibrations
cannot be separated by an easy way and hence it may be impossible to assign each of the
Raman bands to a single specific bond vibration. It is main reason which makes Raman
spectra of VOx species on silica very complex and their interpretation more difficult. This
subject is still under debate (Paper III and Paper V).

The second fundamental problem is the fact that Raman spectra (shape, intensity)
depend on wavelength of laser which is used for the measurement of Raman spectra. This
is due to the fact that different excitation wavelengths could be absorbed by different
vanadium species in the sample and therefore different resonance enhancement effect
control of Raman band intensities can occur (Paper III). The green laser (514-532 nm) is
one of the most frequently used Raman scattering laser sources for measurement of
Raman’s spectra of vanadium supported samples [137, 153, 167, 173, 174, 180, 181]. In
this case the resonance enhancement of V,0Os species vibration bands could be occurring
very easy. This is the reason that most of the Raman spectra generated by this laser contain

mainly very intensive signals belonging to crystalline V,0s (set bands at 282, 301, 404,
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520, 697 and 993 cm ). Bands belonging to other vanadium species are very broad with
low intensity (expect band at ca. 1 035 cm™) and hence they can not be used for detailed
description of vanadium speciation (Paper V). Band at 1 035 cm ™' is usually assigned to
terminal V=0 stretching vibration. Shift of this vibration band to slightly higher
wavenumbers was frequently taken as proofs of changes in the extent of polymerization of
the surface VOx species on oxide supports like Al,O3, ZrO,, TiO, etc. [167]. However, no
shift of this Raman band was observed in the case of VOx supported on silica and hence
some authors predict presence only monomeric VO4 and/or microcrystalline V,0s species
on the silica surface [91, 113, 167, 175]. However, this interpretation is in contradiction
with our results obtained from detailed analysis of DR UV—vis spectra (Paper I and Paper
IT) and with conclusions reported in literature as well [97, 101, 141, 171, 173, 182].

We present deep systematic comparative study of DR UV—vis spectra and Raman
spectra excited by 325 and 514 nm laser on set of dehydrated V-HMS samples with wide
range of VOx species population and distribution in Paper III. We prove that changes in
population of oligomeric and monomeric VOx species in individual samples are not
manifested by significant changes in the character of Raman signals. On the other hand, the
wavelength of used laser very strongly influenced the spectrum. The visible Raman
spectrum is totally different from UV Raman spectrum (see Figure 5 in Paper III). This is
due to the fact that both laser wavelengths are preferably absorbed by different vanadium
species in the sample (see Figure 4 in Paper III) and therefore different resonance
enhancement effect controls Raman band intensities. From this data, it is clearly seen that
interpretation of Raman spectra is complicated and solely using of Raman spectroscopy for
characterization of VOx species on silica surface is rather problematic and it could easily
lead to misinterpretation which has been published previously by Dobler [183] as well. On
the other hand, Raman spectroscopy is very sensitive technique (mainly at excitation by
514 nm laser) for monitoring of microcrystalline V,0Os species even in such low

concentration, which could not be detected by DR UV—vis or XRD techniques (Paper III).

2.1.4 Final recommendations for VOx—SiO, characterization

From above discussed chapters it is clearly seen that it does not exist one universal
technique for characterization of vanadium species supported on silica. It is necessary use
combination of more technique for obtaining of reliable results.

As we showed in Paper II, DR UV—vis spectroscopy can provide the most detailed

information about nature and population of vanadium species on silica based supports and
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in addition, DR UV-vis spectra of diluted samples can be at least semi-quantitatively
evaluated. The approach based on previously published edge of energy evaluation is still
possible to use for such prepared samples. Moreover, we can use this method even for
samples with large amount of Oy coordinated species after deconvolution and subtraction
of their bands.

The Raman spectroscopy is very sensitive technique for monitoring of V,Os
microcrystallines but the using of several excitation wavelengths is recommended for more
accurate characterization of dispersed vanadium complexes by Raman spectroscopy (Paper
I1I).

The H,-TPR could be used mainly for oxidation state investigation and for the
verification of accessibility of vanadium particles for redox process. The quantitative
information about amount of all T4 coordinated (monomeric and polymeric) and Oy
coordinated vanadium species could be obtained after deconvolution of TPR profiles

(Paper I).

2.2 Activity of the individual vanadium species in ODH of n-butane

For the development of new and efficient catalytic system it is necessary to know the
relationship between catalytic activity and character of the active centre. We can found
four basic structural types of vanadium oxide species on the surface of the silica support
(for more information about structure see Chapter 1.4.1.2 of this thesis or Paper 1V).

It is generally accepted that bulk V,Os crystallites is not suitable for ODH reactions
because exhibit very small activity in activation of alkanes. Moreover the bulk V,0s is a
big reservoir of easily available oxygen which favours subsequent reaction to the undesired
total oxidation of ODH products [12, 89]. The deeper investigation of relationship between
vanadium structure on the support and activity in ODH of n-butane was carried out in
Paper IV and confirmed in Paper V.

The role of individual VOx species supported on HMS in ODH of n-butane was
investigated on two sets of V_HMS samples prepared by wet impregnation and by direct
synthesis differing in amount and distribution of VOx species. The prepared samples were
characterized by set of analytical techniques and the most important was DR UV-vis
spectroscopy. The population of individual VOx units was determined on the base of edge
of energy evaluation (Paper 1V) or by deconvolution of DR UV-vis spectra (Paper V)
according methodology described in Paper II. The relative amount of monomeric Ty

coordinated units demonstrably influences both, the catalytic activity (expressed by TOF
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value) and the Cy.4epn, products selectivity (see Figure 16). The all low concentrated samples
exhibited approximately constant value of TOF factor (28 h™' at 540 °C) until the
vanadium concentration ca. 4-5 wt.% is reached followed by a rapid decrease of TOF
value (5-7 h™' at 540 °C). Decrease of apparent TOF value clearly evidences that with
subsequent increasing of vanadium content the significantly less active or non active

species in ODH of n-butane are generated.

T
(3}
o

30

TOF, hr'

TOF, hr'
Selectivity to C,-ODH olefins, %

I
o
Amount of VO, oligomers, %

Selectivity to C,-ODH olefins, %

4 6 8 10 12 14
Concentration, wt.% of V Concentration, wt.% of V

Figure 16 — The relative amount of Td oligomers (red line) as function of vanadium concentration and its
impact on activity (black line) and selectivity (blue bars) for samples prepared by wet
impregnation (A) and direct synthesis (B). Data originated from Paper IV.

No only activity, but also selectivity to the Csqen. products rapidly decreased after
reaching 4-5 wt. % of vanadium on the surface. This behaviour is probably due to
increasing of abundance of oligomeric species with Tq and/or mainly Oy coordination
because these species contain the V-O-V bridging oxygen atoms. According to
mechanism introduced by Kung [12] the presence of this type of oxygen facilitates the
formation the products of total oxidation (CO and COy).

Finally, we can conclude that the isolated monomeric VOx species play the role of
the most performance catalytic centre in the ODH of n-butane, because monomeric units
are both the much more active and the selective catalytic sites than all other VOx species.
The activity and selectivity decrease continuously with increasing of polymerization
degree and activity and selectivity fall almost to zero for samples with high amount of

species in octahedral coordination (see Figure 16 and Paper IV).
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2.3 How to influence the population of active species and performance
of vanadium catalysts

The performance of active VOx species is determined by many parameters like
population of individual vanadium species, composition of support, textural properties of
support, the reaction conditions and many others. Some of these parameters were
systematically investigated in this thesis and they are described in details in Papers IV-VII

and in briefly summarized in following paragraphs.

2.3.1 Support structure and method of VOx species deposition

The silica based materials are very often reported to be suitable support for
preparation of catalysts for ODH of alkane [10, 15, 20, 52, 67, 70, 89]. The main reason is
their large surface area allowing good dispersion of active species and also good thermal
and hydrothermal stability. Despite the fact, that there are many different structure of silica
(for more detail see Chapter 1.5.2), only the SBA-15 and amorphous silica was
investigated in ODH of n-butane. However, as shown by the results obtained in ODH of
propane, support can affect the performance of catalysts and SBA-15 [160] and HMS [184]
were reported as the best silica used support. However, it must be noted, that differences
among them were not significant.

More significant differences in the catalytic behaviour could be expected in the case
of n-butane ODH due to higher sensitivity of this reaction to the individual structure of
VOx species (Paper 1V). Therefore, we compared the catalytic performance vanadium
based catalysts supported on different silica structure (HMS, SBA-15, SBA-16 and MCM-
48) in Paper V in order to investigate effect of silica support texture on the speciation of
vanadium complexes and its impact on catalytic behaviour. More details about used
support were given in Paper V and also in Chapter 1.5.2.2 of this thesis.

It was observed that in addition to structures (1D - 3D mesoporous system of
channels, pore diameter, mutual crossing) materials differ mainly in the relative abundance
of supported VOx monomeric T4-coordinated units. It was found, on the base of detailed
analysis of DR UV-vis spectra of diluted samples (method described in Paper II), that the
highest relative abundance of monomeric T4-coordinated units can be found on the SBA-
15 support (approximately about 85 % relative amount for sample with 3.6 wt.% of

vanadium (Paper V)). We can sort tested materials, on the basis of the supports tendency to
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generate the monomeric species, in the following order HMS < SBA-16 = MCM-48 <
SBA-15 (Paper V).

High capacity of monomeric species on SBA-15 can be given by the fact that
SBA-15 silica represents mesoporous material with regular, very well defined porous
system characterized by relatively high volume of mesopores [117]. Hence, the initial
vanadium solution can easily homogenously penetrate to the porous system from inner
space. In this case the over-concentration does not occur in comparison with worm-like
(HMS) or ink-bottle (MCM-48) structure with weaker regularity and lower amount of

mesopores (Paper V).

A)

Figure 17 — The gradual filling of the corona by vanadium during the impregnation for A) very well
defined structure (e.g. SBA-15) and B) worm like structure with micropore (e.g. HMS)

Previous paragraphs show that the incorporation of vanadium by impregnation may
cause creation of large amount of oligomeric species in the areas of solution accumulation
(i.e. in micropore and in irregularity the mesopore surface) in less defined structures
(Figure 17). This problem could be solved by using different method of vanadium
introduction, because the method of the deposition of active vanadium species is another
very important parameter which strongly influences the degree of dispersion and
coordination of VOx units on the surface. The direct synthesis of vanadium silicate in one
step is often denoted as the best method for preparation of supported catalysts [71, 136,
139, 141]. We report comparative study of two sets of V_HMS differing in amount and
distribution of VOx species in Paper IV. The samples with the vanadium concentration less
than approximately 4-5 wt.% of V exhibit nearly the same amount of monomeric units and

these species represent significant part of the VOx species generated on the HMS surface
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but the highest achievable amount of monomeric species was slightly higher for catalysts
prepared by direct synthesis. The oligomeric and polymeric units with wider degree of
oligomerization, which are preferentially formed in the samples prepared by the wet
impregnation method, starts to generate after reaching ca. 4-5 wt.% of V. Above this
concentration polymeric VOx species with high polymerization degree and bulk like V,0s
are generated in the case of impregnated samples and it means rapid loss in activity and
selectivity to required alkenes (Paper IV). The relative amount of oligomeric species in
both sets of samples and their relationship to catalytic activity is in Figure 16 and deeper
discussion was done in Paper IV.

Based on a combination of results from work presented in Paper IV and Paper V, we
can suggest that the most promising catalytic system for ODH of n-butane could be
V_SBA-15 prepared by direct synthesis. The direct synthesis of V_SBA-15 was done in
cooperation with Jaroslav Heyrovsky institute of Physical Chemistry ASCR in Prague,
because the synthesis of SBA-15 structure requires using of an autoclave unavailable in
our laboratory. In the Paper VII we report simple one-pot synthesis of V_SBA-15 catalyst
according procedure reported by Gao at al. [159] and its high catalytic performance in
ODH of n-butane.

Directly synthesized V_SBA-15 catalysts with 6.5 wt.% of vanadium shows
significantly higher apparent TOF value (45 h™") in comparison with previously published
TOF value for V_SBA-15 system prepared by impregnation (22-35 h™") which were studied
in the ODH of n-butane (Paper V and in Ref. [67, 70]). No only high activity, but also
relatively high value of selectivity to desired products (Sca-gen = 59 % at 13 % of n-butane
conversion), which was equal to selectivity achieved over impregnated V_SBA-15 with 3.6
wt. % of V (see Table 3 in Paper V). The main advantage of samples prepared by direct
synthesis is the fact that the high selectivity value could be obtained even for samples with
the high vanadium concentration in contrast with samples prepared by impregnation where
the selectivity remains at high value only for vanadium concentration lower than 4 wt.%
(Paper 1V and Paper V).

The combination of high activity and relatively high selectivity resulted in very high
productivity (1.9 kgproa. kgcat.'1 h! for directly synthesized V_SBA-15 with 6.5 wt. % of V).
The productivity is generally accepted like the best criterion for comparison of different
catalytic systems tested in one reaction but under different conditions (temperature, inlet
reaction mixture composition, contact time etc.) and the value of system productivity is

also very important for its potential commercial applicability (the lower limit value which
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is acceptable for industrial using is 1 kgprod. kgcat.'1 h! [14]). The productivity value
obtained over our synthesized V_SBA-15 catalyst is one of three highest C4.4eh productivity
values which were published for ODH of n-butane in literature (for summary see Table 1

in this thesis).

2.3.2 HMS support modified by titanium

We showed that vanadium supported on mesoporous silica could be potential
catalysts for ODH of n-butane, in previous paragraphs. However, before introduction these
materials to the current technologies of alkenes production some problems have to be
resolved. The main disadvantage of vanadium oxide catalysts anchored on silica support is
low value of monolayer capacity (the amount of monomeric vanadium species determine
the activity and selectivity of vanado-silicates in C4-ODH), which is only 0.7 VOx per nm?’
[91]. The second problem is low activity of vanado-silicates due to relatively high apparent
activation energies of C—H bond over VOx_SiO,[185, 186].

The last problem could be solved by using of VOx species supported on TiO,
(anatase). This catalysts showed the highest activities in ODH reactions and this makes
possible to carry out the reaction at lower temperature (due to very low apparent activation
energy of C—H bond over VOx_TiO; which also reduces problems with cracking of alkane
[20, 52, 185, 187-190]. Nevertheless, pure TiO, support has also some drawbacks, such as
a relatively low selectivity in comparison with silica supported materials and low specific
surface area, which can be further reduced by sintering as a consequence of thermal
treatments (more details in Paper IV and Paper VII and references therein). These
drawbacks prevent the use of TiO; as conventional support for ODH catalysts.

One possibility how to solve this problem is to prepare a mixed Si—Ti support which
combines suitable properties of SiO, and TiO; together in one material. The first attempts
of preparation titano-silicates were done by impregnation or grafting of anatase phase to
silica support [185, 187-189, 191-193] or by direct synthesis of titano-silicate [56, 192,
194-197]. However, these materials were not prepared in titanium content higher than
9 wt.% [198] which is still too low for obtaining sufficient activity in ODH of n-butane
which is necessary for potential industrial using (Paper VII).

We report one-pot synthesis of Ti-HMS support with high content of titanium in the
Paper VII. In this case we obtained hexagonal mesoporous silica support with the
isomorphously exchanged titanium oxide species in tetrahedral coordination (checked by

DR UV-vis and IR spectroscopy Paper VII). These units serve like an “anchor” for

53



vanadium active species. The main reason for this behavior is probably the difference in
the isoelectric point of TiO, surface (IEP = 6-6.4 for Ti-OH) and SiO, (IEP = 1-2 for
Si-OH) supports. The acidic vanadium oxide species (IEP = 1.4) are preferentially bonded
to the more basic surface Ti-OH units [23].

Moreover, acid/base properties of titanium species in the support influence the
strength of the bridging oxygen in Ti-O-V and therefore their reactivity. The high
reactivity of V_Ti-HMS catalysts allows carrying out the reaction at significantly lower
temperature (460 °C) then in the case of V. HMS catalysts. This fact prevents the reaction
leading to cracking products and it increased selectivity to desired Ci.gen, products. The
Figure 8 in Paper VII shows that the selectivity to Csqeh. products is comparable for both
catalytic systems (V_HMS and V_Ti-HMS, respectively) and it is about 50 %. However,
the activity of V_Ti-HMS catalysts is significantly higher in comparison with V. HMS. The
activity of V_Ti-HMS catalyst at 460 °C is comparable with the activity of V. HMS with
similar vanadium content but at 540 °C (Paper IV). However, the productivity (Table 2 in
Paper VII) is still too low in comparison with our most performing catalysts based on

V_SBA-15 prepared by direct synthesis (Paper VI).
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3 Conclusions

The vanadium oxide species anchored on suitable support already play the important
role in modern heterogeneous catalysis. Moreover, the new applications are still tested.
The oxidative dehydrogenation of n-butane (C4~-ODH), which is studied in this thesis, is
one good example of such perspective process, because the C4~-ODH reaction could be
good alternative to classically used dehydrogenation. However, several problems have to
be solved before introduction to industrial practice.

Determination of the active centre is very important for target preparation of
catalysts with large population of this active and selective species, leads to materials with
high catalytic performance in ODH. For this purpose, it is very important to find suitable
characterization technique for investigation of vanadium speciation.

This doctoral thesis contributed to the general knowledge about vanadium oxide
supported on silica and their using in ODH of n-butane and the main results can be

summarized as follows:

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

catalyst characterization.

e DR UV-vis spectroscopy provides the most detailed information about VOx
speciation on silica based supports but for the correct results it is necessary to dilute
the vanadium containing samples by pure silica (ratio 1:100). Intensity of obtained
spectra of the diluted samples is proportional to overall concentration of vanadium
what allows us to use deconvolution of spectra to individual spectral bands and
offers the possibility to obtain more detailed and semi—quantitative information

about speciation of supported VOx species.

e The Raman spectroscopy is very sensitive technique for monitoring of V,Os
microcrystallines but the using of several excitation wavelengths is recommended
for more accurate characterization of dispersed vanadium complexes. No
information about of Ty coordinated VOx particles speciation was founded in

Raman spectra due to strong vanadium silicon vibration coupling.

e The monomeric units with T4 coordination are the most active and selective
catalytic sites in n-butane ODH in comparison with all other species. Moreover
C4-ODH reaction is very sensitive to presence of isolated vanadium species and can

be used as a “probe reaction” for their investigation.
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The VOx species with higher degree of polymerization participate mainly in

undesired consecutive reactions with of ODH products.

The method of preparation influences the formation of oligomeric species. The
impregnated samples contain higher amount of Oy, coordinated species compared to

samples prepared by direct synthesis.

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

form of isolated T4 coordinated monomeric species.

The V-SBA-15 material prepared by direct synthesis belongs to three catalysts with
highest Cy4en productivity values which were published for ODH of n-butane in

literature.

Introduction of titanium to the silica walls led to catalysts with proper selectivity
and high activity even at lower temperature (460 °C) in comparison with pure silica
based materials without significantly negative effects to Cy.q4en selectivity observed

on the TiO, based supports.
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Introduction

The vanadium oxide supported on the surface of micro- or mesoporous materials
represent a very important class of catalytic materials in modern heterogeneous
catalysis. They combine unique textural and acid-base properties of support materials
with redox properties of vanadium oxide species what opens possibility to activate
alkanes at relatively low temperatures. In recent years, these catalysts have been
investigated for applications in selective oxidation and ammoxidation of light (C,-C,)
hydrocarbons to olefins, oxygenates and nitriles [1-2,8].

The detailed speciation of vanadium oxide species present on the surface of the
support materials is challenging task in the process of the catalyst characterization.
Nowadays the most acknowledged theory expects the existence of three different types
of vanadium oxide species on the surface [3,12]: (i) isolated monomeric tetrahedrally
coordinated VO, species linked by three V-O-support bonds to support at dehydrated
state, (i) oligomeric/polymeric VOy species of distorted tetrahedral symmetry bonded
by bridging V-O-V bonds to neighboring units, (iii) 2D/3D crystalline V,0s
nanoparticles (NPs).

The presence of the various structures of the supported vanadium phase have been
extensively characterized by different techniques, especially by spectroscopic
techniques (FT-IR, Raman, XANES/EXAFS, UV-Vis diffuse reflectance (DR), solid-
state 'V NMR, ESR, SEM, TEM etc.) [4-5,12]. However, methodology of
characterization of these materials is still not sufficiently solved. Characterization by
DR UV-Vis spectroscopy is frequently used because it is relatively cheap and simple
experimental technique which can provide information about the different oxidation
states and local coordination geometry of supported vanadium oxide species. The big
disadvantage of this technique is the fact that DR UV-Vis spectra are usually broad and
individual absorption bands are overlapped with each other which complicates their
detailed interpretation. Another frequently used technique is temperature programmed
reduction (TPR). It provides less information about coordination on the other hand it is
very cheap and simply technique which has close relation to redox properties of VO,
species under real catalytic conditions. Nevertheless reliable assignment of individual
bands in TPR profiles to particular species is also not solved yet.

The goal of this paper is the development of new methodology of the
characterization of mesoporous silica supported VO, catalysts based on the
combination of data from both the DR UV-Vis and the H,-TPR methods.



Experimental

Preparation of catalysts. Catalysts have been prepared in two ways (1) by impregnation
and (i1) by direct synthesis. The hexagonal mesoporous silica (HMS) was used as
support and it was synthesized at ambient conditions according to the procedure
reported by Tanev [6] using dodecylamine (DDA, Aldrich) as a neutral structure
directing template and tetraethylorthosilicate (TEOS, Aldrich) as a silica precursor.
The set of impregnated V-HMS catalysts (1.24-11.69 wt.% V) was prepared by wet
impregnation by solution of vanadyl(IV) acetylacetonate (VO(acac),, Aldrich) in
ethanol. At the set of direct synthesized samples the VO(acac), was added to the
reaction mixture at preparation of HMS as it published by Reddy and Sayari [7]. The
both sets of catalysts were calcined at 600°C in air for 8 hours after impregnation.
Characterization of catalysts. The vanadium content was determined by means of
ED XRF by FElvaX (Elvatech, Ukraine) equipped with Pd anode. Samples were
measured against the model samples (a mechanical mixture pure SiO, and NaVOs;)
granulated to the same size as catalysts.

UV-Vis diffuse reflectance spectra of dehydrated (pure and diluted with pure silica
from Aldrich) samples were measured in the range of the wavelength 200-900 nm
using the Cintra 303 spectrometer (GBC Scientific Equipment, Australia) equipped
with a Spectralon-coated integrating sphere using a Spectralon discs as reference
material. The obtained the reflectance spectra were transformed into the dependencies
of Kubelka-Munk function F(R.,) on the absorption energy hv using the equation:

(I-R.)’
2R

=)

F(R,)=

where the R, value is the measured diffuse reflectance from a semi-infinite layer.
Hydrogen temperature programmed reduction (H,-TPR) was used for study redox
behavior and for distinguishing of individual VO species on the surface. Samples were
oxidized in oxygen flow at 500°C (2 hours) and subsequently were reduced from
ambient temperature to 900°C (10°C/min) in flow of hydrogen (5 vol.% H, in Ar) and
the changes of hydrogen concentration were monitored by the semico TCD detector.

Results and discussion

Our UV-Vis spectra of nondiluted samples and spectra published previously [8]
exhibit broad and overlapping absorption bands with strongly nonlinear dependence of
Kubelka-Munk function on the concentration of VO, species even for the moderately
concentrated samples. This effect was reported already in the past [9] and very
complicates even qualitative interpretation of these spectra and completely prohibits
their quantitation or semi-quantitation analysis.

Wachs [10] partly eliminated this hindrance by using of methodology based on the
evaluation of absorption energy edge (gy) from UV-Vis spectra using the expression
introduced by Tauc [11] in the form:

(F(R.)-hv) e (hv-g,)

where the g, - the energy edge values were determined from obtained plots.

The g, values of solid materials sodium ortho-vanadate Na;VO, (by us g,= 3.83 eV)
and meta-vanadate NaVOs; (by us gy = 3.16 eV) can be used as g, standard values of
compounds containing only isolated monomeric tetrahedral units and linearly
polymerized tetrahedrally coordinated oligomeric units respectively. Tian et al. [12]



demonstrated linear dependence of the g, value on the concentration of referent
compounds and suggested this method for the determination of the relative amount of
VO, monomeric units X,,. The dependence of obtained g, and the X,, values on the
concentration of vanadium is in the Table 1. Disadvantage of this method is that it can
not be used for materials which include also the octahedraly coordinated VO, bulk-like
oxide species and must be modified to be useful for real catalyst samples.

3.0
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Figure 1 The dependence of spectral intensity of the sample I-VHMS-11.69 on its
subsequently dilution by pure white silica. Small graf present spectrum pure and
100 x diluted samples.

0.0

The set of UV-Vis spectra of the sample [-VHMS-11.69 (see Fig. 1) subsequently
diluted by the pure silica exhibit asymptotic dependence of Kubelka-Munk function
F(R.,) on concentration. This plot further clearly indicates that linear and zero-crossing
dependence of the Kubelka-Munk function on the concentration of vanadium can be
obtained only for the dilution degree higher than 50 or F(R,) values lower than
approximately 0.5. Moreover the comparison of the spectra of the pure and
[I-VHMS-11.69 presented on small inset plot in Figure 1 uncovers the presence of
clearly separated absorption bands with well defined maxima whose were cut-off in the
spectra of pure samples. The maintained widths of these spectra in these spectra also
demonstrate that vanadium oxide species supported in pores of support material has no
tendency to redistribute himself to diluting agent.

The DR UV-Vis spectra measured in the range 1.38-6.19 ¢V (200900 nm) of
dehydrated VO,-HMS samples diluted in the amorphous silica with the constant ratio
1:100 are presented in the Figure 2 and it could be seen that integral intensities of these
spectra are approximately proportional to the concentration of vanadium. All spectra of
the low concentrated sample consist of the three absorption bands with maximum at
approximately 4.2, 4.8 and 5.8 eV. This region is usually attributed to presence of
tetrahedrally coordinated VO, species (group of symmetry T, or C;,) [3]. We can see at
least two bands (denoted as A and B in Figure 3 and Table 1) with maximum at ca. 2.7
and 3.1 eV in the spectrum high concentrated sample prepared by wet impregnation.
This region 2.5-3.5eV is usually attributed to presence of two independent



octahedrally coordinated (2D and 3D) bulklike oxide [13] with group of symmetry Oy
or Cy4 and presence of these species hinders using of methodology of gap of energy

mentioned above.
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Spectra of diluted samples of VO,-HMS materials with dilution ratio 1:100

where A) synthesized samples, B) impregnated samples.
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Figure 3 Result of the deconvolution of experimental spectra by suggested model for two
the most concentrated samples. Grey points are experimental data, bold line is
fitted envelope curve, thin grey lines are individual fitted bands. A) synthesized
samples S-V-HMS-11.71 and B) impregnated samples I-V-HMS-11.67

The positions, halfwidths and areas of bands A—F (defined in Figure 3) were fitted
simultaneously at all spectra by set of Gaussian curve shaped bands using the Fityk
[14] software. The parameters defining the octahedral VO, units (A, B), isolated
monomeric units (D) and absorption band at ca. 5.8 eV (F) were fitted as shared for all
data. The asymmetric band of isolated monomeric units (D) was described by the sum



of two Gaussians in the position ca. 3.9 and 4.2 eV with the fixed ratio of their areas.
Both the band ascribed to tetrahedral oligomeric units (C) and the band at 4.8 eV (E)
were fitted using the individual values of their position and halfwidth due to
dependence of these parameters on the vanadium concentration. The maximum is
shifted to lower energy because with increasing concentration of vanadium starts the
formation of more polymerized oligomeric species.

sample Wy, EA £0.0n"> Ximono » Xmono's A’ Xras Xons
name wt.% eV eV wt.%, wt.% % % %
S-VHMS-1.47  1.47 3.75 3.75 1.30 1.30 100.00 1.47 0
S-VHMS-2.65  2.65 3.74 3.76 2.30 2.38 100.00 2.65 0
S-VHMS-5.18  5.18 3.7 3.72 4.20 435 100.00 5.18 0
S-VHMS-8.21  8.21 3.57 3.58 5.09 521 100.00 8.21 0
S-VHMS-11.71 11.71 3.42 3.49 4.68 5.88 100.00 11.71 0
I-VHMS-1.24 1.24 3.74 3.75 1.08 1.10 6491 0.87 0.37
I-VHMS-3.06  3.06 3.72 3.74 2.68 277  56.44 1.68 1.38
I-VHMS-4.77  4.77 3.68 3.71 3.73 394 7694 3.73 1.04
I-VHMS-7.58  7.58 3.5 3.53 3.92 425 67.86 555 2.03

I-VHMS-11.69 11.69 245 3.34 notdetermined 3.30 6390  7.53 4.16

* edge of absorption energy from original spectrum

" edge of absorption energy from spectrum after subtraction of octahedral
¢ calculated as X = 3.148 — 0.681 &, based on the work of Tian et al. [12]
4 rate of the area of first TPR peak to total area TPR profiles

Table 1 Vanadium loading of samples prepared by the direct synthesis (S) and
impregnation method (I) and the characteristics of samples based on the
evaluation of DR-UV-Vis and H,-TPR.

Suggested method of fitting is able to reproduce well character of experimental data
including values of absorption energy gap. Hence the absorption bands of O
coordinated species can be calculated and subtracted from spectra on the base of data
obtained from fit. Subsequently it is possible to determinate the amount of
T4-monomeric species by method mentioned above (see Fig. 5 and Tab. 1).

H,-TPR curves were measured to determine the scale dispersion and type of the
present active species. The obtained TPR profiles are presented on the Figure 4 and it
can be seen that samples prepared by the direct synthesis exhibit only one symmetric
reduction peak at the temperature about 560-590°C and this peak can be described by
one PseudoVoigt shaped curve and it has been fitted using the Fityk [14] software. The
samples prepared by wet impregnation exhibit two peaks in theirs TPR profiles. The
first peak has the same position as in the TPR of the synthesized samples and the
second peak is at the temperature about 660-680°C. The low temperature peak is
frequently attributed to the reduction of the isolated monomeric units whereas the high
temperature peak is attributed to reduction of oligomeric units [15,16]. Nevertheless
this assignment does not agree with results from the UV-Vis spectroscopy. As show
the UV-Vis spectra synthetised samples containing both, monomeric and polymeric,
tetrahedraly coordinated units. Octahedraly coordinated units can be evidently
observed only at the impregnated samples with high concentration and these samples
show evidently high-temperature peak which means that the low-temperature can be
assignment to both (monomeric and polymeric) Ty coordinated and the high



temperature peak can be assigned to the Oy, coordinated. We can obtain amount of all
T4 units (X1q in Table 1) and all Oy, (2D and 3D) coordinated units after subtraction
area of the first peak fitted by PseudoVoigt from TPR profile.
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Figure 4 H,-TPR profiles of VO,-HMS samples where A) synthesized samples and B)
impregnated samples.

By combination of results of both techniques we obtain correct information about
amount and population of vanadium oxide species on the surface of HMS (see Fig. 5).
From the Fig. 5 is evident that monomeric T4 coordinated units are generated only to
ca. 5 wt.%. Exceeding this concentration it can be observed decrease of the

concentration of monomeric species because the monomeric units start to polymerize
(see Fig. 5)
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Figure 5 Correlation between the amount of T4-monomeric units determined by UV-Vis
spectroscopy, all Ty units determined by H,-TPR and O, units for samples
prepared by impregnation.



Conclusions

The main result of this work is development of the new methodology for study
vanadium oxides containing samples. The dilution of samples of V-HMS by the silica
in the ratio higher than one hundred allows us to obtain the DR UV-Vis spectra
containing the set of well separated absorption bands whose integral area is
proportional to the vanadium concentration.

This methodology can be used to obtain the information about amount of monomer
for materials containing the octahedrally coordinated species which caused failing of
previously used methods with using gap of absorption energy.

The first peak in the TPR profiles of V-HMS materials can be definitely assigned to
the reduction of all tetrahedraly coordinated units and the second peak pertains to the
octahedrally coordinated units and quantitative analysis of TPR profiles bring
complementary information for analysis of speciation of VO particles.

The monomeric species are formed on the support up to concentration about 5 wt.%
and subsequently the oligomeric species are formed and the total of monomeric species
even decrease.

The samples prepared by direct synthesis have lower tendency to formation
oligomeric and octahedraly coordinated units than impregnated samples of the similar
concentration.
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A new methodology of the measurement and evaluation of DR UV —vis spectra of VO, species supported on hexagonal mesoporous
silica was developed. The suggested methodology utilizes the benefit of the well resolved absorption bands in the spectra of highly
diluted samples. Methodology was tested on two sets of V-materials prepared by the impregnation and direct synthesis method. It
was observed that both types of materials consist of the same type of tetrahedrally coordinated monomeric and oligomeric species,
but they differ in the population of these species. In particular, the octahedrally coordinated species and tetrahedral oligomeric units
of higher polymerization degree were significantly more formed on the surface of V-materials prepared by impregnation method.

1. INTRODUCTION

Supported vanadium oxide catalysts have found wide commercial
application in industry, e.g, selective oxidation of o-xylene to
phtalic anhydride, selective catalytic reduction (SCR) of NO,
with NH; to N, and H,O and controlling oxidation of SO, to SO;
during SCR."~* The vanadium oxides supported on the surface
of micro- or mesoporous materials attract great interest in the
scientific community®® due to the ability to combine unique tex-
tural and acid—base properties of support materials with redox
properties of vanadium oxide species what opens the possibility
to activate alkanes at relatively low temperatures. In recent years,
these catalysts have been investigated for applications in the
selective oxidation and ammoxidation of light (C;—C,) hydro-
carbons to olefins, oxygenates, and nitriles.” ' Moreover VO,
based catalysts can be used as model catalytic systems for fund-
amental investigation of supported metal oxides. Better knowl-
edge of their behavior can be useful for understanding the
mechanism of the reaction pathway, the mode of their bonding
to the support, the types of supported species, and the possibility
of controlling the abundance of a particular species by proper
methodology of preparation.

Nowadays the most acknowledged theory expects the exis-
tence of three different types of vanadium oxide species on the
surface:*'>"'* (i) the isolated monomeric tetrahedrally coordi-
nated VO, species linked by three V—O-support bonds to
support at dehydrated state, (ii) the oligomeric/polymeric VO,
species of distorted tetrahedral symmetry bonded by bridging

W ACS Publications ©2011 American chemical Society

V—O—V bonds to other units, and (iii) 2D /3D crystalline V,O5
nanoparticles (NPs). Some authors mentioned as fourth (iv) type
the mixed oxide compounds or solid solution with some oxide
supports at elevated temperatures (e. g, AIVO,, V,Ti; ,O,) on
the surface.” Nature of support influences both population and
properties of individual types of vanadium species and has si%—
nificant influence to the catalytic behavior of these materials.*'>'®

The presence of the various structures of the supported
vanadium phase has been extensively characterized by different
techniques, especially by spectroscopic techniques (FT-IR, Raman,
XANES/EXAFS, UV—vis diffuse reflectance (DR), solid-state
SV NMR, ESR, SEM, TEM etc.);>*”'? however, the metho-
dology of characterization of these materials is still not suffi-
ciently solved. Characterization by DR UV—vis spectroscopy is
frequently used because it is widespread, relatively cheap, and a
simple experimental technique which can provide information
about the different oxidation states and local coordination
geometry of supported vanadium oxide species. This technique
probes the electronic charge transfer transitions as well as the
d—d transitions of vanadium ions at the catalyst surface, which
are dependent on the local coordination environment, the poly-
merization degree, and of course on the vanadium oxidation
state.* The big disadvantage of this technique is the fact that DR
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UV —vis spectra are usually broad, and the individual absorption
bands are overlapped with each other that complicate their
detailed interpretation together with the fact that the theoretical
approach which could bring relevant information is not devel-
oped yet. These facts complicate detailed speciation of vanadium
oxide species present on the surface of the support. The contra-
dictory interpretations appear very often in papers; for example
Schraml-Marth et al* attributed the band at 3.55 €V to 2D
octahedrally coordinated species by comparison with the maxima
of model compounds spectra, whereas the Gao et al.® ascribed
the band at this region to tetrahedral oligomeric units assuming
that his band at 350 nm matches to bands at 320 or 340 nm
previously reported by Liu et al.>' and Chao et al.*

Previously, we devoted a lot of attention to V-materials as
catalysts in the ODH of ethane, propane, and butane and to the
identification of the vanadium species mainly by using UV—vis,
H,-TPR, XRD, and voltammetry.”** >® The analysis of pre-
viously published spectra of VO, silica supported materials was
focused on proving the presence of particular VOx species based
on the evaluation of the edge of the absorption energy™>’ >’ or
by the picking of an apparent maxima in obtained spectra.>®*°~’
Some articles also present the attempts to deconvolute the
spectra by set of several Gaussian or Lorentzian shaped absorp-
tion bands,”****3* but the spectra were usually deconvoluted in
the wavelength scale and the fact that the intensity of the mea-
sured spectra is frequently not proportional to the concentration
of vanadium in the samples®”*® was neglected. The goal of this
paper is the development of new methodology which would
facilitate obtaining a better defined and resolved UV —vis spectra.
These spectra would provide more accurate information about
these systems with the possibility of assigning individual signals
to the different vanadium oxide species on the surface, contribut-
ing to a deeper understanding of them. For this purpose, a set of
VO, species supported on hexagonal mesoporous silica (HMS)
materials differing in the concentration of vanadium and the
distribution of VO, surface species was prepared. DR UV—vis
spectra of diluted dehydrated materials were measured and
investigated with the aim of obtaining more reliable information
about speciation of vanadium oxide on the surface of porous
support.

2. EXPERIMENTAL SECTION

2.1. Preparation of Catalysts. Catalysts have been prepared
in two ways (i) by impregnation and (ii) by direct synthesis. The
hexagonal mesoporous silica (HMS) was used as a support. The
HMS was synthesized at ambient conditions according to the
procedure reported by Tanev and Pinnavaya.*' As a neutral
structure, dodecylamine (DDA, Aldrich, purity 98%) was used as
a directing agent. It was dissolved 19.3 g of DDA in the mixture of
225 mL of ethanol (purity 99%) and 200 mL of redistilled water.
After 20 min homogenization by magnetic stirring, 56 mL of
tetraethylorthosilicate (TEOS, Aldrich, purity 98%) was drop-
wise added as a silica precursor. The reaction mixture was stirred
at RT for 18 h. The solid product was filtered, twice washed with
400 mL of ethanol, and calcined in nitrogen stream at 450 °C for
2 h with temperature gradient 1 °C/min and subsequently at
450 °C for 20 h in air stream. The set of impregnated VO,-HMS
catalysts (1.2 — 9.5 wt % V, denoted as 1) was prepared by wet
impregnation by a solution of calculated amount of vanadyl(IV)
acetylacetonate (VO(acac),, Aldrich, purity 99.99%) in 75 mL of
ethanol (denaturized). The solution was heated on the water

bath up to evaporation of ethanol, and subsequently, the catalyst
was calcined at 600 °C in air stream for 8 h with temperature
gradient S °C/min. The set of synthesized VO,-HMS catalysts
(1.5 — 11.7 wt % of V, denoted S) was prepared by direct-
synthesis method which was based on work published by Reddy
and Sayari.** The technique was similar as in the case of the pure
HMS synthesis. The solution of 75 mL of ethanol with different
amounts of VO(acac), was added to the reaction mixture of
10 mL of DDA and 66.7 mL of redistilled water. The following
procedure (stirring, addition 18.7 mL of TEOS, stirring, filtra-
tion, and calcination) was the same as in the case of HMS
preparation. The vanadium content was determined by means of
ED XREF by ElvaX (Elvatech, Ukraine) equipped with a Pd anode.
Samples were measured against the model samples (a mechanical
mixture pure SiO, and NaVOj;) granulated to the same size as
catalysts.

2.2. DR UV—vis Spectroscopy. The DR UV —vis spectra of
dehydrated samples were measured using a Cintra 303 spectro-
meter (GBC Scientific Equipment, Australia) equipped with a
Spectralon-coated integrating sphere using a Spectralon-coated
discs as a standard. The spectra were recorded in the range of the
wavelength 190—850 nm (lamps switched at 350 nm). The
UV —vis spectra of samples were measured in two ways (i) in the
pure form and (ii) the samples diluted with the pure silica
(Fumed silica, Aldrich) in specified ratio. All samples were
granulated and sieved to fraction of size 0.25—0.5 mm and
dehydrated. The dehydration was carried out in the static atmo-
sphere of oxygen in two steps: 120 °C for 30 min and 450 °C for
60 min and subsequently cooled and evacuated. Because it was
recently reported that hydration of vanadium species substan-
tially changes the character of the obtained spectra,””*" it was
independently checked by DR UV—vis—NIR that the employed
pretreatment procedure provided completely dehydrated sam-
ples. Because the main information in our spectra is in the UV
region of spectra, the UV—vis—NIR spectra are not presented
here for the sake of brevity. After the evacuation, the samples
were transferred into a quartz optical cuvette S mm thick and
sealed. This procedure guaranteed complete dehydration and a
defined oxidation state of vanadium for all catalysts. The
obtained reflectance spectra were transformed into the depen-
dencies of Kubelka—Munk function F(R..) on the absorption
energy hv using the equation

Ry = LS o

where R.. is the measured diffuse reflectance from a semi-infinite
layer.*® The spectrum of pure HMS material was subtracted as a
baseline. The referent spectra of pure ortho-NazVO,, meta-
NaVO3;, and V,05 were used for determine energy edge values
&g of pure monomeric, pure oligomeric, and pure bulk vanadium
oxide units, respectively, by method reported in refs 2 and 29.
These spectra were measured in the same way as the other
samples.

It was reported by Catana et al.® that the dependence of the
F(R.,) function on the concentration of vanadium has nonlinear
character even for a moderate concentration value. Therefore the
approach which can partially solve (bypass) this problem was
introduced for speciation of molybdenum oxide complexes** and
subsequently applied for vanadium oxide species.”*” This meth-
odology is based on the evaluation of absorption energy edge
(&) from the UV —vis spectra using the expression introduced by
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Figure 1. Spectra of dehydrated samples of VOx-HMS materials with-
out dilution. (A) Impregnated samples, (B) synthesized samples, and
(C) examples of positions previously reported absorption bands and
their ascriptions. Orange triangle denotes O), polymers or bulk V,0¢
species; green circle, T; oligomeric species; blue square, Ty monomeric
species; hollow [, other species described in plot.

Davis and Mott* or by Tauc™ in the form
(F(Rw)hv)* e (hv — &) )

The &, values of solid materials sodium ortho-vanadate
Na;VO, (3.82 €V), meta-vanadate NaVO; (3.15 eV), and V,04
(226 eV) can be used as ¢, standard values of compounds
containing only isolated monomeric tetrahedral units, the line-
arly polymerized tetrahedrally coordinated oligomeric units, and
polymerized octahedrally coordinated units, respectively. The
described method allows us to obtain certain information about
the speciation of vanadium on the HMS surface, but this method
is inapplicable for samples containing the remarkable amount of
octahedrally coordinated species. Moreover the determination of
the &g value from obtained plots is rather subjective as the wrong
baseline correction can limit the applicability of this methodology.
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Figure 2. Dependence of spectral intensity of the sample I-VHMS-9.5
on its subsequent dilution by silica (concentration of vanadium is related
to the resulting mixture).

3. RESULTS AND DISCUSSION

3.1. UV—vis Spectra of Nondiluted V-Materials. The DR
UV—vis spectra measured in the range 1.46—6.5 eV (850—
190 nm) of dehydrated samples of VO,-HMS materials are
presented in the Figure 1 for both sets of prepared samples.
These spectra consist of several ligand to metal charge transfer
absorption bands characteristic for samples containing vanadium
oxide species supported on siliceous surface and represent typical
UV—vis spectra of this type of material published very often in
the literature.”*® The d—d absorption bands characteristic for
the vanadium(-+1IV) in the region 1.55—2.07 eV° were not ob-
served in the obtained spectra. This fact confirms that all vana-
dium atoms were successfully oxidized to oxidation state (+V)
during the pretreatment procedure. The region 3.5—6 eV is
usually attributed to the presence of tetrahedrally coordinated
VO, species (group of symmetry T), whereas the region
2.5—3.5 eV is attributed to the presence of 2D-square pyramidal
or 3D-octahedrally coordinated VO, species (group Oy,). A very
important factor influencing the character of the spectra and
abundance of T; and O, species is the level of sample
hydration.””** Therefore, it is necessary to measure and evaluate
the spectra under known and defined states. All spectra reported
in this paper were recorded after complete dehydration of sam-
ples checked by monitoring of OH vibration overtones in NIR
spectral region (recorded independently on UV—vis—NIR
spectrometer). Therefore, all observed changes in the character
of spectra (it means intensity of individual bands and shifts of
absorption edges) can be attributed only to changes in the
distribution of particular VOx species.

The attribution of absorption regions to particular species with
the rather problematic results mentioned above is mostly based on
the information obtained from the spectra of referent compounds.
The results of previously published efforts to more preciously
determine of the speciation of VO, species and distinguish the
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Figure 3. Comparison of spectra of pure (black line and scaler) and
100 diluted (red line and scaler) samples.

bands which should be attributed to T, oligomeric and Ty
monomeric species are even more ambiguous. Some examples
of these ascriptions which differ not only in the positions but even
in the number of bands are presented in the Figure 1.

This uncertainty of the spectra interpretation is possible due to
broad and overlapping absorption bands and the strongly non-
linear dependence of the Kubelka—Munk function on the
concentration of VO, species even for the moderately concen-
trated samples.

3.2. UV—vis Spectra of Diluted V-Materials. The significant
truncation of spectra of undiluted samples was confirmed by the
measurement of the set of UV—vis spectra of the sample
I-VHMS-9.5 subsequently diluted by pure silica (see Figure 2).
This plot clearly indicates that linear and zero-crossing depen-
dence of the Kubelka—Munk function on the concentration of
vanadium can be obtained only for the dilution degree higher
than S0 or F(R..) values lower than approximately 0.5. The com-
parison of the spectra of the pure and diluted samples I-VHMS-
4.8 and I-VHMS-9.5 displayed at Figure 3 presents the retained
width of these spectra. This fact demonstrates that vanadium
oxide species supported in porous material has no tendency to
redistribute itself to diluting agent as it can occur in the case of
material supported on the external surface of nonporous SiO,
based supports.

The DR UV —vis spectra of VO,-HMS samples diluted in the
amorphous silica with the constant ratio 1:100 are presented in
the Figure 4 for both sets of VO,-HMS samples, and the integral
intensities (presented in the Figure S) of diluted spectra are
approximately proportional to the concentration of vanadium in
samples. This fact indicates that the absorption coeflicients of
anchored VO, species are at first approximation the same for all
types of anchored VO, species.
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Figure 4. Spectra of diluted samples of VO,-HMS materials with dilution
ratio 1:100. (A) Impregnated samples and (B) synthesized samples.
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Figure 5. Dependence of the spectral integral intensity of 100 times
diluted samples on the concentration of vanadium.

3.3. Interpretation of the UV—vis Spectra and Methodol-
ogy of the Spectra Evaluation. Figure 4 shows the UV—vis
spectra of diluted I-VHMS and S-VHMS materials with dilution
ratio of 1:100. On the basis of our methodology described below,
we separated spectra of diluted samples into five different UV—
vis bands denoted as A—E.
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Table 1. Results of UV—vis Deconvolution Procedure: Positions, Halfwidths, and Areas of Individual Bands”

area of absorption band

cc g oo hwc hwp hwg A B C D E

eV eV eV eV eV eV AU. AU. AU. AU. AU.
band position 2.61 3.05 cc cp Cg
halfwidth 0.23 0.30 hwc hwp hwg
sample name
S-VHMS-1.5 4.01 5.04 5.93 0.37 0.59 0.34 0.000 0.000 0.017 0.120 0.056
S-VHMS-2.4 4.04 5.04 6.00 0.33 0.58 0.39 0.000 0.000 0.039 0.253 0.176
S-VHMS-2.7 4.02 5.02 5.96 0.43 0.57 0.39 0.000 0.000 0.059 0.191 0.111
S-VHMS-4.6 3.97 4.75 5.86 0.38 0.66 0.40 0.000 0.004 0.174 0.488 0.131
S-VHMS-5.2 4.06 4.88 5.90 0.40 0.60 0.37 0.000 0.000 0.147 0.404 0.135
S-VHMS-8.2 3.90 4.67 5.87 0.38 0.69 0.42 0.001 0.015 0.281 0.713 0.188
S-VHMS-11.7 3.88 4.66 593 0.38 0.70 0.46 0.003 0.018 0.375 0.868 0.230
I-VHMS-1.2 4.09 5.06 5.96 0.38 0.56 0.39 0.000 0.000 0.022 0.120 0.097
I-VHMS-2.2 4.08 5.03 6.01 0.40 0.54 0.42 0.000 0.000 0.045 0.202 0.197
I-VHMS-3.1 3.97 4.92 5.97 0.40 0.65 0.40 0.000 0.000 0.056 0.233 0.134
I-VHMS-3.4 4.12 4.98 591 0.40 0.48 0.42 0.000 0.000 0.088 0.293 0.238
I-VHMS-4.8 4.03 4.88 591 0.43 0.61 0.38 0.001 0.008 0.184 0.441 0.173
I-VHMS-6.3 3.92 4.84 5.88 0.48 0.63 0.42 0.007 0.054 0.213 0.383 0.150
I-VHMS-9.5 3.68 4.72 5.92 0.5 0.80 0.42 0.041 0.182 0.368 0.668 0.159

“ For assignments of bands, see the text.

Highly concentrated samples prepared by the wet impregna-
tion method exhibit intensive absorption bands at the region
2.5—3.5 eV. The absorption bands can be clearly ascribed to the
presence of octahedrally coordinated bulk-like VO, units because
only the V,05 with the edge of absorption energy 2.26 eV
has absorption bands in this region. Absorption in this region
can be described by at least two independent absorption bands
(denoted as A and B in Table 1) at ca. 2.6 and 3.1 eV due to
remarkably different UV —vis absorption intensity at these en-
ergy values for various samples (see, e.g., spectra of -'VHMS-6.3
and I-VHMS-9.5 in the Figure 4B). The existence of two
independent octahedrally coordinated supported VO, species
were also suggested in the past.”>*

All diluted VO,-HMS samples have in the range 3.8—6.5 eV
three absorption bands at positions 4.0, 5.0, and 5.9 eV in their
spectra, and there is clearly observable shift of first two bands
maxima to lower energy with the increasing of the vanadium
concentration. These bands can be evidently attributed to the
ligand to metal charge transfers of T,-coordinated species but
theirs detailed attribution to T,; monomeric and T oligomeric
species is more complicated. Several authors attempted to ascribe
one or two absorption bands in this region to T; oligomeric units
in the range 3.37—4.22 eV>67:203234394748 4hd one, two, or
three absorption bands to T; monomeric units in the range
3.50—5.77 eV,072027323435,37,394899 11 the dispersion of these
values reflects well the uncertainty of these ascriptions.

According to the ligand field theory, the vanadium (oxidation
state +V) species in the field with tetrahedral symmetry should
have its d” orbital splitted into two groups of degenerated orbitals
denoted as e and t,. This fact implies that we should expect the
presence of two absorption LMCT bands in the UV—vis
spectrum of the species with this symmetry. Possible energetic
separation of the e and t, orbitals can be estimated from the
position of d—d transitions in the region ca. 1.5—2.0 eV in spectra
of vanadium(IV) species.” It can be expected that the occupancy of

one vanadium d orbital increases the energetic difference between
e and t, orbitals, and therefore, we can expect the presence of two
bands in the spectra of tetrahedrally coordinated vanadium species
separated no more than 1.5—2.0 eV.

Clearly separated absorption bands of diluted VO,-HMS
spectra offer the possibility to more reliably attribute observed
absorption band to either T; monomeric or T oligomeric units.
The absorption band with the maximum at ca. 4.0 eV (in Table 1
denoted as C) is relatively broad, and it is not possible to obtain the
value of the edge of absorption energy 3.82 eV obtained previously
from the spectrum of the Na;VO, with this band included in the
UV—vis spectrum. Because the sodium orthovanadate consists of
only the isolated monomeric VO, units, we should assume the
presence of only bands at approximately 5.0 and 5.9 eV (denoted
as D and E in the Table 1) in the spectrum of these species. The C
band at 4.0 eV hence should be attributed solely to the presence of
the oligomeric tetrahedrally coordinated VO, species.

The absorption band D at ca. 5.0 eV significantly changes its
relative intensity to the band at 5.9 eV (see Figure 4B) as the
concentration of the vanadium increases, and we should expect
that both the monomeric and the oligomeric T4-coordinated
VO, species contribute to the intensity of this absorption band.
The absorption bands ascribed to the presence of T,; oligomeric
units should be modeled by the symmetric bands whose have
neither fixed position nor halfwidth due to necessity to reflect the
possible shift and broadening of these absorption bands caused
by the increasing of the VO, polymerization degree.

The positions, halfwidths and areas of previously defined
bands A—E were fitted to all experimental spectra by a set of
Gaussian curve shaped bands using the Fityk™ software. All
experimental spectra were fitted simultaneously, and the para-
meters defining the octahedral VO, units (A and B) were fitted as
shared for all data sets. Bands ascribed to tetrahedral both the
oligomeric and the monomeric units (C, D, and E) were fitted
using the individual values of their position and halfwidth due to
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Figure 6. Results of the deconvolution of experimental spectra by suggested model for selected samples. Red points are experimental data, the red line is

the fitted envelope curve, and black lines are individual spectral bands.

the expected dependence of these parameters on the vanadium
concentration mentioned above.

The values of the obtained areas of model absorption bands
A—E are summarized in Table 1 together with the positions and
halfwidths of deconvoluted absorption bands presented in the
subheader or separate columns of the table. Figure 6 presents the
comparison of the experimental spectra with the model curves
for the selected samples for the sake of brevity. This comparison
confirms that the model suggested for the description of the
experimental spectra reflects sufficiently all substantial properties
of these spectra and evaluation of model parameters can be used
for obtaining detailed insight into speciation of VO, particles
present on the surface of HMS support. The positions of all other
fitted absorption bands correspond well with the positions and
shape of clearly perceptible maxima and shoulders in experi-
mental spectra of diluted samples.

The band attributed to the T, oligomers (C) is shifted in its
position from the 4.1 to 3.75 eV with the increasing of the
concentration of vanadium. A similar shift of the position can be
observed in the case of the absorption band (D) which also shifts
from S.1 to 4.6 eV with the increasing of the vanadium
concentration which corresponds well with the observed effects
in experimental spectra. The absorption band (E) ascribed to
the isolated monomeric units does not change its position
significantly; however, this value was not kept fixed during the
fitting procedure. The values of the halfwidth of the absorption
bands (C, D, and E) ascribed all to the tetrahedrally coordinated
units increased with the increasing of the vanadium

12435

concentration for samples prepared by both methods. This effect
can be ascribed to the formation of oligomeric species with
higher degree of polymerization in the case of samples prepared
by the wet impregnation. Nevertheless, changes in the shapes of
absorption bands cannot be ascribed to only the formation of
more polymerized species, because the band (E) at ca. 5.9 eV
should be ascribed exclusively to the isolated monomeric species.
The effect which can be responsible for the observed changes of
this band halfwidth are either the long-range nonbonding adsor-
bate—adsorbate interactions or the interaction of vanadium oxide
species with the amorphous surface of the support. Both effects can
cause more distorted adsorbed VO, complexes to be formed as the
concentration of vanadium increases. The presence of several
types of monomeric species with different distortion of tetrahedral
structures in zeolites was reported very recently.>!

The values of relative intensities of all bands (presented in the
Figure 7) except of the band (D) in the dependence on the overall
vanadium concentration follow expectable trends for the particular
species to the ones they were attributed to based on the their
positions. The bands (A and B) ascribed to the octahedrally
coordinated species have significant intensity only for samples
with a higher concentration of vanadium when the bulk-like
V,0j5 species formation is expected. The relative intensity of the
band (E) ascribed to the monomeric units decreases as the
vanadium concentration increases and more T,; and/or O,
oligomeric units are formed.

The relative intensity of (D) band in the dependence of
vanadium concentration (area of particular band related to

dx.doi.org/10.1021/jp112206¢ |J. Phys. Chem. C 2011, 115, 1243012438



The Journal of Physical Chemistry C

0.7

relative fitted peak area, A.U.

conc. of vanadium, wt. %

conc. of vanadium, wt. %

Figure 7. Relative areas of fitted absorption bands in the dependence of vanadium concentration. (A) absorption band, black square; (B) absorption
band, red circle; (C) absorption band, blue triangle; (D) absorption band, green triangle; (E) absorption band, pink star. (a) Samples prepared by

impregnation and (b) samples prepared by direct synthesis.
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integral intensity of spectra) is nearly constant in the whole
concentration range for samples prepared by the direct synthesis
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(presented in the Figure 7B). Because these samples do not
contain significant bands ascribed to the octahedrally coordi-
nated VO, species, we can assume that this band is common for
both the isolated monomeric and the oligomeric tetrahedrally
coordinated VO, species. The retained relative intensity of this
absorption band suggests the same or similar absorption coefhi-
cients for both types of T-coordinated VO, species in this region
of spectra. The relative intensity of (D) band for the impregnated
samples exhibit slight decreasing after the appearance of bands
(A and B) ascribed to the octahedrally coordinated VO, units.

3.4. Analysis of the Band at 5 eV. The area of the absorption
band (D) can be hence calculated as a linear combination of
the band (C) and the absorption band (E) and we can write
D = ¢C + €E. Coefficients of this dependence ¢ = 1.674 and
e =0.858 were obtained by the linear regression. The comparison
of dependence of area of the (D) bands on the linear combina-
tion of bands (C and E) is presented in the Figure 8. The
knowledge of the degree of contribution of both the monomeric
and the oligomeric tetrahedrally coordinated species to the in-
tensity of the band (D) together with the nearly constant absorp-
tion coefficients for all types of VO, species offer the possibility to
calculate the relative abundance of the particular species as the
area of bands (A and B) to integral area of spectra for octahedrally
coordinated species or the ratio (1 + ¢)C area or (1 + ¢)E area to
total area of spectra for tetrahedrally coordinated oligomeric or
monomeric VO, species respectively.

The calculated values of the relative abundance of tetrahedrally
coordinated T,; monomeric and T; oligomeric units are presented
in Figure 9A,B in dependence of vanadium concentration for both
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impregnation and (b) samples prepared by direct synthesis.

sets of prepared catalysts. It can be seen that there is no significant
difference between the impregnated samples and samples pre-
pared by the direct synthesis. Both sample sets exhibit similar
dependence of the population of both tetrahedrally coordinated
species on the vanadium loading. Only a small difference between
both sample sets can be seen for the abundance of monomeric
units in the case of samples prepared by the impregnation method
which indicate that formation of the octahedrally coordinated
species occurs on account of the abundance of mainly monomeric
VO, species. It can be also seen that relative abundance of
oligomeric units reaches its limiting value at vanadium concentra-
tion about S wt % of vanadium.

Figure 9 also presents the area vs concentration dependence of
the sum absorption bands (A and B) at 2.61 and 3.05 eV
(ascribed to octahedral VO, units) for both sets of samples.
The intensity of the band at 3.05 eV is always higher than the
intensity of the band at 2.61 eV (see Figure 7). Moreover, the
band denoted A (at 2.61 eV) starts to appear at higher concen-
tration than band (B) at 3.05 eV. We assume that two-dimen-
sional octahedral units whose presence was suggested in the
past® and the 3D bulk-like V,O5 particles that start to form at
very high vanadium concentration significantly contribute to
both absorption bands. The remarkable intensity of these bands
(A and B) attributed to the O;, polymeric units is clearly
discernible in spectra of samples prepared by the wet impregna-
tion method in Figure 7 and the limiting concentration level
when the formation of these species starts is the vanadium con-
centration of ca. 4%. The samples prepared by direct synthesis do
not contain a substantial amount of Oj-coordinated species even
at a concentration of approximately 12 wt % of vanadium.

Results of the analysis of VO, species distribution previously
reported strongly depends on both the employed experimental
techniques and the methodology of preparation of samples. The

Wachs’s group studied VO, materials supported on the amor-
phous silica by the Raman spectroscoyzf either at room tempera-
ture or under operando conditions.”*”****3* The absence of
V—O—V vibrations at ca. 500, 700, and 995 cm ™ " in the Raman
spectra of samples with the vanadium content less than 5—6 wt %
lead them to statet that their samples contain mostly isolated
tetrahedrally coordinated species in this range of concentrations.>”
When this vanadium concentration which corresponds to the
vanadium surface density ca. 2.6 VO, per nm” is reached, the
formation of V,Og on the silica surface is assumed. Similar results
were also obtained by other authors,"*'>'®*33755 and they
usually reported the appearance of V—O—V vibrations in Raman
spectra of samples with the surface density in the range 2.2—2.7
VO, per nm” (above ca. 5—6 wt % of vanadium). These reported
values of the limit vanadium concentration when the V,Oj starts
to form correspond well with our value of 4—5 wt % for samples
prepared by the wet impregnation method. On the other hand
the differences in the preparation procedures employed by
various authors can change the population of octahedrally
coordinated species as it is clearly demonstrated by our set of
materials prepared by direct synthesis. The presence of tetra-
hedrally coordinated oligomeric species over silica based sup-
ports was not reported except in the works of Hess et al,,**>” who
detected the presence of these species by NEXAFS technique.

4. CONCLUSIONS

The main results of our attempt to develop a new and
improved methodology of characterization of vanadium oxide
supported materials by DR UV—vis spectroscopy are summar-
ized in the following points:

e The dilution of samples of VO,-HMS by the silica in the
ratio higher than 100 allows us to obtain the DR UV—vis
spectra whose integral area is at least in the first approxima-
tion proportional to the overall amount of the vanadium in
samples within the concentration range of 0—13 wt % of
vanadium.

e The particular absorption bands present in the spectra of
diluted samples were attributed to individual Ty monomeric,
T4 oligomeric, and Oy, oligomeric VO, species present on
the support surface with high reliability. This attribution was
made based on the evaluation of previously published data
and the analysis of spectra of the referent compound.

e The well separated and defined absorption bands obtained
by deconvolution of spectra of highly diluted samples offer
the possibility of obtaining more detailed information about
characteristics of supported VO, species. This methodology
also suggests the possibility of obtaining the information
about their relative or absolute abundance on the surface of
silica support. In addition, the correlation of this information
with the results obtained by other techniques is possible.

e It was observed that the amount and distribution of tetra-
hedrally coordinated species to the monomeric and the
oligomeric species is the same for both sets of VO,-HMS
samples prepared by the direct synthesis and wet impregna-
tion method. The preparation method influences significantly
the amount of octahedrally coordinated species and the
degree of polymerization of T; oligomeric species. Higher
amount of both these species contained the samples pre-
pared by the wet impregnation method.

e Last, but not least, the newly developed methodology needs
a very low amount of the sample which allows utilization of

12437 dx.doi.org/10.1021/jp112206¢ |J. Phys. Chem. C 2011, 115, 1243012438



The Journal of Physical Chemistry C

UV —vis spectroscopy, for example, in the postcatalytic tests,
where a significantly smaller amount of material is used than
the amount necessary for filling the spectroscopic cuvette.
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Abstract

Raman spectroscopy is one of the very often used spectroscopic methods for characterization of vanadium surface
species. However, Raman spectra of VOx-silica systems are more complex and interpretation is more difficult in
comparison with other supports (like Al,O3, ZrO,, TiO, or Nb,Os) because there is strong vibrational coupling
between the vanadia species and the silica support. Therefore, assignment and interpretation of some vibrational
bands is still subject of controversy. This fact results in incongruity of suggested molecular structure and population
of individual vanadium surface complexes. In this contribution, we present systematic comparative study of DR UV-
vis spectra and UV and visible Raman spectra (excited by 325 and 514.5 nm lasers) obtained on set of dehydrated
VOx-HMS samples with vanadium loading from 2 up to 12 wt. %. We prove that changes in population of oligomeric
and monomeric VOx species in individual samples are not manifested by significant changes in the character of
Raman signals. On the other hand it is evident that with increasing of vanadium loadings the UV-vis spectra show
systematic changes. Raman spectroscopy is useful characterization technique for detection presence of very small
amount of V,0s microcrystallites, especially if suitable wavelength of laser is used for remarkable resonant
enhancement of Raman intensity of its bands (e.g. 514.5 nm).

© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer]
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1. Introduction

Supported vanadium oxide plays important role as catalysts for the selective oxidation of hydrocarbons
or alcohols [1, 2]. Knowledge of the prevailing molecular structure of surface vanadium species is
essential for understanding the structure — catalytic activity relationship. Supported catalysts are complex
materials and the determination of active surface species and their structure is challenging task. To this
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end, characterization of VOx species present on the surface of oxidic supports has been the subject of
many spectroscopic studies including Raman, EPR, DR UV-vis, NMR, FTIR, EXAFS spectroscopy [3-
19]. Raman spectroscopy is one of the most often used techniques, but structure information is obtained
only indirectly and relies on a correct assignment of the observed bands to vibration modes. In the case of
silica supported vanadium catalysts, recent experimental and theoretical studies indicated that there is
strong vibrational coupling between the vanadia species and the silica support [20-22]. Vibrations of VOx
species cannot be separated from those of the silica support due to coupling between bulk phonons and
motions of the supported vanadium complexes which makes Raman spectra of VOx-silica systems more
complex and interpretation is more difficult. Therefore, assignment and interpretation of some vibrational
bands is controversial. For example, band at around 920 cm™ was assigned to V-O-V mode of polymeric
species [23, 24], V-O-support mode [20, 22, 25-27], V=0 mode [28] or O-O mode [29, 30]. Band at
around 1031 cm” was assigned to V=0 mode and its shift was ascribed to change in polymerization
degree of VOx surface species. Such systematic shifts to higher wavenumbers were observed in Raman
spectra of VOx on Al,O3, ZrO,, TiO, or Nb,Os supports, but no shift of this Raman band was observed on
VOx/SiO, systems. This fact was often taken as evidence of presence solely monomeric species on the
silica. Contrarily, presence of oligo- and polymeric VOx species with distorted tetrahedral coordination
(group of symmetry T4 or Cs,) on mesoporous silicas was recently suggested on the basis of IR study of
CO and NO adsorption on reduced VOx-SBA-15 [16], asymmetry of NEXAFS band of O 1s core
excitation of oxygen atoms centered at 531 eV [31] or shifts of CT bands in UV-vis spectra of dehydrated
samples [10, 19, 23, 32-36]. Very recently, we reported systematical and significant shift of energy band
gap in DR UV-vis spectra of several sets of VOx-HMS catalysts investigated in ODH of n-butane[9, 11]
and propane[8, 9]. For evidence of tetrahedral polymeric VOx species we adopted methodology applied
by Gao et al. [37] for supported vanadium oxide species. This methodology is based on the evaluation of
edge of absorption energy g, from UV-Vis spectra using the expression introduced by Davis and Mott
[38] or by Tauc [39] in the form:

(F(R.) hv) o= (hv-&,) v

correlating this value with the edge of absorption energy of referent compounds (such as sodium ortho-
and meta-vanadate representing isolated monomeric vanadyls and polymeric species with V-O-V bond)
or theirs mechanical mixtures with known composition respectively. Relative amount of monomeric and
polymeric species in the sample can be evaluated from linear dependence of the g, value between values
obtained from spectra of model compounds.

In this contribution, we present systematic comparative study of DR UV-vis spectra and Raman spectra
at 325 and 514 nm wavelength excitations obtained on set of dehydrated VOx-HMS samples with
vanadium loading from 2 up to 12 wt. % providing wide range of VOx species population and
distribution. We prove that changes in population of oligomeric and monomeric VOx species in individual
samples are not manifested by significant changes in the character of Raman signals. On the other hand,
Raman spectroscopy is extremely sensitive to the presence of very small amount of V,0s
microcrystallites, especially if suitable wavelength of laser is used for remarkable resonant enhancement
of Raman intensity of its spectral bands (e.g. 514 nm).
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2. Experimental

2.1. Catalysts preparation

HMS was prepared according to procedure reported by Tanev and Pinnavaia [40]. 13.6 g of
dodecylamine (DDA, Aldrich) was dissolved in the mixture of 225 ¢cm® ethanol and 200 cm’ double-
distilled H,O. After stirring for 20 min, 56 cm® of tetracthyl orthosilicate (TEOS, Aldrich) was added
dropwise and intensively stirred. The reaction was performed at 25 °C for 18 hours under stirring. The
solid product was filtered and then repeatedly suspended in 500 cm® ethanol and stirred at 25 °C for 1
hour in order to remove major part of DDA from obtained solid. Finally, the solid was calcined in flow
of air at 540 °C for 8 hours with heating rate 1 °C min™".

Vanadium oxo-complexes were doped onto silica support by standard wet impregnation procedure by
appropriate amount of ethanol/H,O solution of vanadyl acetylacetonate (Aldrich). Impregnated samples
were dried at 120 °C in air overnight and then calcined at 600 °C for 8 hours in the dry air flow.
Vanadium content was determined by X-ray fluorescence spectroscopy (bench-top vacuum wavelength
dispersive X-ray spectrometer Spectroscan V, Spectron, Russia). Samples were denoted as S-x where x is
the vanadium content in the weight percentage.

2.2. DR UV-vis spectroscopy

The UV-vis diffuse reflectance spectra of diluted and subsequently dehydrated samples were measured
using Cintra 303 spectrometer (GBC Scientific Equipment, Australia) equipped with a Spectralon-coated
integrating sphere using a Spectralon coated discs as a standard. The spectra were recorded in the range of
the wavelength 190-850 nm. The samples were diluted by the pure silica (Fumed silica, Aldrich) in the
ratio 1:100 in order to obtain better resolution of individual bands and the linear dependence of spectral
area on the concentration of vanadium (for more details see ref [10]). All samples were granulated and
sieved to fraction of size 0.25-0.5 mm, dehydrated before the spectra measurement and oxidized in the
glass apparatus under static oxygen atmosphere (16-18 kPa) in two steps: 120 °C for 30 min and 450 °C
for 60 min and subsequently cooled down to 250 °C and evacuated for 30 min. After the evacuation the
samples were transferred into the quartz optical cuvette 5 mm thick and sealed under vacuum. For
additional details you can see ref.[10]. This procedure guaranteed complete dehydration and defined
oxidation state of vanadium for all catalysts. The obtained reflectance spectra were transformed into the
dependencies of Kubelka-Munk function F(R.,) on the absorption energy hv using the Equation 2 :

e @

where R., is the measured diffuse reflectance from a semi-infinite layer[41].
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2.3. Raman spectroscopy

Visible Raman spectra of dehydrated catalysts were measured by a Labram HR spectrometer (Horiba
Jobin-Yvon) interfaced to an Olympus BX-41 microscope. Spectra were excited by 514.5 nm line of an
Ar'/Kr' laser (Innova 70C series, Coherent). The spectra were recorded by collecting of two scans (scan
time 1200 s with resolution 2 cm™") by Peltier-cooled CCD camera detector. The laser power impinging
on the dry sample was 1.2 mW. UV Raman spectra were measured using Micro-Raman Renishaw RM
1000 spectrometer equipped with CCD detection. Spectra were excited by 325 nm HeCd laser (~ 3 mW at
the sample) and two scans were collected (time of scan was 100 s with resolution 4 cm™). The
dehydration and oxidation protocol was the same as for DR UV-vis measurement (see above).

3. Results and Discussion
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Figure 1 Diffuse reflectance UV-vis spectra of dehydrated Figure 2 Plot of edge of energy value determined by means of

VOx-HMS samples (for assignment of individual curves to the = Tauc's law form spectra depicted in the Figure 1 and intensity

samples see Table 1) of DR UV-vis spectra vs. vanadium content. Energy edges of
model compounds and idealized molecular structure of surface
vanadium species are inserted in the plot.

The obtained DR UV-vis spectra for investigated catalyst are presented in the Figure 1. It can be noted
that parent HMS support exhibited only very low intensity spectrum without distinct signal and therefore
are not reported here. Spectra of VOx-HMS catalysts contain several absorption bands in region 1.46-6.5
eV (850-190 nm) which are conventionally attributed to ligand to metal charge-transfer (LMCT)
transitions of the O —V'" type or to the d-d transitions of V™ *. The d—d absorption bands
characteristic for the vanadium(+IV) in the region 1.55 — 2.07 eV [43] were not observed in our spectra
and this fact confirms that all vanadium was successfully oxidized to oxidation state (+V) during the
pretreatment procedure. The catalysts with concentration higher than 4 wt% of vanadium exhibit
absorption bands in the region 2-3 ¢V with maxima at ca. 2.6 and 3.1 ¢V and they are attributed to the
presence of octahedrally coordinated (group Oy) 2D/3D bulk-like VOx units [10, 43, 44]. Values of
energy of edge (gy) determined by Tauc's law (see Eq. 1) are summarized in Table 1 and plotted against
vanadium content in the Figure 2. The low-loaded samples exhibit absorption only above 3 eV evidencing
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VOx species with tetrahedral coordination. Samples with vanadium content up to 6 wt.% exhibit edge
energy in the range of 3.73 — 3.47 eV (obtained accordingly to Ref. [39]), whereas edge energy of
Na;VO,, NaVO; and V,0s is 3.82, 3.13 and 2.26 eV, respectively. Taking into account this observation, it
ca be concluded that both isolated VO, units and small VO, aggregates that have V-O-V bonds are
present on the surface of these samples (effect of partial hydration was excluded on the base of checking
measurement of overtones of OH group vibration on UV-vis-NIR spectrometer, not shown for sake of
brevity). Samples with vanadium content higher than 6 wt. % exhibit &, below 3 eV and these values
systematically decrease with increasing vanadium content and limit to the value of g, of bulk oxide. This
is in accordance with increasing intensity of absorption bands at 2.6 and 3.1 eV assigned to CT band of
V,05 microcrystallites. For quantitative analysis of all three types of surface vanadium complexes, the
spectra were deconvoluted into individual bands. Parameters of individual spectral bands used in
deconvolution procedure of the spectra was taken from systematic study analyzing wide set of VOx-HMS
samples recently published [10]. The Figure 3 presents examples of the deconvolution of the experimental
spectra of sample with and without octahedrally coordinated vanadium complexes. UV-vis spectra of all
samples contain three absorption bands in the region 3-6.5 eV and these bands can be attributed to the
ligand to metal charge transfers of tetrahedrally coordinated (Ty) species (group of symmetry Ty). The
band with maxima position approximately at 4 eV can be attributed to T4 oligomeric species [45, 46]. The
band at ca. 5.9 eV belongs to T4-monomeric species [45-47] and the band with maximum at 5 eV is linear
combination of the bands ascribed to both the T4-monomeric and the T4 oligomeric species. Relative
amount of individual VOx species on the surface was determined from area of corresponding bands
(equality of extinction coefficients of individual bands is assumed based on linear dependence of spectra
intensity vs. vanadium content in catalysts (see Fig. 2)) and results are given in the Table 1. The low
concentrated samples contain only Tg-coordinated VOx species. The highest relative abundance of
isolated monomeric Ty-coordinated units (33 rel. %) can be found on VOx-HMS with the lowest
vanadium content. While relative population of oligomeric T4-coordinated VOx species is almost constant
(ca. 75 rel. %) , population of monomeric species decreases with increasing vanadium content from 33
rel. % to 6 rel. % and simultaneously population of octahedrally coordinated species increase from zero to
27 rel. %. This picture is consistent with results of systematic study of Wachs’group which led to
conclusion that oxide microcrystallites appeared above monolayer coverage, when all the reactive
hydroxyls of the support have been titrated [48, 49]. Monolayer coverage on silica is significantly lower
(about 0.7 V/nm?) in comparison to other supports like alumina, titania and zirconia (about 7-8 V/nm?).
The low surface monolayer coverage on silica is due to somewhat lower density and reactivity of the
silica surface hydroxyls in comparison to other oxide supports. Surface vanadium density of our samples
range from 0.3 to 24.3 V/nm’, therefore presence of oligomeric Ty- and Oy-coordinated species is
reasonable and expectable.

Table 1. List of samples, their physico-chemical characterization, results of DR UV-vis spectra deconvolution.

sample V content Sger Surface density £ Relative population of VOx complexes color in
(Wt.%) (m%/g) (V/nm?) (eV) O, T e Tgmene Figures
S-2 2.0 760 0.3 3.73 0.00 0.67 0.33 black
S-4 4.0 645 0.7 3.60 0.00 0.70 0.30 red
S-6 6.0 450 1.6 3.47 0.02 0.81 0.17 olive
S-8 8.0 225 4.2 2.64 0.15 0.77 0.08 orange
S-10 10.0 70 17.5 2.53 0.23 0.70 0.08 wine
S-12 12.0 60 243 2.39 0.27 0.67 0.06 blue




6 Author name / PHPRO 00 (2011) 000-000

Figure 4 shows the Raman spectra of a dehydrated S-6 catalyst excited at 514.5 and 325 nm.
Evidently, visible Raman spectrum is totally different from UV Raman spectrum. This is due to the fact
that both excitation wavelengths are absorbed by different vanadium species in the sample and therefore
different resonance enhancement effect control Raman band intensities. The Raman spectrum excited by
514.5 nm laser exhibits set of bands at 282, 301, 404, 520, 697, and 993 cm™ — a typical fingerprint of
V,05 crystallites. Besides these bands, band at 1040 cm'with small shoulder at 1060 cm™ can be seen.
This band is usually assigned to terminal V=0 stretching vibration, but this assignment has been
questioned recently [28]. The shoulder at 1060 cm™ was previously ascribed to silica TO vibration or Si(-
O), functionalities [50], but recent theoretical work suggests that it is due to V-O-Si stretching mode [20,
22, 28]. Intensity of Raman bands assigned to bulk oxide in visible Raman spectrum is strongly enhanced
by resonance effect (light at 514.5 nm is absorbed by octahedrally coordinated bulk vanadium oxide
clusters, see inset in Fig.4), therefore intensity of the V,0s bands is much intensive than would be
expected on the base of DR UV-vis spectra. The band at ~ 483, 603 and ~ 802 cm™ have been assigned
to the D1 and D2 defect mode of silica support, which have been attributed to tetracyclosiloxane rings
produced via the condensation of surface hydroxyls, and the symmetrical Si-O-Si stretching mode,
respectively [51, 52]. UV Raman spectrum is dominated by broad band at 487 cm™ assigned to the D1
defect mode and band at 1024 cm™ usually ascribed to V=0 stretching vibration. This band is about 16
cm’ lower than that observed in the visible Raman spectrum. Wu et al. attributed this difference in the
frequencies to existence of two different V=0 stretching vibrations (each exhibited another resonance
effect). This statement induces suggestion of presence of two types of VOx species on silica support. For
deeper investigation of this statement, we compared visible and UV Raman spectra of samples with
various distributions of vanadium complexes on the silica support (see Figure 5).
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Figure 3 Deconvoluted DR UV-vis spectra of S-4 (A) and S-10  Figure 4 Raman spectra of dehydrated S-6 sample at 514.5 nm

(B) samples. Black points are experimental data, red line is fitted and 325 nm excitation. Inset: DR UV-vis spectrum of

envelope curve and blue lines are individual spectral bands. dehydrated S-6 sample with marked position of lights of
individual lasers used for excitation of Raman spectra.

Visible Raman spectra of all investigated catalysts are depicted in the Figure SA and B (plot A display
whole spectral range from 200 to 1100 cm™ and plot B display spectral features around 1000 cm™ in more
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details). S-2 sample, which contain lowest amount of vanadia, exhibits only one band related to vanadia
species at 1040 cm™. Intensity of this band is very low and band is relatively broad (FWHM is 30 cm™).
Band intensity increases with increasing vanadium loading, whereas position of band remains the same.
Set of bands at 282, 301, 404, 520, 697, and 993 cm’' belonging to vibration of V,Os crystallites appeared
in the spectrum of S-4 sample in spite of absence bands at 2.6 or 3.1 eV in the DR UV-vis spectrum of
this sample (cf. Fig. 1). This is due to extremely high sensitivity of visible Raman at 514.5 nm to the
presence of oxide-like species caused by resonance effect. The bands of V,0s increase in intensity with
vanadium loading and dominate the spectra from 8 wt. % of vanadia. This is consistent with observed
shift of absorption into visible region in DR UV-vis spectra of these samples. On the other hand, band at
1040 cm™ is missing in the spectra of samples with concentration of vanadia 8 wt. % and higher. Broad
shoulder of the band at 995 cm™ at about 1023 c¢m™ appears instead of band at 1040 cm™. This can be
caused by relatively low amount of monomeric vanadium species in the high-loaded samples, whereas
amount of oligomeric species simultaneously increases. This observation is in contradiction with
observation on other supports. Changes in the coordination and extent of polymerization of the
dehydrated surface VOx species on oxide supports as Al,O3, ZrO,, TiO, or Nb,Os are reflected by shift of
this vibration band to slightly higher wavenumbers [3, 49]. Therefore, nature of this band is still not clear.
UV Raman spectra are shown in the Figure 5 C and D. The spectra are dominated by broad band from
silica support at 487 cm™ except sharp band at 1025 cm™ assigned to V=0 vibration. Position of later
band is invariable in spectra of all samples notwithstanding increasing vanadium loading and various
populations of oligomeric species determined from UV-vis spectra. Intensity of this band is increasing
only up to 6 wt. % of vanadia in the sample, then intensity decreases and new band at 993 cm™ appears
and rises with vanadium content. It is important to note that signal at 993 cm’, characteristic for
vanadium oxide clusters, appeared in the UV Raman spectra at vanadium content 8§ wt. %, whereas
absorption bands at 2.6 and 3.1 eV characteristic for octahedrally coordinated oxide-like species was
detected by DR UV-vis spectroscopy in the spectrum of sample with 6 wt.%. It is clear from this
observation that the presence of crystalline V,05 can be more easily detected by visible Raman than UV
Raman spectroscopy. Comparison of Raman spectra excited by both 514.5 nm and 325 nm laser in the
region of stretching vibrations of V=0 band led to finding out that both spectra sets provide different
picture. Band at 1025 cm™ is present in all UV Raman spectra and exhibits the same characteristic
(FWHM is about 30 cm™ as what as band at 1040 cm™ in the visible Raman spectra) in contrast to visible
Raman spectra in which band at 1027 cm™ is detectable only in spectra of samples with the highest
vanadium loading and its FWHM is significantly higher than FWHM of discussed band in UV Raman
spectra. Recent experimental and theoretical investigations [20-22] shown that bands at about 1020-1050
cm can be ascribed to normal modes with substantial contribution of both V=0 and in-phase V-O-Si
vibrations. Therefore interpretation of bands and its intensity dependence on excitation is not simple.
From above reported data, it is clear that interpretation of Raman spectra is complicated and using of
Raman spectroscopy for characterization of VOx species on silica surface is problematic. Dobler et al.
state in their paper: ,,Distinguishing between monomeric and polymeric sites by vibrational spectroscopy
is hardly possible because the only difference is the occurrence of new bands in spectral region covered
by other (support) band“. Based on DFT calculations, these additional bands are not caused by vibration
of pure V-O-V bond but they are given by normal modes consisting of contribution V-O-V (contribution
to kinetics energy does not exceed 25 %), V=0 and V-O-Si bonds and falling into spectral region 760-
776 cm™ for dimeric species and 840-870 cm™ for tri- and tetrameric species. However, such bands were
not detected in our spectra maybe due to their low intensity. Therefore presence/absence of particular
band in the Raman spectrum cannot be clear indication of presence/absence of polymeric species. Raman
spectroscopy is useful characterization technique for detection of presence of V,0s microcrystallite,
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especially if suitable wavelength of laser is used for resonant enhancement of Raman intensity of bands.
As we showed in our recent papers, DR UV-vis spectroscopy can provide more detailed information
about nature and population of vanadium species on silica based supports. In addition, DR UV-vis spectra
can be at least semi-quantitatively evaluated when diluted samples are used, whereas quantitative analysis
of Raman spectra is difficult owing to different resonance effects and local nature of spectral information
(Raman spectrometer is usually combined with microscopy and spectrum is collected from relatively
small area of sample).
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Figure 5 Visible (A and B) and UV (C and D) Raman spectra of dehydrated samples under study. Left panels depict full range of
spectra, right panels display detail of spectral range of stretching vibrations around 1000 cm™. For assignment of individual curves
to individual samples see Table 1.
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4. Conclusion

Comparison of DR UV-vis spectra obtained on wide set of VOx-HMS samples differing in vanadium
content in wide range and population of individual vanadium species with UV and visible Raman spectra
clearly showed suitability of UV-vis spectroscopy for characterization of vanadium species spread on
silica support. On the other hand, Raman spectroscopy is very sensitive technique for monitoring of V,0s5
oxide presence. Using of several excitation wavelengths is recommended for characterization of dispersed
vanadium complexes by Raman spectroscopy. It enables selective resonance enhancement that can be
used for distinguishing different species.
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The demand for olefins increases in recent years. Oxidative dehydrogenation (ODH) of n-butane is possible
alternative to classical dehydrogenation, steam cracking and fluid catalytic cracking processes. The role
of particular VOyx species supported on hexagonal mesoporous silica (HMS) in oxidative dehydrogenation
(ODH) of n-butane was investigated on two sets of VOx-HMS catalysts prepared by wet impregnation
and direct synthesis differing in amount and distribution of VOx species. The materials were character-
ized by XRF, N,-BET isotherms, XRD, SEM, H,-TPR, O,-TPO and DR UV-vis spectroscopy and tested in
ODH of n-butane in the range of temperature from 460 to 540 °C. The highest activity and selectivity to
olefins were reached on materials with high content of isolated monomeric VOx units with tetrahedral
coordination which are generated up to 4-5 wt.% of vanadium. The species with high degree of polymer-
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Hexagonal mesoporous silica ization participate mainly on total oxidation reactions and those species are formed especially by wet
TPR impregnation.
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1. Introduction

Main task of today’s chemical industry is a production of a large
amount of organic compounds. Presently it is very important to
find alternative processes for production of these compounds from
more economically suitable raw materials and with smaller impact
to environment. For example we can use alkanes instead alkenes
because alkanes are by half cheaper compared to alkenes which
are easily available [1]. The global demand for C4-olefins increases
in recent years. In the year 1984 the world production of butenes
was 28.1 mil. tons [2]. In the year 2004 it was already 44 mil. tons
[3]. Similar situation is in the case of 1,3-butadiene whose produc-
tion was 1.3 mil.tons in the year 1983 in the USA [2] and nearly
2.1 mil. tons in year 2000 [4].

Oxidative dehydrogenation (ODH) of n-butane is an alterna-
tive to classical dehydrogenation, steam cracking and fluid catalytic
cracking processes. The ODH reaction is thermodynamically favor-
able and can be proceed at temperature much lower compared to a
non-oxidative dehydrogenation. To a certain extent, the conditions
of ODH reaction reduce the problems of coke formation and catalyst
deactivation. But this reaction has still several unresolved problems
whose hinder its industrial use. The molecule of butane contains
four carbon atoms which enable a lot of consecutive reactions.
This makes possible the formation of lot of consecutive reaction
products as described in Ref. [5]. Moreover the formed alkenes are
approximately four times more reactive then butane [6]. It causes

* Corresponding author. Tel.: +420 466 037 345; fax: +420 466 037 068.
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the decrease of selectivity to asked products with the increasing
conversion of butane. Thus the development of suitable catalyst is
still important challenge.

Vanadium oxide based catalysts are very often used as cata-
lysts in ODH reaction. Their employment offers several advantages:
lower temperature for the activation of C-H bonds of reactants
(limitation of cracking and combustion reactions) and suitable geo-
metric and electron structure of VOx (tunable with used matrix
or temperature). The vanadium-oxide catalysts are hence suit-
able for insertion oxygen atom to molecule hydrocarbon. On the
other hand vanadium oxide catalysts cannot be used in its bulk
form (leads to non-selective reactions) but have to be used as
the well dispersed VOyx species supported on the suitable support
[6-8].

The support strongly affects the catalytic performance. The tex-
tural properties and acid-base character of the support are the most
important factors [1]. The acid-base character has influence on (i)
the dispersion of the vanadium oxides [7,9] (ii) their structure [7,9]
and (iii) retention period of reactants and reaction intermediates
on the surface [6,7,10]. From this point of view the MgO support
(iso-electric point (IEP) ca. 12.5 [7]) seems as the best support for
ODH of alkanes because rising alkenes (more basic then alkanes)
are easy desorbed and it suppress consecutive reactions leading
to COx. Moreover acid character of V,05 (IEP 1.4 [7]) facilitates
good dispersion of VOx species. On the other hand MgO supports
have area only about 100-150m?2 g~! [11-13] what limits attain-
able vanadium loading. From this reason is required to find new
support materials with large surface.

The vanadium oxide (VOyx) units supported on the surface of
amorphous SiO, or ordered mesoporous silica (SBA-15) [14-16]
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type |
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Scheme 1. Three different type of VOx species exist on the HMS surface. Type I - isolated monomeric units with tetrahedral coordination, type Il - one-dimensional oligomeric
units with distorted tetrahedral coordination and type IIl - two- and three-dimensional polymeric units in octahedral coordination.

were reported to be potentially suitable catalysts in the ODH of n-
butane in the past. The hexagonal mesoporous silica (HMS) is used
as support in this work. Advantages of the supported catalysts on
the HMS are: larger surface area (a good dispersion of active par-
ticles), thermal stability, good mechanical properties, weak acid
centers, system of one dimensional open channels with 35-40 A
pore diameter (easy mass transport of products) [17,18].VOy parti-
cle might be present at surface of catalysts in four different forms:
highly dispersed isolated monomeric units with tetrahedral coordi-
nation (sup-0)3;V=0 (sup - atom of support) (type I - see Scheme 1),
one-dimensional oligomeric units connected by V-0-V bonds up
to distorted tetrahedral coordination (type Il - see Scheme 1),
two-dimensional polymeric units in octahedral coordination called
oxide-like species (type Il - Scheme 1) and bulk three-dimensional
V, 05 crystallites (type IV) [6,19].

The method of the deposition of active vanadium phase strongly
influences the nature and abundance of rising VOy species. The sim-
ple wet impregnation method of vanadium salt (NH4VO3, vanadyl
sulfate, vanadyl acetylacetonate) is very often used for the depo-
sition of VOx species [14,20-23]. However, impregnation methods
very often lead to materials with broad distribution of VOx species
including the VOx units with a low degree of dispersion or bulk
oxide. The direct hydrothermal synthesis of mesoporous vana-
dosilicate is an alternative method for incorporation of vanadium
species on the silica surface by the introduction of the required
amounts of metal salt to the synthesis gel. Despite of a great
progress in the development of advanced method for direct syn-
thesis of functionalized mesoporous silicas [24-26] but the exact
description and mastery this synthesis is still great challenge.

In the present paper, we report for the first time the comparison
of VOx-HMS prepared by wet impregnation and direct synthesis as
potential catalysts for ODH of n-butane and we want to contribute
to understanding of relationship between vanadium structure on
the HMS support and activity in ODH of n-butane. To analyze the
effect of vanadium concentration on the type of VOy structure, on
dispersion of VOx and their catalytic activity, the catalysts were
characterized by different techniques (XRF, N;-adsorption, XRD, DR
UV-vis and H,-TPR).

2. Experimental
2.1. Preparation of catalysts

Catalysts have been prepared in two ways (i) by impregnation
and (ii) by direct synthesis. The hexagonal mesoporous silica (HMS)
was used as support in both cases. The HMS was synthesized at
ambient conditions according to the procedure reported by Tanev
[27] by using dodecylamine (DDA, Aldrich) as a neutral structure
directing agent in the mixture of ethanol and re-distilled water.
After 20 min of homogenization was added tetraethylorthosili-
cate (TEOS, Aldrich) as a silica precursor. The reaction mixture
was stirred at RT for 18 h. The solid product was filtered, washed

by ethanol and calcined in air at 450°C for 20h (with heat-
ing rate 1°C/min) for the template removal. The various amount
(0.5-15.7 wt.% of V) of vanadium oxo-species was introduced onto
the silica support by the wet impregnation from EtOH solution of
vanadyl acetylacetonate for the first set of catalysts. Impregnated
samples were dried at 120°C in air overnight and then calcined at
600°C in air for 8 h (with heating rate 5°C/min).

The set of synthesized VOx-HMS catalysts (1.2-14.0 wt.% of V)
was prepared by direct-synthesis method which was based on work
published by Reddy and Sayari [28]. The procedure was the same
as in the case of the HMS synthesis when the ethanol solution with
desired amount of VO(acac), was added to the reaction mixture
(DDA, H,0 and ethanol) during the synthesis. Following procedure
was similar to HMS preparation. Finally, the solid was calcined in
flow of air at 450°C for 20 h (with heating rate 1°C/min).

The investigated samples were denoted as I-VHMS-x and S-
VHMS-x for impregnated and synthesized samples, respectively,
where x is the vanadium content in weight percentage of V.

2.2. Elemental analysis

The vanadium content was determined by means of ED XRF by
ElvaX (Elvatech, Ukraine) equipped with Pd anode. Samples were
measured against the model samples (a mechanical mixture of pure
Si0, and NaVO3) of granulated to the same size as catalysts.

2.3. Textural properties

The Nj-adsorption isotherms were obtained at 77 K using the
through-flow chromatographic method. The relative pressure of
nitrogen was varied in the range of 0.01-0.30. The specific surface
area (Sggr) was determined by the fitting of the experimental data
to the BET isotherm. The surface vanadium density (VOx surface
density, VOx nm~2) was calculated according to:

Nawv 518 1)

Surface density =
v My Sget

where N is Avogadro constant, wy mass fraction of vanadium in
V-HMS (wt.%), My is molecular weight of vanadium (50.94 g mol~1)
and Sger is the specific surface area of V-HMS catalyst (m2 g~1).

The structure and crystallinity of catalysts was probed by X-
ray diffraction (D8-Advance diffractometer, Bruker AXE, Germany)
in the 20 range of 2-35° with Cu Ko radiation (1 =1.5406A) and
scanning electron microscopy (SEM) using JSM-5500LV microscope
(JEOL, Japan).

2.4. DR-UV-vis spectroscopy

UV-vis diffuse reflectance spectra were measured using the
Cintra 303 spectrometer (GBC Scientific Equipment, Australia)
equipped with a Spectralon™ - coated integrating sphere using
a Spectralon™ discs as a standard. The spectra were recorded in
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the range of the wavelength 200-850 nm. Before the spectra mea-
surement the samples were dehydrated and oxidized in the glass
apparatus under static oxygen atmosphere in two steps: 120 °C for
30min and 450°C for 60 min and subsequently cooled down to
250°C and evacuated for 30 min. After the evacuation the samples
were transferred into the quartz optical cuvette 5mm thick and
sealed under vacuum. For additional details you can see Ref. [22].
This procedure guaranteed complete dehydration and defined oxi-
dation state of vanadium for all catalysts. The obtained reflectance
spectra were transformed into the dependencies of Kubelka-Munk
function F(Ry) on the absorption energy hv using the equation:

(1 —Ro)?

F(Roo): 2R

(2)
where R, is the measured diffuse reflectance from a semi-infinite
layer [29].

2.5. Hy-TPR measurements

Hydrogen temperature programmed reduction (H,-TPR) was
used for study of redox behaviour and for distinguishing of
individual VOy species on the surface and the AutoChem 2920
(Micromeritics, USA) was used for the measuring. A 100 mg sam-
ple in a quartz U-tube micro reactor was oxidized in oxygen flow at
450°C(2 h). Thereduction was carried out from 30 °C to 900 °C with
atemperature gradient of 10 °C/min in flow of reducing gas (5 vol.%
H, in Ar). The changes in hydrogen concentration were monitored
on TCD detector and simultaneously hydrogen consumption and
water formation was detected on quadruple mass spectrometer
OmniStar™ GDS 300 (Pfeiffer vacuum, Germany). The tempera-
ture programmed oxidation (TPO) experiments with the sample
S-VHMS-4.9 were performed by the same apparatus. The 100 mg
of sample was pre-reduced in the gas mixture (5vol.% H, in Ar) as
in the case of TPR. The oxidation was carried out using the gaseous
mixture (2vol.% O, in He) and various heating rates 8, 12 and
20°C/min to obtain the apparent re-oxidation activation energy Ea
using the Kissinger equation [30]:

+ const (3)

Ea
2 In Thax —In B =
e P = Rimm
where Tnmax is the temperature of the maximum of oxidation peak
determined at particular heating rate 8.

2.6. Catalytic tests in ODH reaction

The n-butane ODH reaction was carried out in a glass plug-
flow fixed-bed reactor at atmospheric pressure in the kinetic
region (independently checked) and under steady state conditions
of reaction. Typically 400mg of catalyst (grains 0.25-0.50 mm)
was diluted with 3 cm?3 inert SiC to avoid the catalytic bed over-
heating. The catalysts were pre-treated in the oxygen flow at
450°C for 2 h before each reaction run. The input feed composi-
tion was C4H1¢/0,/He=10/10/80vol.% — with a total flow rate of
100 cm3 min~!. The catalytic activity was compared in the range
460-540°C at the steady state conditions. The composition of reac-
tion mixture analysis was made by on-line gas-chromatograph
CHROM-5 (Laboratorni pristroje Praha) equipped with a thermal
conductivity detector (TCD) for permanent gases and flame ioniza-
tion detector (FID) for combustible products of ODH reaction. The
n-butane and products of ODH reaction (butadiene, 1-butene, cis-
2-butene, trans-2-butene, propene and propane) were separated
using a packed column with n-octane on ResSil™ (Restek) at 20 °C.
The packed column Porapak Q (Supelco) was used for the analysis
of ethane, ethene, CO, and acetaldehyde. The molecular sieve 13X
(Supelco) was used for the separation of permanent gases.
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Fig. 1. Dependence of specific surface area (ring) and VOy surface density on vana-
dium concentration (square) for synthesized (full symbol) and impregnated (empty
symbol) V-HMS samples.

The conversion was calculated using following equation:

Njp — N;
X;=-2—"1 100 (4)
Nio

where n;o is amount of key component in the input feed and n;
is the amount of key component in the output from reactor.

The selectivity to products was calculated as:

v. . n
Sj= ———_—.100 (5)
v; - (njp — ;)

where v;, vj is number of carbon atoms of starting compound resp.
products, njp is molecular amount of key component in the input
feed, n; is the molecular amount of key component in the output and
n; is the molecular amount of product in the output from reactor.

Yield was calculated according to Sachtler [31]. The productivity
and turn-over-frequency (TOF) values per V atom was calculated
based on mass balance of the carbon. The TOF values were calcu-
lated as:
ng_C4Xn_C4 My

TOF = (6)

McatWy
where "g-c4 is mol. flow n-butane (mols—1), X,.c4 conversion of n-
butane (%), My is molar weight of vanadium (50.94 g mol~1), mcat is
weight of catalyst (g), wy is mass fraction of vanadium in catalysts.

3. Results and discussion
3.1. Characterization of catalysts

3.1.1. Textural properties

The HMS materials provide the isotherm of type IV with hys-
teresis loop of type H4 which is typical for combination micro-
and mesoporous system of channels [20]. The average pore diam-
eter of pure HMS support was 4.2 nm with the mesopore volume
0.68 cm3 g~ and specific surface BET 835m? g~!. Both sets of the
catalysts exhibit significant decrease of the Sggr value with increas-
ing vanadium loading especially in the case of samples prepared by
the impregnation method where the sample containing 15.7 wt.%
of vanadium had a Sggy value ca. only 90m?2 g~!. The decrease of
surface for the synthesized samples was only in the range from
800 to 490 m2 g~!. The dependence of surface decrease on con-
centration is shown in Fig. 1. This behaviour can be attributed
to partial destruction of the framework [21,22] or deposition of
vanadium oxo-species into mesopores which partially blocks these
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Fig. 2. SEM images of V-HMS catalysts prepared by wet impregnation (sample I-VHMS-4.6, pictures A and C) and direct synthesis (S-VHMS-4.9 sample, pictures B and D).

pores [14,22]. On the other hand decrease in surface areas can indi-
cate that the VOy species are located inside the channel system on
the inner walls of mesoporous matrix.

The abundance of various vanadium oxide species on the surface
of silica based supports was previously related to the surface con-
centration of VOy species whose values are summarized in Table 1.
The value of 0.7 VOx per nm? [32,33] is assumed to be a lim-
iting value for the preferential formation of isolated monomeric
units. The formation of various oligomeric and polymeric species is
expected after reaching this value.

This value of the surface density was reached for samples con-
taining more than 4 wt.% of vanadium for both sets of investigated
catalysts (see Fig. 1). The 3D bulk oxide species were formed after
reaching the surface VOx density higher than 10 VOx [8] or 7-8 VOx
units per nm?2 [32]. Hence it can be seen that only impregnated
samples with highest concentration of vanadium contain higher
detectable concentration of these species. These results correspond
well with the information obtained from DR UV-vis spectroscopy.

The representative SEM images of impregnated (I-VHMS-4.6,
Fig.2)A and Cand synthesized V-HMS samples (S-VHMS-4.9, Fig. 2B
and D) are presented in Fig. 2. Both types of materials exhibit sim-
ilar morphology of particles. The size of the particles was analyzed
using Gwyddion software based on derivation of gray-scale signal
for determination of grains boundary and consecutively diameter
of circle with similar area. Any significant difference in particle size
distribution was not observed in individual samples. Size of par-
ticles exhibited Gaussian distribution from 0.2 to 0.8 wm. These
primary particles form large aggregates with dimensions about
20-150 pm. Typical orthorhombic V, 05 needles were not observed
in any sample. No V,05 clusters were detected in SEM-EDX map-
ping of V content and the concentration of vanadium was spread
homogeneously in all parts of catalyst grains except [-VHMS-15.7.

3.1.2. XRD analysis
Fig. 3 shows the small-angle XRD patterns, in the 26 range of
2-35°, for pure HMS and V-HMS. The region of 26 value higher

than 35° contain no signal hence it is not showed here. Each
sample exhibits one low-angle diffraction peak with line at 2-3°
attributable to a dqg diffraction (spacing about 4.4 nm) and the very
broad peak with low intensity among 15-35°. In addition, a weak
broad shoulder around the 6° can be seen at synthesized samples
with high concentration of vanadium and we can attribute it to d,19
diffraction. The peaks dqgg and dy1¢ are characteristics for the SiO,
hexagonal ordered structure and the broad low-intensity peak in
range 15-35° pertains to small amount of amorphous SiO, which is
not organized to the HMS structure [21,34]. With rise in VOx load-
ing the digp peak weakens in intensity and gradually disappears
which is results of the partial blocking of mesopores by VOx and the
decline in long-range order of hexagonal ordered structure [14]. All
the synthesized V-HMS catalysts do not contain crystallites V,05
in whole range of concentrations. The impregnated V-HMS cata-
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Fig. 3. X-ray diffraction patterns for V-HMS catalysts prepared by wet impregnation
(A) and by direct synthesis (B).
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Table 1

Chemical composition, results of physico-chemical characterization for both sets of investigated catalyst samples.
Sample name oy @ (WE%) Sper ? (m2g1) VOy ¢ (nm~2) g0 9 (eV) Xmono® Tmax! (°C) Aeg
S-VHMS-1.2 1.2 803 0.18 3.75 0.88 557 1.70
S-VHMS-2.3 2.3 636 0.43 3.74 0.87 575 1.76
S-VHMS-4.9 4.9 611 0.95 3.70 0.81 578 1.90
S-VHMS-8.3 83 558 1.76 3.57 0.62 592 1.74
S-VHMS-12.3 123 493 2.95 3.42 0.41 594 1.74
S-VHMS-14 14 493 3.35 3.38 0.37 591 1.68
I-VHMS-0.5 0.5 803 0.07 3.78 0.97 573 1.98
I-VHMS-2.1 2.1 648 0.39 3.73 0.85 563 2.14
I-VHMS-4.6 4.6 546 0.99 3.68 0.78 565 1.83
I-VHMS-8 8 394 2.39 3.50 0.52 577 (673) 1.97
I-VHMS-15.7 15.7 90 20.62 2.45 Not determined 595 (639) 1.87

@ Vanadium content determined by XRF method.

b Specific surface area calculated following BET method.

¢ VOy surface density (VOx nm=2).

d Energy of absorption edge determined by Tauc [40].

¢ Relative amount of monomeric species determined from ¢o =3.148 +0.681X.
f Position of first (second) maxima of H,-TPR profile.

& Average change of oxidation state during H,-TPR.

lysts up to loading of 8 wt.% of vanadium do not contain crystallites
V5,05 as well but over this concentration reflections of bulk-like
oxide VOy species can be observed. It is represented by three main
reflections at 15.4°, 20.2° and 26.1° in the XRD pattern (see Fig. 3)
[14,20]. This observation is similar to results published by Karakou-
lia et al. [21] on V-HMS and V-MCM-41 who reported no presence
bulk V,05 up to 8 wt.% or on the V-SBA-15 materials studied by
Liu [14]. Liu obtained the XRD signals of bulk oxides only when the
concentration of vanadium was over 13.4 wt.% of vanadium. It can
be said in conclusion that the presence or absence of V,05 crystal-
lites in the silica based VOy catalysts depends on the preparation
method of samples. These results are in a good agreement with the
results from DR UV-vis spectroscopy as it will be discussed in next
paragraph.

3.1.3. DR-UV-vis spectroscopy

Diffuse reflectance UV-vis spectroscopy provides information
about the nature and oxidation state of vanadium. The spectra for
both prepared sets of catalyst are presented in Fig. 4. The obtained
spectra are similar to spectra published previously [20,22,26,35,36]
for this catalytic system and contain several absorption bands
at region 190-850nm (6.5-1.46eV) which are conventionally

HMS HMS
3.5 4—1-vHus-05 Al —svivsz2 B
—— I-\VHMS-2.1 ——S-VHMS-2.3
—— -\VHMS-4.6 —— S-VHMS-4.9
—— I-VHMS-8 ——S-VHMS-8.3
3.0 |vHVS-15.7 ——S-VHMS-12.3

—— S-VHMS-14

2 3 4 5 6 2 3 4 5 6

Energy, eV

Fig. 4. Diffuse reflectance UV-vis spectra of dehydrated V-HMS samples prepared
by wet impregnation (A) and direct synthesis (B). DR-UV-vis spectrum of pure HMS
is displayed in both plots for comparison.

attributed to metal charge-transfer transitions of the 0 —V*V type
and d-d transitions of V*IV [36].

The d-d absorption bands characteristic for the V*!V in the region
1.55 - 2.07 eV [35] were not observed in any spectra. The broad
obtained spectrum is superposition of several individual bands
with poorly defined maxima. The region 4-6 eV is usually attributed
to presence of isolated monomeric tetrahedrally (Tq) coordinated
VOy species (type I denoted in introduction) [22,26,37]. The sec-
ond region 3-4 eV is attributed to presence of oligomeric distorted
tetrahedral VOx units (type II) [20,22]. The impregnated catalysts
with vanadium loading over 8 wt.% exhibit band bellow 3 eV and it
is attributed to 3D-octahedrally coordinated VOy species (type III)
[22,26]. The exact quantitative analysis or at least relative abun-
dance of individual species is not possible to obtain due to broad
and overlapping absorption bands and due to strongly nonlinear
dependence of Kubelka-Munk function on the concentration of
vanadium.

The method which can partially bypass this problem was devel-
oped for speciation of molybdenum oxide [38] and subsequently
applied for vanadium oxide species on surface [23]. This method is
based on the evaluation of absorption energy edge (gq) from UV-vis
spectra using the expression introduced by Davis and Mott [39] or
by Tauc [40] in the form:

(F(Rso) - hv)? o< (hv — &9) (7)

Based on the empirical linear correlation of the referent com-
pounds structure and the value of absorption energy edge Gao [23]
suggested the possibility to obtain mean value of covalent V-0-V
bonds (CVB) in the coordination sphere of central V®*V) cation and
estimate degree of the polymerization of VOyx species.

Tian et al. [41] demonstrated that mechanic mixtures of sodium
ortho-vanadate Na3VO, (3.83eV, model compound for isolated
monomeric Ty units) and sodium meta-vanadate NaVOs3 (3.16eV,
standard for linearly polymerized T4 oligomeric units) exhibited
linear dependence of the g value on the concentration of referent
compounds and suggested this method for the determination of the
relative amount of VOx monomeric units denoted as Xy, value. The
values of g¢ and the Xy, of our samples are in Table 1. Disadvan-
tage of this method is the fact that it cannot be used for materials
which include higher content of the octahedrally coordinated VOyx
bulk-like oxide species (for us the sample I-VHMS-15.7).

The samples with the vanadium concentration less than approx-
imately 4-5 wt.% exhibit nearly the same linearly decreasing trend
of the &g value on the VOx concentration and it depends less on the
method of their preparation. When the vanadium loading reaches
the value ca. 5wt.% the samples prepared by the impregnation
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Fig. 5. The amount of monomeric species determined by Tian et al. [41] in depen-
dence on vanadium loading for impregnated samples (open red points and red line)
and for samples prepared by direct synthesis (full black points and black line). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

method exhibit more rapid decrease of the g9 value compared to
samples prepared by the direct synthesis. This effect indicates more
oligomeric units formation or a wider degree of theirs oligomer-
ization compared to samples prepared by the direct synthesis.
The values presented in Table 1 indicate that samples with low
VOyx concentration contain at first mostly the isolated monomeric
T4 units but the relative abundance of these species decreases
with the increasing of total vanadium loading. This effect can be
clearly seen from Fig. 5 where is displayed the dependence of
calculated amount of monomeric species on total vanadium con-
centration. The amount of monomeric units increases linearly and
these species represent significant part of the VOy species gener-
ated on the HMS surface but after reaching ca. 4-5 wt.% of vanadium
there is reached their maximal concentration and the amount of
these units starts to decrease. It is more important that both sets
of catalysts exhibit similar maximal concentration of monomeric
units and this concentration is reached at the relatively comparable
level of vanadium loading.

3.1.4. H,-TPR and TPO measurements

H,-TPR curves were measured to determine the scale of dis-
persion and type of the present active species. The obtained TPR
profiles are presented in Fig. 6 and results of their analysis are sum-
marized in Table 1. From the table is visible that samples prepared
by the direct synthesis exhibit only one symmetric reduction peak
at the temperature about 560-590°C whereas the samples pre-
pared by the wet impregnation exhibit moreover the shoulder or
second reduction peak at the temperature about 640-680°C. The
progressive shift of the major H, consumption temperature peak
to higher values with increasing amount of vanadium are explained
by two ways (i) either this shift can be ascribed to the kinetic or the
thermodynamics of the process of VOx reduction and it is related
to the changes in H, to surface vanadium ratio or to ratio of (gener-
ated H,0)/H, during the reduction process with the increasing of
vanadium loading [30,42,43] or (ii) due to the gradual formation of
polymeric vanadium species [14].

The low temperature peak can be attributed on the basis of our
UV-vis spectra and according to literature either to reduction of
the solely monomeric highly dispersed VOyx units (type I) [20] or
rather to reduction of Ty both the monomeric and the oligomeric
(VO437); species (type II) [44]. The second interpretation is in the

J—svHums-12 —— -VHMS-0.5
120097 S s 2’3 Al vhms2 B
—— S-VHMS-4.9 —— 1-VHMS-4.6
——S-VHMS-8.3 — -VHMS-8
1000 4——S-VHMs-123 —— -VHMS-15.7
—— S-VHMS-14

800

600

400

Hydrogen consumption, a.u.

200

04 S
T T T T T T T T T T T T
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Temperature, °C

Fig. 6. H,-TPR patterns of V-HMS samples prepared by impregnation method (A)
and by direct synthesis (B).

good agreement with the results obtained from our DR UV-vis
spectroscopy measurement. The high temperature peak most likely
belongs to the reduction of Oy, coordinated 2D oligomers and bulk-
like 3D V,05 crystallites [14,44]. The presence of V,05 crystallites
was clearly proven by XRD results mentioned above.

The overall hydrogen consumption was proportional to the con-
centration of vanadium and linearly increases with the vanadium
loading and corresponds to change of oxidation state of vanadium
from the VV to V! The changes of oxidation state of vanadium
cation are summarized in Table 1. The average Ae/V=1.95+0.1 for
impregnated samples corresponds to change of oxidation state of
vanadium from the VV to VI, The samples prepared by the direct
synthesis exhibit lower Ae/V value 1.75+0.1 and this effect can
be ascribed to non-complete extraction of vanadium oxide species
from the HMS lattice during the sample pretreatment.

The temperature programmed oxidation experiments were car-
ried out using the sample S-VHMS-4.9 and obtained TPO curves
consist of one oxidation peak (not shown here for sake of brevity).
The variation of the heating rate g (8, 12 and 20°C/min) in the
TPO causes the changes in position of maximum of this peak to the
temperatures 338, 356 and 395 °C. The apparent activation energy
of the catalyst reoxidation equal to 44 + 7 k] mol~1 was calculated
using the Kissinger Eq. (3).

3.2. Catalytic tests of n-butane ODH

Both synthesized and impregnated VOx-HMS catalysts were
active and selective in the ODH of n-butane with oxygen over the
V-HMS catalysts. The reaction products identified in the reaction
mixture were: methane (Cq ), ethane and ethene (C,), propane and
propene (C3), 1-butene (1-C4), cis- and trans-2-butene (c-C4 and t-
Cy4), 1,3-butadiene (1,3-C4), carbon oxides (CO and CO,) and traces
of acetaldehyde. The carbon balance was 98+3% in all the cat-
alytic tests and no maleic-anhydride, other oxygenates or products
of significant catalyst coking were not found. The activity of cat-
alysts was stable at least for 10 hours time-on-stream (TOS) and
no loss of catalyst activity during the time reported elsewhere [45]
was observed. The activity of pure HMS was measured under the
same conditions to check reactivity of clear support. It was not
observed any activity up to 520°C. The conversion of n-butane
only about 3% was detected at 540 °C (for more details see Table 2).
This conversion is remarkably lower in comparison to the conver-
sions reached over all tested catalysts. Nevertheless presence of
reactions in homogenous phase was proved after initialization by
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It can be seen the drop of C4-olefins selectivity decreases with
increasing of the vanadium content from 63% for the sample
S-VHMS-1.2 to nearly non-selective catalyst I-VHMS-15.7 with
selectivity only about 10% (Table 2). The yield or productivity of
C4-0ODH products increases with the amount of vanadium until
the concentration 4-5wt.% is reached then these values start to
decrease. The maximal yield or productivity obtained was ca. 20%
or 0.74 g C4-olefins per gram of catalyst for one hour respectively
(S-VHMS-4.9). Similar behaviour was previously published for oxi-
dation of toluene over V-HMS prepared by similar procedure and
authors explain this behaviour on the base of different amount of
suitable and accessible VOx species but they didn’t propose more
detailed specification of these species [47].

This behaviour is probably due to increasing of abundance of
oligomeric species with Tq and mainly Oy, coordination because
these species contain the V-0-V bridging oxygen atoms. According
to mechanism introduced by Kung [6] the presence of this type
of oxygen allows the formation of alkoxide intermediate which is
furthermore oxidized to the products of total oxidation (CO and
COo,).

Although both sets of catalyst exhibit similar trends of conver-
sion on the vanadium loading the selectivity to C4-olefins is about
10% higher for the synthesized samples than for samples prepared
by impregnation method in the whole range of prepared concen-
trations even for samples with same value of VOx surface density.
Such difference of selectivity to C4-ODH products can be ascribed
to the VOx species with higher level of polymerization whose are
preferentially formed in the samples prepared by the wet impreg-
nation method. These species facilitate consecutive reactions and
formation of COyx. These species cannot be detected on the basis
of analysis of VOx surface density value nor by the analysis of the
DR UV-vis spectra with the sufficient accuracy. We can presume
on presence of these species on the basis of TPR analysis as it was
mentioned above.

3.2.2.1. Selectivity to 1,3-butadiene. When we make analysis of
selectivity of individual products of C4-olefins in detail it can be
found out that approximately 40-50% belongs to 1,3-butadiene.
The butadiene represents relatively high portion of C4-ODH prod-
ucts in the whole range of vanadium concentration, temperature
and conversion of n-butane and oxygen. Similar distribution of C4-

olefins was published on V-Mg-0 materials by Chaar [13] and high
selectivity to butadiene was ascribed to basic character of catalysts
compared to silica[11,13] as well as to presence of Mg3(VO4), with
isolated tetrahedral species which prohibits deep oxidation [1].

However our observation is in contrast to results published pre-
viously on SiO, based catalysts. Owens [16] investigated vanadium
anchored on amorphous silica and he described only small selec-
tivity to butadiene. More similar results published Liu et al. [14]
who studied V-SBA-15 material which exhibited selectivity about
30% (from C4-olefins only) to butadiene.

The selectivity to dehydrogenation products as well as distribu-
tion of C4-olefins can be related to the acid-base character of the
catalysts as it was reported by Blasco et al. [12] on the base FTIR
of adsorbed pyridine or Liu et al. [14] on the basis of NH3-TPD and
widely discussed in many other works [1,6,7,10,48]. In our case
acid-base character of HMS support (IEP ca. 2) extend retention
period of reaction intermediates because the olefins (electron-
donating molecules with high electron densities at 7 bonds) are
stronger adsorbed on the surface of catalysts then paraffins [1,9,12].
This confirm values of adsorption heats on silanol groups (deter-
mined by FTIR spectroscopy) 27 kjmol~! [49] for n-butane and
30-36kJmol~! [49,50] for butenes, respectively. The acidity fur-
ther increases with rising amount of vanadium and it implicates
that vanadium species act as an acidic site on silica and that is why
we need good distribution of monomeric VOy species [51].

It seems that more basic character of MgO support predestine
this support as the best support for the alkane ODH catalyst but
the situation is probably more complicated because according to
Albonetti et al. [10] the V/Al/O catalyst exhibit better performance
for the ethane ODH than V-Mg-0 catalyst. The other effects can
control selectivity of ODH reaction and can prevail the influence of
acid-base characteristics of support.

On the basis of this fact we can suppose that butadiene origi-
nate by direct two-step ODH reaction of the adsorbed hydrocarbon
complex over one or more active centers without desorption
intermediate to the gas phase. Similar mechanism was recently
proposed by Marcu et al. [52] on the basis of TAP measurements
over the tetravalent pyrophosphate catalysts. Moreover the large
surface area of catalysts facilitates good dispersion and isolation
of VOy species. This has resulted in limiting of deep oxidation of
forming intermediates to COy.

3.2.2.2. Selectivity to 1-butene and 2-butenes. The ratio of the selec-
tivity of 1-butene to sum of cis-/trans-2-butene is 1.5 for samples
with lowest concentration of vanadium. When we assume that the
first hydrogen abstraction occur on the secondary carbon atom this
value corresponds to statistical distribution of products (1-butene:
cis-2-butene: trans-2-butene) 3:1:1 which can be formed by the
abstraction of second hydrogen from adjacent methyl and methy-
lene groups. Based on this assumption Chaar et al. [13] attributes
this behaviour to fast radical dehydrogenation of adsorbed alkyl
intermediate. Similar effect was also observed on other catalytic
systems [7,11,45].

This statistical distribution ratio shifts to worth one at highest
concentration for both types of samples. This shift is due to unequal
participation of 1-butene in consecutive reactions and similar effect
was described by Lemonidou [45]. Blasco and Nieto [7] put this
shift of distribution of products to the context with acid character
of catalysts which probably influences the rate of the consecutive
reactions. It is known that 1-butene can isomerize to 2-butene if
acid site are present on the catalyst surface [7]. With increasing
VOy loading (IEP of V505 <Si0;) increases the acidity of material
and that is why the distribution of products shift from statistical
distribution of products to thermodynamic equilibrium. We can
finally say that distribution of products is predominantly controlled
by kinetic effects and not by thermodynamics of process because
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the thermodynamic control should give the product distribution
(1:1:1.1) [7] and no remarkable isomerization of butenes occurs on
the surface of catalysts.

3.2.3. Apparent activation energy

The activation energies corresponding to the transformation of
n-butane were determined in the temperature range from 460
to 540°C using conversion data presented in Table 2 according
to Arrhenius relationship. The apparent activation energy (E) in
dependence on the vanadium content is presented in Fig. 9. The
value of apparent E, is about 120+ 15kJmol~! for samples with
low concentration of vanadium on the surface and it decreases to
Ea=40+8KkJmol~! for higher concentration. It is evident that the
change of rate-limiting step in mechanism of ODH n-butane occurs
as the vanadium loading increases. The rate-limiting step for low
concentration samples is supposed to be the activation of hydro-
carbon on the surface by abstraction of hydrogen from secondary
carbon [5]. The value 120 k] mol~ is similar to apparent Ex for ODH
of n-butane on VOx-silica (110k] mol~1 [16]) or on VMgO catalysts
(105 k] mol~1 [45]). Because these materials have different textural
properties, it can be expected that the apparent activation energy
values are most likely affected only by the kinetic of ODH process
for our materials as well. Therefore it can be neglected the influence
of other processes i.e. diffusion to this value.

The value Eo =40+ 8kJmol~! for high concentrated samples is
close to E5 of reoxidation obtained from the TPO experiments as
it was mentioned above. It can be assumed that the reoxidation
of active centre is rate-limiting step for samples of high vanadium
concentration most likely affected by migration of oxygen atoms
through the lattice of VOx crystallites. We can find vanadium oxo-
species with high degree of polymerization over these materials.
These centers prefer the total oxidation reactions of n-butane to
COy and thus the oxygen consumption is high for their reoxidation.
This effect is very remarkable especially for samples which con-
tain Oy, coordinated vanadium species and that is why the decrease
of apparent Ep is steeper for impregnated samples compared to
slower decrease of Ex values for samples prepared by direct syn-
thesis.

4. Conclusions

On the basis of this results reported in this paper the following
conclusion can be made:

¢ The isolated monomeric VOy species play the role of the most
active catalytic centre in the ODH of n-butane. The catalytic
behaviour of these unitsis similar for both sets of catalystsregard-
less of the method of their preparation.

e The amount of isolated monomeric species is comparable for both
sets of materials up to total concentration 4-5 wt.% of vanadium
but the highest achievable amount of monomeric species was
slightly higher for catalysts prepared by direct synthesis.

e The VOyx species with higher degree of polymerization partici-
pate in undesired consecutive reactions with ODH products. The
direct synthesis method leads to lower extent of formation of
these species compared to wet impregnation.

¢ The method of preparation influences the formation of oligomeric
species. The impregnated samples contain higher amount of octa-
hedrally coordinated species compared to samples prepared by
direct synthesis.

e The most abundant selective product was 1,3-butadiene with
selectivity up to 30%. The total sum of selectivity to all C4-olefins
reached up to 65% over the catalysts prepared by direct synthe-
sis. The samples prepared by wet impregnation exhibit 10% lower
selectivity to C4-olefins compared to catalysts prepared by direct
synthesis in the whole range of vanadium concentrations. The
selectivity decrease with increasing vanadium content.

Acknowledgements

A financial support of the Grant Agency of the Czech Repub-
lic under the project no. P106/10/0196 and P104/07/0214 and
Ministry of Education of Czech Republic under project no. MSM
0021627501 is highly acknowledged.

References

[1] L.M. Madeira, M.F. Portela, Catal. Rev. Sci. Eng. 44 (2002) 247-286.
[2] S.-K. Lin, Butane, Wiley-VCH, 1999.
[3] E. Sporcic, K. Ring, Butylenes Sri Consulting, 2005.
[4] U.S. DHHS, 1,3-Butadiene, U.S. Department of Health and Human Services,
2005.
[5] G. Centi, F. Cavani, F. Trifir, Selective Oxidation by Heterogeneous Catalysis,
Kluwer Academic Publisher Plenum Press, Dordrecht New York, 2001.
[6] H.H. Kung, Advances in Catalysis, 40, Academic Press Inc, San Diego, 1994, pp.
1-38.
[7] T.Blasco, J.M.L. Nieto, Appl. Catal. A 157 (1997) 117-142.
[8] E.A. Mamedov, V.C. Corberan, Appl. Catal. A 127 (1995) 1-40.
[9] A.Corma,].M.L. Nieto, N. Parades, A. Dejoz, I. Vazquez, in: V.C. Corberan, S.V. Bel-
16n (Eds.), Studies in Surface Science and Catalysis, Elsevier, 1994, pp. 113-123.
[10] S. Albonetti, F. Cavani, F. Trifiro, Catal. Rev. -Sci. Eng. 38 (1996) 413-438.
[11] J.M.L. Nieto, P. Concepcion, A. Dejoz, H. Knozinger, F. Melo, M.1. Vazquez, ]. Catal.
189 (2000) 147-157.
[12] T. Blasco, J.M.L. Nieto, A. Dejoz, M.1. Vazquez, J. Catal. 157 (1995) 271-282.
[13] M.A. Chaar, D. Patel, M.C. Kung, H.H. Kung, ]. Catal. 105 (1987) 483-498.
[14] W. Liu, S.Y. Lai, H.X. Dai, S.J. Wang, H.Z. Sun, C.T. Au, Catal. Lett. 113 (2007)
147-154.
[15] E. Santacesaria, M. Cozzolino, M. Di Serio, A.M. Venezia, R. Tesser, Appl. Catal.
A 270(2004) 177-192.
[16] L. Owens, H.H. Kung, J. Catal. 144 (1993) 202-213.
[17] K. Cassiers, T. Linssen, M. Mathieu, M. Benjelloun, K. Schrijnemakers, P. Van Der
Voort, P. Cool, E.F. Vansant, Chem. Mater. 14 (2002) 2317-2324.
[18] M. Kruk, M. Jaroniec, A. Sayari, Micropor. Mater. 9 (1997) 173-182.
[19] B.M. Weckhuysen, D.E. Keller, Catal. Today 78 (2003) 25-46.
[20] P. Knotek, L. Capek, R. Bulanek, J. Adam, Top. Catal. 45 (2007) 51-55.
[21] S.A.Karakoulia, K.S. Triantafyllidis, A.A. Lemonidou, Micropor. Mesopor. Mater.
110 (2008) 157-166.
[22] L. Capek, J. Adam, T. Grygar, R. Bulanek, L. Vradman, G. Kosova-Kucerova, P.
Cicmanec, P. Knotek, Appl. Catal. A 342 (2008) 99-106.
[23] X.T.Gao, LE. Wachs, J. Phys. Chem. B 104 (2000) 1261-1268.
[24] A.A. Teixeira-Neto, L. Marchese, H.O. Pastore, Quim. Nova 32 (2009) 463-468.
[25] A.A. Teixeira-Neto, L. Marchese, G. Landi, L. Lisi, H.O. Pastore, Catal. Today 133
(2008) 1-6.
[26] B. Solsona, T. Blasco, J.M.L. Nieto, M.L. Pena, F. Rey, A. Vidal-Moya, ]. Catal. 203
(2001) 443-452.
[27] P.T. Tanev, T.J. Pinnavaia, Science 267 (1995) 865-867.
[28] J.S. Reddy, A. Sayari, . Chem. Soc. -Chem. Commun. (1995) 2231-2232.
[29] P. Kubelka, F.Z. Munk, Tech. Phys. 12 (1931) 593.
[30] H.E.Kissinger, Anal. Chem. 29 (1957) 1702-1706.



10 M. Setnicka et al. / Journal of Molecular Catalysis A: Chemical 344 (2011) 1-10

[31] W.M.H. Sachtler, N.H.D. Boer, Catalytic Oxidation of Propylene to Acrolein,
North-Holland Publishing Company, Amsterdam, 1964, p. 8.

[32] LE. Wachs, B.M. Weckhuysen, Appl. Catal. A 157 (1997) 67-90.

[33] G. Centi, Appl. Catal. A 147 (1996) 267-298.

[34] C. Chen, Q.H. Zhang, J. Gao, W. Zhang, J. Xu, J. Nanosci. Nanotechnol. 9 (2009)
1589-1592.

[35] M. Mathieu, P. Van Der Voort, B.M. Weckhuysen, R.R. Rao, G. Catana, RA.
Schoonheydt, E.F. Vansant, J. Phys. Chem. B 105 (2001) 3393-3399.

[36] D.E. Keller, T. Visser, F. Soulimani, D.C. Koningsberger, B.M. Weckhuysen, Vib.
Spectrosc. 43 (2007) 140-151.

[37] J. Liu, Z. Zhao, C.M. Xu, AJ. Duan, L. Zhu, X.Z. Wang, Catal. Today 118 (2006)
315-322.

[38] R.S. Weber, J. Catal. 151 (1995) 470-474.

[39] E.A. Davis, N.F. Mott, Phil. Mag. 22 (1970) 903-922.

[40] ]. Tauc, Amorphous and Liquid Semiconductors, Plenum Press, London, 1974,
p. 159.

[41] HJ. Tian, E.I Ross, LE. Wachs, J. Phys. Chem. B 110 (2006) 9593-9600.

[42] G. Du, S. Lim, M. Pinault, C. Wang, F. Fang, L. Pfefferle, G.L. Haller, J. Catal. 253
(2008) 74-90.

[43] N.W. Hurst, S.J. Gentry, A. Jones, B.D. McNicol, Catal. Rev. -Sci. Eng. 24 (1982)
233-309.

[44] F.Arena, F. Frusteri, G. Martra, S. Coluccia, A. Parmaliana, J. Chem. Soc. -Faraday.
Trans. 93 (1997) 3849-3854.

[45] A.A.Lemonidou, Appl. Catal. A216 (2001) 277-284.

[46] F. Cavani, F. Trifiro, Catal. Today 51 (1999) 561-580.

[47] T.Williams, J. Beltramini, G.Q. Lu, Micropor. Mesopor. Mater. 88 (2006) 91-100.

[48] ]J.M.L. Nieto, ]. Soler, P. Concepcion, ]J. Herguido, M. Menendez, J. Santamaria, J.
Catal. 185 (1999) 324-332.

[49] E. Yoda, J.N. Kondo, K. Domen, J. Phys. Chem. B 109 (2005) 1464-1472.

[50] G.Magnacca, C. Morterra, Langmuir 21 (2005) 3933-3939.

[51] Z.Zhao, Y. Yamada, A. Ueda, H. Sakurai, T. Kobayashi, Catal. Today 93-95 (2004)
163-171.

[52] L.C. Marcu, L. Sandulescu, Y. Schuurman, J.M.M. Millet, Appl. Catal. A 334 (2008)
207-216.



PAPER V



Catalysis Today 179 (2012) 149-158

journal homepage: www.elsevier.com/locate/cattod

Contents lists available at SciVerse ScienceDirect

Catalysis Today

Study of vanadium based mesoporous silicas for oxidative dehydrogenation of

propane and n-butane

Roman Buldnek®*, Alena KaluZova®1, Michal Setni¢ka®!, Arnost Zukal?2, Pavel Cicmanec®1,

Jana Mayerovab-2

3 Department of Physical Chemistry, University of Pardubice, Studentskd 573, CZ532 10 Pardubice, Czech Republic
b J. Heyrovsky Institute of Physical Chemistry Academic of Sciences of the Czech Republic, v.v.i., Dolejskova 2155/3, CZ182 23 Prague 8, Czech Republic

ARTICLE INFO ABSTRACT

Article history:

Received 15 April 2011

Received in revised form 18 August 2011
Accepted 29 August 2011

Available online 25 September 2011

The comparative study of catalytic performance of V-containing high-surface mesoporous siliceous mate-
rials (HMS, SBA-16, SBA-15 and MCM-48) in oxidative dehydrogenation of propane and n-butane (C3-ODH
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texture on the speciation of vanadium complexes and its impact on catalytic behavior in both above men-
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spectroscopy for determination of vanadium complex speciation. All prepared materials were tested in
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1. Introduction

Main task of today’s chemical industry is a production of a large
amount of organic compounds. Presently it is very important to
find alternative processes for production of these compounds from
more economically convenient raw materials and with smaller
impact to environment. As an example, we can use alkanes instead
alkenes because alkanes are cheaper compared with alkenes (e.g.
actual price of propane is 860€ per ton, while price of propene
is 1105€ per ton [1]) and they are easily available. Oxidative
dehydrogenation (ODH) of alkanes provides a thermodynamically
accessible route to the synthesis of alkenes from alkanes. A large
number of reviews dealing with the ODH of light alkanes have been
published since early 1990s [2-8]. A general feature of the most cat-
alytic systems in ODH is that the selectivity to alkenes decreases
with the increasing alkane conversion. In order to avoid the over-
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oxidation of the primary product of alkane activation, it is necessary
to develop highly structured materials with known and controlled
speciation of active components. Many catalysts investigated in the
ODH reaction are based on the vanadium oxides as the main com-
ponent [8-30]. Bulky vanadium pentoxide, in fact, is not a good
catalytic system for the selective oxidation of alkanes, but spread-
ing the oxide on the quasi-inert matrix such as a support with the
formation of centers with peculiar chemical-physical features and
reactivity, leads to selective catalytic systems. The vanadium oxides
supported on surface of micro- or mesoporous materials attract
great interest of scientific community due to the ability to com-
bine unique textural and acid-base properties of support with the
redox properties of vanadium oxide species which opens the new
possibility to activate alkanes at relatively low temperatures.
Considerable attention has been devoted to investigation
of effect of micro- and mesoporous support texture on the
oxidative dehydrogenation of propane (e.g. silicalite [31,32], MCM-
41 [12,14,18,33-35], SBA-15 [17,34-36], MCF [34,37] and HMS
[16,23,34,35]), but only few papers deal with ODH of butane over
VOx-mesoporous support of SBA-15 type [25,38,39]. Some authors
rated as best support for vanadia for ODH of propane SBA-15
[17,40,41], while others denoted HMS and MCM-41 [34] as the
best support. However, it must be noted, that differences were not
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significant and direct comparison of data from various studies is
very complicated due to different conditions applied to the cat-
alytic tests by various research groups. More significant differences
in the catalytic behavior could be expected in the case of n-butane
ODH due to higher sensitivity of this reaction to the population of
various types of VOy species, as was very recently reported [42].
However, according to the best of our knowledge, such study was
not published in the literature yet. Therefore, we report compari-
son of catalytic performance of V-containing high-surface siliceous
materials of HMS, SBA-15, SBA-16 and MCM-48 structure in ODH of
propane and n-butane in order to investigate effect of silica support
texture on the speciation of vanadium complexes and its impact on
catalytic behavior in both above mentioned reactions. Prepared cat-
alysts were characterized by XRF for determination of vanadium
content, XRD, SEM and Nj-adsorption for study of morphology
and texture, and H,-TPR and DR UV-vis spectroscopy for deter-
mination of vanadium complex speciation. All prepared materials
were tested in propane and n-butane ODH reaction at 540°C and
obtained catalytic results were correlated with their structural and
surface characteristics. On the basis of obtained data we conclude
that structure of mesoporous silica support play decisive role in the
case of application of catalysts to n-butane ODH, whereas catalytic
performance of investigated catalysts in propane ODH reaction is
comparable for all investigated structures.

2. Experimental
2.1. Catalyst preparation

HMS was prepared according to procedure reported by Tanev
and Pinnavaia [43]. 13.6 g of dodecylamine (DDA, Aldrich) was
dissolved in the mixture of 225 cm3 ethanol and 200 cm3 double-
distilled H,O0. After stirring for 20min, 56cm> of tetraethyl
orthosilicate (TEOS, Aldrich) was added dropwise and intensively
stirred. The reaction was performed at 25 °C for 18 h under stirring.
The solid product was filtered and then repeatedly suspended in
500 cm?3 ethanol and stirred at 25 °C for 1 hin order to remove major
part of DDA from obtained solid. Finally, the solid was calcined in
flow of air at 540°C for 8 h with heating rate 1°C min~1.

MCM-48 samples were prepared using a mixture of triblock
copolymer Pluronic P123 (Aldrich) and n-butanol (Aldrich, 99.4%)
as a structure-directing mixture and TEOS as the silica source [44].
In the typical synthesis 20g of Pluronic P123 and 33.5cm?3 of
hydrochloric acid (37%) are dissolved in 720 cm3 of distilled water
to form a clear solution. Then 24.66 cm3 of n-butanol was added;
afterwards the mixture was being stirred at 35°C for 3 h. It was
followed by addition of 46.1 cm? of TEOS and stirring at 35 °C for
2 h. The reaction mixture was afterwards aged without any stirring
for 24 h at 35°C and 24 h at 95°C. The resulting solid phase was
recovered by hot filtration, extensively washed out with distilled
water and dried at 95°C in Biichner funnel overnight. Calcination
was carried out in air at 540 °C for 8 h with heating rate 1°C min~1.

Purely siliceous SBA-15 mesoporous molecular sieve were syn-
thesized as reported earlier [45] using a triblock copolymer,
Pluronic P123 (EO2¢P0O79EO,o, BASF/Aldrich) as a structure direct-
ing agent. TEOS was used as a silica precursor yielding a typical
synthesis molar ratio TEOS:HCl:P123:H,0=1:6.2:0.017:197. The
synthesis mixture was vigorously stirred at 35 °C for 5 min and sub-
sequently aged under static conditions for 24 h at 35°C and 48 h at
97°C. The resulting solid was recovered by filtration, extensively
washed out with distilled water and ethanol, and dried at 100°C
overnight. The template was removed by calcination in a stream of
air at 540°C for 8 h with heating rate 1°Cmin—1.

SBA-16 samples were synthesized using Pluronic P123 and F127
as templates [46]. In the typical synthesis 3.27 g of Pluronic P123,

10.21 g of Pluronic F127 and 91 cm3 of hydrochloric acid (37%) are
dissolved in 550 cm3 of distilled water to form a clear solution.
After that 50cm3 of TEOS was added and the mixture was being
stirred for 5 min. The reaction mixture was afterwards aged with-
out any stirring for 24 h at 35 °Cand 24 h at 95 °C. The resulting solid
phase was recovered by hot filtration, extensively washed out with
distilled water and dried at 95 °C in Biichner funnel overnight. Cal-
cination was carried out in air at 540°C for 8 h with heating rate
1°Cmin~1.

Vanadium oxo-complexes were doped onto silica support by
standard wet impregnation procedure by appropriate amount of
ethanol/H, O solution of vanadyl acetylacetonate (Aldrich). Impreg-
nated samples were dried at 120°C in air overnight and then
calcined at 600 °C for 8 hin the dry air flow. The samples with vana-
dium loading 3.6 and 9 wt.% were prepared representing materials
with vanadium content close to monolayer and markedly exceed-
ing this level. Surface density of vanadium on silica surface at
monolayer is usually reported to be 0.7 V/nm? [47,48].

2.2. Catalysts characterization

The chemical composition of all investigated samples was deter-
mined by X-ray fluorescence spectroscopy by ElvaX (Elvatech,
Ukraine) equipped with Pd anode. Samples were measured against
the model samples (a mechanical mixture of pure SiO, and NaVO3)
granulated to the same grain size as catalysts.

The particle morphology of starting mesoporous silicas as
well as modified samples was evaluated by scanning electron
microscopy images using a JEOL JSM-5500LV instrument.

X-ray powder diffraction data were recorded on a Bruker D8
X-ray powder diffractometer equipped with a graphite monochro-
mator and a position-sensitive detector (Vantec-1) using Cu Ko
radiation (at 40kV and 30 mA) in Bragg-Brentano geometry.

Nitrogen was used as adsorptive and supplied by Messer
(Griesheim, Germany - purity 99.999 vol.%). Sorption isotherms of
nitrogen at 77 K were determined using an ASAP 2020 instrument.
In order to attain a sufficient accuracy in the accumulation of the
adsorption data, this instrument is equipped with pressure trans-
ducers covering the 133Pa, 1.33kPa and 133 kPa ranges. Before
each sorption measurement the sample was degassed to allow a
slow removal of the most of preadsorbed water at low tempera-
tures. This was done to avoid potential structural damage of the
sample due to surface tension effects and hydrothermal alterna-
tion. Starting at ambient temperature the sample was degassed at
110°C (temperature ramp of 0.5°C min~1) until the residual pres-
sure of 1Pa was attained. After further heating at 110°C for 1h
the temperature was increased (temperature ramp of 1°Cmin~!)
until the temperature of 250°C was achieved. The sample was
degassed at this temperature under turbomolecular pump vacuum
for 8h.

The UV-vis diffuse reflectance spectra of dehydrated diluted
samples were measured using Cintra 303 spectrometer (GBC Sci-
entific Equipment, Australia) equipped with a Spectralon-coated
integrating sphere using a Spectralon coated discs as a stan-
dard. The spectra were recorded in the range of the wavelength
190-850 nm. The samples were diluted by the pure silica (Fumed
silica, Aldrich) in the ratio 1:100. All samples were granulated and
sieved to fraction of size 0.25-0.5 mm, dehydrated before the spec-
tra measurement and oxidized in the glass apparatus under static
oxygen atmosphere in two steps: 120°C for 30 min and 450°C for
60 min and subsequently cooled down to 250°C and evacuated for
30 min. After the evacuation the samples were transferred into the
quartz optical cuvette 5 mm thick and sealed under vacuum. For
additional details you can see Ref. [49]. This procedure guaranteed
complete dehydration and defined oxidation state of vanadium for
all catalysts. The obtained reflectance spectra were transformed
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MCM-48

Fig. 1. SEM images of parent mesoporous silicas.

into the dependencies of Kubelka-Munk function F(Ry,) on the
absorption energy hv using Eq. (1):

_(1-RW)
where R, is the measured diffuse reflectance from a semi-infinite
layer [50].

All measured spectra were simultaneously fitted [49] by set of
Gaussian curve shaped bands using the Fityk [51] software. Because
all VOy species exhibit the same or similar absorption coefficients
[49] it is possible to make the semi-quantitative analysis of spectra.

Raman spectra of dehydrated catalysts were measured by a
Labram HR spectrometer (Horiba Jobin-Yvon) interfaced to an
Olympus BX-41 microscope. Spectra were excited by 514.5 nm line
of an Ar*/Kr* laser (Innova 70C series, Coherent). The Raman spec-
trometer was calibrated by using the Fyg line of Si at 520.5 cm~1,
The spectra were recorded with resolution 2 cm~! by Peltier-cooled
CCD camera detector. The laser power impinging on the dry sample
was 1.2 mW. The dehydration and oxidation protocol was the same
as for DR UV-vis measurement (see above).

Redox behavior of VO surface species was investigated by the
temperature programmed reduction by hydrogen (H,-TPR) using
the AutoChem 2920 (Micromeritics, USA). 100mg sample in a
quartz U-tube microreactor was oxidized in oxygen flow at 450°C
(2 h) prior to the TPR measurement. The reduction was carried out
from 100°C to 900°C with a temperature gradient of 10°Cmin~!
in flow of reducting gas (5 vol.% H; in Ar). The changes of hydrogen
concentration were monitored by the TCD detector.

2.3. Catalytic tests in ODH reaction

The propane and n-butane oxidative dehydrogenation (C3-ODH
and C4-ODH, respectively) reaction was carried out using a plug-
flow fixed-bed reactor at atmospheric pressure in the kinetic
region (independently checked) and at steady state conditions of
the reaction. The activity and selectivity of catalysts were tested

at 540°C in the dependence on contact time (W/F 0.03, 0.06,
0.09, 0.12 and 0.15gcac scm—3). The demanded weight of cata-
lyst (grains 0.25-0.50mm) was mixed with 2cm3 of inert SiC.
The catalysts were pre-treated in a flow of oxygen at 540°C
for 2h before each reaction run. The feed composition was
CxHy/0,/He =5/2.5/92.5vol.% with a total flow of 100 cm® min—!
STP (CxHy - C3Hg or C4Hjp). The catalytic activity was analyzed at
steady state conditions and the products composition was analyzed
by on-line gas chromatograph equipped with TCD and FID detec-
tors. The feed conversion, selectivity to products and productivity
were calculated based on mass balance according to Sachtler and
Boer [52]. The turn-over-frequency (TOF) values per V atom were
calculated using Eq. (2):

0

TOFy = M (2)
McatWy

where n% . is molar flow of hydrocarbon (mols~1), X,_¢ con-

version of hydrocarbon (%), My is atomic weight of vanadium

(50.94 g mol—1), mcat is weight of catalyst (g), w, is mass fraction

of vanadium in catalysts.

3. Results and discussion
3.1. Physicochemical properties of the samples

SEM images of all four starting materials (Fig. 1) have revealed
regular particle morphology without any presence of other phases.
For comparison there are shown samples of SBA-15 containing dif-
ferent amounts of vanadium (Fig. 2) and it can be concluded that
as far as particle size and morphology is concerned, no effect due
to the presence of vanadium was observed.

XRD patterns of parent materials (Fig. 3A) exhibit well resolved
diffraction lines, which can be associated with well-ordered pore
structure of the mesoporous SBA-15, MCM-48 and SBA-16 as well
as the disordered wormhole-like pore structure of HMS. After
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impregnation of parent materials with vanadium complex, the
same diffraction lines are observed, indicating the preserved order-
ing of mesoporous structure as demonstrated on 3.6 and 9V-SBA-15
samples (see Fig. 3B). However, substantial decrease of intensity
of diffraction lines was observed. The decrease in intensity of the
peaks after post-synthesis modifications demonstrates the partial
structural collapse of the mesoporous materials or the flexibility
induced in the silica framework due to the strain generated from
the functionalized groups [53,54].

Nitrogen adsorption isotherms of all starting and impregnated
samples of selected silica SBA-15 are illustrated in Fig. 4. It was
found that despite rather rough treatment of primary samples
the hysteresis loop of impregnated samples remains preserved. It
confirms that modification of parent samples did not significantly
change the structure of these materials. In addition isotherms are
characteristic of high quality of prepared materials. The BET sur-
face area was evaluated using adsorption data in a relative pressure
range from 0.05 to 0.25 (Table 1). The micropore volume (Vjy ) was
determined using t-plot method. The mesopore volume (V) and
mesopore distribution of silica materials were calculated using BJH
algorithm (Table 1) calibrated to accurately reproduce the pore
diameter and volume. In particular, the changes in Sggr illustrate
a pronounced reduction of the surface (mainly micropore volume)
which was accessible for nitrogen molecules due to the vanadium
impregnation. Samples doped with the highest concentration of
vanadium exhibited decrease of Sggr from 60% to 75% related to

OV-SBA-15

Fig. 2. SEM images of parent SBA-15 and its vanadium modified forms.

their parent samples. On the other hand the decrease of mesopore
volumes of the same materials was only in the range from 20% to
48%. Introduction of vanadium into mesopores also affected the
pore size distribution. This effect is shown on SBA-15 samples (see
Fig.5), where the higher concentration of vanadium, the loweristhe
peak on the distribution curve. Moreover, the pore size distribution
was slightly shifted to lower values of pore diameter.

The diffuse reflectance UV-vis spectroscopy provides informa-
tion about the character and oxidation state of vanadium. The
obtained DR UV-vis spectra for both prepared sets of catalyst
are presented in Fig. 6. It can be noted that parent silica sup-
ports exhibited only very low intensity spectrum and therefore
are not reported here. All spectra were obtained by measure-
ment of one hundred times diluted dehydrated samples with
the purpose to obtain better resolution of individual bands and
the linear dependence area of spectra on the concentration of
vanadium (for more details see Ref. [49]). They are qualitatively
similar to spectra published previously for the vanadium oxide
system on the different siliceous supports [13,55,56] and con-
tain several absorption bands in region 1.46-6.5 eV (850-190 nm)
which are conventionally attributed to ligand to metal charge-
transfer (LMCT) transitions of the O— V*V type or to the d-d
transitions of V*IV [56]. The d-d absorption bands characteristic
for the vanadium(+IV) in the region 1.55-2.07 eV [57] were not
observed in our obtained spectra and this fact confirms that all
vanadium was successfully oxidized to oxidation state (+V) during
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Fig. 3. (A) XRD patterns of parent mesoporous silica supports: (a) SBA-15, (b) SBA-16, (c) MCM-48, (d) HMS. (B) XRD patterns of parent SBA-15 and its vanadium modified

forms: (a) SBA-15, (b) 3.6V-SBA-15, (c) 9V-SBA-15.
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Fig. 4. (A) Nitrogen adsorption isotherms of parent mesoporous silica supports: (a) SBA-15, (b) SBA-16, (c) MCM-48, (d) HMS. (B) Nitrogen adsorption isotherms of parent

SBA-15 and its vanadium modified forms: (a) SBA-15, (b) 3.6V-SBA-15, (c) 9V-SBA-15.

the pretreatment procedure. The samples with high concentra-
tion of vanadium exhibit absorption bands in the region 2-3eV
with maxima at ca. 2.6 and 3.1eV and they are attributed to the
presence of 3D-octahedrally coordinated (group Oy,) bulk-like VOx
units [13,49,57]. The low-loaded samples exhibit absorption only
above 3 eV evidencing VO, species with tetrahedral coordination.
Fig. 7 shows spectra of low-loaded samples together with spectra
of sodium ortho-vanadate Na3VO,4 and meta-vanadate NaVOs as
standard compounds containing only isolated monomeric tetra-
hedral units and linearly polymerized tetrahedrally coordinated
oligomeric units with V-0-V bonds respectively. Our samples with
lower vanadium content exhibit edge energy 3.7-3.47 eV (obtained
accordingly to Ref. [58]), whereas edge energy of Na3VO4 and
NaVOs is 3.82 and 3.13 eV, respectively. Taking into account this
observation, it is concluded that both isolated VO4 units and small
VOy aggregates that have V-0O-V bonds are present on the sur-
face of our samples (effect of partial hydratation was excluded
on the base of checking measurement of overtones of OH group

vibration on UV-vis-NIR spectrometer). For quantitative analysis
of all three types of surface vanadium complexes, the spectra were
deconvoluted into individual bands. Parameters of individual spec-
tral bands used in deconvolution procedure of the spectra were
taken from systematic study analyzing set of VOx—-HMS samples
with wide range of vanadium concentration and vanadium species
distribution recently published [49]. Fig. 8 presents example of the
deconvolution of the experimental spectra for the samples with
low and high concentration of VOy species anchored on SBA-15
support. UV-vis spectra of all samples (with low and high concen-
tration) contain three absorption bands in the region 3-6.5eV and
these bands can be attributed to the ligand to metal charge trans-
fers of Tq-coordinated species (group of symmetry T4). The band
with maxima position approximately at 4eV can be attributed to
Tq-oligomeric species [49,59,60]. The band at ca. 5.9 eV belongs to
T4-monomeric species [49,59-61] and the band with maximum at
5eV is linear combination of the bands ascribed to both the Ty4-
monomeric and the Ty-oligomeric species. For more information

Table 1

Chemical composition and results of physico-chemical characterization of investigated materials.
Sample name Ve, wt.% Sper, m2 g1 Vmi®, cm3g! VMme €, cm3 g1 Dye 4, nm VO, €, nm—2 Ximono | Xoligo " Xo, Tiax &,°C Aeh
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
3.6V-HMS 3.6 640 0.025 0.176 7.1 0.7 0.42 0.58 0 568 1.5
3.6V-SBA-15 3.6 600 0.030 0.730 5.6 0.7 0.82 0.18 0 555 1.8
3.6V-SBA-16 3.6 570 0.043 0.309 4.0 0.7 0.56 0.44 0 534 1.6
3.6V-MCM-48 3.6 670 0.045 0.678 6.0 0.6 0.55 0.45 0 562 1.9
9V-HMS 9.0 260 0.039 0.150 8.6 4.0 0.28 0.60 0.12 594 1.6
9V-SBA-15 9.0 300 0.011 0.571 6.1 34 0.53 043 0.03 572 1.7
9V-SBA-16 9.0 130 0.011 0.228 10.0 8.1 0.47 0.44 0.10 596 1.7
9V-MCM-48 9.0 350 0.018 0.545 7.0 3.1 0.46 0.47 0.07 587 1.6

4 Vanadium content determined by XRF method.

b Vi micropore volume determined by using the t-plot method.

¢ Vme mesopore volume determined by Barret-Joyner-Halenda (BJH) algorithm.
d Dy mesopore diameter determined by BJH algorithm.

€ VO, surface density (VOx nm=2).

f Relative amount of Tg-monomeric, Tq-oligomeric and Oy, units.

€ Position of maxima of H,-TPR profile.

b Average change of oxidation state during H,-TPR experiment.
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Fig. 5. Pore size distribution for parent SBA-15 and its vanadium modified forms:
(a) SBA-15, (b) 3.6V-SBA-15, (c) 9V-SBA-15.

about assignment see Ref. [49]. Relative amount of individual VO
species on the surface was determined from area of corresponding
bands and results are given in Table 1. The low concentrated sam-
ples contain only T4-coordinated VOy species with predominantly
Tq-monomeric units which are considered to be the most active
particles in the light alkane ODH reactions [5,62]. The highest rela-
tive abundance of monomeric Ty-coordinated units can be found on
the SBA-15 support, approximately about 85% relative amount for
lower concentration of vanadium. For other low concentrated sam-

FR,)

E, eV

Fig. 6. Diffuse reflectance UV-vis spectra of diluted and dehydrated VOy catalysts
on different support with 3.6 (A) and 9 (B) wt.% of V: (a) SBA-15, (b) SBA-16, (c)
MCM-48, (d) HMS.
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Fig. 7. Diffuse reflectance UV-vis spectra of diluted and dehydrated low-loaded
VOy catalysts (colors are the same as in Fig. 6A), ortho- and meta-vanadate with
corresponding edge of absorption energy. (a) SBA-15, (b) SBA-16, (c) MCM-48, (d)
HMS.

ples the amounts of monomeric units are significantly lower (about
50%). On the basis of the supports tendency to generate the Ty4-
oligomeric and octahedrally coordinated polymeric units we can
sort tested support materials in the following order SBA-15 < SBA-
16 ~MCM-48 <HMS. We can observe this influence in samples
with high concentration as well (see Table 1). High capability of
SBA-15 for accommodation of well dispersed isolated monomeric
vanadyl species can be given by the fact that SBA-15 silica repre-
sents mesoporous support with regular, well defined and uniform
pore system characterized by very narrow pore size distribution,
whereas other investigated supports exhibit worm-like (HMS) or
ink-bottle (MCM-48) type of pores with wider distribution of pore
diameters, which are less suitable for fine dispersion of source of
vanadium during the procedure of solvent evaporation. The more
regular pore system the more homogeneously is solvent removed
from inner space of pore system. The Raman spectra of the dehy-
drated VOy catalysts are shown in Fig. 9 (part A of Fig. 9 shows
the spectra of low-loaded samples, part B of Fig. 9 shows the spec-
tra of high-loaded samples). The catalysts possess Raman features
at 282, 301, 404, ~487, 520, 697, ~802, 993 and 1031 cm~'. The
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Fig. 8. Deconvoluted UV-vis spectra of V-SBA-15 with (A) 3.6 and (B) 9wt.% of V.
Black points are experimental data, red line is fitted envelope curve and dark gray
lines are individual spectral bands. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Raman spectra of the dehydrated VOy-silica samples with 3.6 (A) and 9 (B)
wt.% of V: (a) SBA-15, (b) SBA-16, (c) MCM-48, (d) HMS.

bands at ~802 and ~487 cm~! have been assigned to the sym-
metrical Si-0-Si stretching mode and the D1 defect mode of silica
support, which have been attributed to tetracyclosiloxane rings
produced via the condensation of surface hydroxyls [63,64]. All
other bands can be attributed to vibration connected with presence
vanadium species. It has been generally agreed that Raman bands
in the range 800-1200cm~" are due to stretching modes and the
bands below 800 cm~! are due to bending/stretching modes of V-0
[65,66]. Assignment of the Raman band is complicated by strong
coupling of vanadyl stretching and silica modes, which are close
in vibration energy [66,67]. However, band at 1031 cm~! is usually
assigned to terminal V=0 stretching vibration. Shift of this vibration
band to slightly higher wavenumbers was frequently taken as evi-
dence of changes in the coordination and extent of polymerization
of the dehydrated surface VOy species on oxide supports as Al,03,
Zr0,, TiO, or Nb, 05 [47,68]. However, no shift of this Raman band
was observed on VOy/SiO, systems [47,68,69]. This is in agreement
with our observations. Position of this band is invariable notwith-
standing various population of oligomeric species determined from
UV-vis spectra. Recent theoretical and experimental papers dealing
with vibration of vanadium species on silica surface confirmed that
both monomeric and oligomeric vanadium complexes contribute
to this band [59,66,67,70]. Above mentioned strong coupling of
VOy species vibration with silica skeletal vibration could be behind
observed no shift of this band with progressive polymerization of
VO, species. Set of bands at 282, 301, 404, 520, 697, and 993 cm™!
are ascribed to V505 crystallites. It is interesting to note that above
mentioned bands are present in all Raman spectra while typical
bands assigned to V,0s5 crystallites at 2.6 and 3.1eV are detected
only in DR UV-vis spectra of samples with 9 wt.% of vanadium (cf.
Fig. 6). Therefore, Raman spectra prove the presence of very small
amount of V505 crystallites, which cannot be detected by UV-vis

H2 consumption, a.u.

300 400 500 600 700 800 900

Temperature, °C

Fig. 10. H,-TPR patterns of VOy-silica samples with 3.6 (A) and 9 (B) wt.% of V: (a)
SBA-15, (b) SBA-16, (c) MCM-48, (d) HMS.

spectroscopy or XRD, even in the low-loaded samples due to reso-
nant enhance effect.

H,-TPR curves of VOy catalysts are depicted in Fig. 10. It can
be noted that parent silica supports exhibited no reduction peaks
and therefore are not reported here for the sake of brevity. Vana-
dium catalysts exhibit distinct reduction peaks in the temperature
range from 350 to 900°C. The average change of oxidation state
(Ae) after the H, reduction has been calculated from the amount
of H, consumed during the reduction process and range from 1.5
to 1.9 (see Table 1) indicating incomplete reduction of V*V to v*II
or the presence of vanadium cations in lower oxidation states (V*IV
or even V) in the samples already before starting the TPR pro-
cess. The reduction peak centered at ca. 534-568 °C dominates the
TPR patterns of all investigated materials. This peak is distinctly
tailed on high-temperature side for samples with higher vanadium
loading, especially for SBA-16 support with 9wt.% of vanadium.
Existence of other peaks at about 650 and 735°C indicates, in
accord with spectroscopic results, certain heterogeneity of vana-
dium complexes on the inner surface of the prepared catalysts. In
previous studies reported in the literature, the low-temperature
peak was tentatively attributed to the reduction of highly dispersed
VOy units with tetrahedral-like coordination [12,71-73] and the
high-temperature peaks were attributed to the reduction of poly-
meric oxide-like VOy species with octahedral coordination [74-78].
We reported in recent study on VOx-HMS catalysts that presence
of high-temperature reduction peak in the H,-TPR curves of VOx-
HMS catalysts exhibited materials with presence of UV-vis bands
at 2.6 and 3.1eV in their UV-vis spectra ascribed to 2D-square
pyramidal and 3D-octahedrally coordinated vanadium species [42].
Therefore, the low-temperature reduction peak could be attributed
to both monomeric and oligomeric tetrahedral-like coordinated
VOy species. Generally, reducibility of bulk vanadium oxides differs
from reducibility of surface species. Based on comparison of H,-TPR
and 51V NMR characterization of VOx-SiO, materials with various
vanadium loading it was concluded that the reduction of bulk V,05
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Table 2

Results of catalytic tests in oxidative dehydrogenation of propane at 540 °C and iso-conversion of propane 13% (C3Hg/O/He =5/2.5/92.5 vol.%, total flow rate of 100 cm? min—1).
Catalyst sample name Conv., % Selectivity, % Productivity® TOF, h-!

0, CsHg Ci-G? co CO, C3Hs

3.6V-HMS 65 56 1 26 17 0.22 10
3.6V-SBA-15 59 60 3 23 14 0.21 12
3.6V-SBA-16 61 57 2 26 15 0.21 12
3.6V-MCM-48 63 56 2 26 16 0.17 13
9V-HMS 74 41 0 44 15 0.23 7
9V-SBA-15 62 48 0 38 14 0.38 13
9V-SBA-16 49 50 1 35 14 0.24 6
9V-MCM-48 75 44 0 42 14 0.36 11

@ Cy-Cy =sum of C;-C, hydrocarbons.
b Productivity = gprod 8~ D71

occurred at much higher temperatures than silica supported vana-
dia due to increased diffusional limitations in bulk V5,05 [75]. On
the other hand, Banares et al. observed by in situ TPR-Raman exper-
iments formation of oxide species during heating and reduction of
these species at lower temperatures than reduction of monomeric
species. In addition, reducibility of individual types of vanadia
species can vary in dependence on the support as was experimen-
tally observed by systematic shifts of reduction peak position on
temperature scale [78-81]. On VOx-MCM-41 silica, investigation
of reduction kinetics of surface vanadia species in hydrogen atmo-
sphere by means of in situ UV-vis spectroscopy led to conclusion
that tetrahedrally coordinated polymeric vanadia species are more
reducible than monomeric species [82] similarly to VOx-Al, 03 sys-
tem [81]. However, position of reduction peak in our TPR curves of
low-loaded samples changes within interval of 30°C, but irrespec-
tive to population of monomeric species. Reduction of high-loaded
samples is shifted by about 30°C to higher temperature. This could
be caused by increase in population of polymeric species. However,
the shift of reduction peak can be influenced not only by nature of
species but also by thermodynamics or kinetics limitations (e.g.
changes in hydrogen and water concentration in the reduction gas
owing the reduction reaction course). Therefore, it is very diffi-
cult to attribute a particular surface structure to the individual TPR
peaks more reliably.

3.2. Catalytic tests of propane and n-butane ODH

Oxidative dehydrogenation of propane over investigated sam-
ples was studied at 540°C at various contact times realized by
changes of catalyst weight. Main results are presented in Table 2.
The main products of C3-ODH were propene and carbon oxides.
Traces of ethene and methane were detected as cracking products.
No oxygenates were detected. It is well-known that the selectiv-
ity is necessary to compare at the same degree of conversion for
parallel-consecutive reaction, such as the C3-ODH reaction. There-
fore the catalytic behavior of VOy-silica catalysts with different
vanadium loading and different texture of support was compared
under iso-conversion conditions at propane conversion of 13%.
In addition, catalytic performance of the samples only slightly
depended on time-on-stream (decline of propane conversion and
propene selectivity was 1 and 2%, respectively, within 4h in the
stream). Therefore, data after 2h in the stream were taken for
catalysts comparison. The iso-conversion selectivity to propene
only slightly varied in the range from 60 to 56% for lower vana-
dium content regardless of catalysts structure, whereas it reached
only 41-50% for materials with higher vanadium loading (see
Table 2). The decrease in propene selectivity was accompanied
by increase in selectivity to CO. The selectivity to CO, was rela-
tively constant and comparable for all catalysts (Sco, = 15 + 2%).
The activity of VOx-silica catalysts under these conditions was
expressed by so called turn-over-frequency (TOF), describing the

average number of catalytic cycles at one average vanadium atom
per time unit (h). The TOF factor was almost constant for cata-
lysts with lower vanadium content (TOF equal to 12h~1 except
VOx-HMS exhibiting TOF of 10h~1). The TOF for catalysts with
higher loading of vanadium depended on type of mesoporous sil-
ica support. The VOx-SBA-15 and VOx-MCM-48 catalysts exhibited
catalytic activity similar to low-vanadium ones (13 and 11h-!
for SBA-15 and MCM-48, respectively), the HMS and SBA-16 sup-
ports exhibited TOF values significantly lower (7 and 6h-1 for
HMS and SBA-16, respectively). It must be noted that conversion
of oxygen did not exceed 75% in any case and therefore both selec-
tivity to product and activity of catalysts were not influenced by
lack of reactant. Significantly lower values of TOF of 9V-SBA-16
and 9V-HMS samples corresponded very well with the enhanced
population of octahedral VOx complexes in these samples evalu-
ated by means of deconvolution of UV-vis spectra (cf. Table 1 and
Fig. 6).

Oxidative dehydrogenation of n-butane was studied at 540°C at
various contact times implemented by changes of catalyst weight.
The main reaction products identified in the reaction mixture
were: 1-butene (1-Cy4), cis- and trans-2-butene (c-C4 and t-Cy),
1,3-butadiene (1,3-C4), methane (C;), ethane and ethene (Cy),
propane and propene (C3), carbon oxides (CO and CO,) and traces
of acetaldehyde. The carbon balance was 98 +3% in all the cat-
alytic tests and no coke deposit was observed on the catalysts. The
activity of catalysts only slightly depended on the time-on-stream
(TOS). Average decline of n-butane conversion was about 2% within
10h in the stream. On the other hand this decrease of conversion
was accompanied by the increase of C4-ODH selectivity approx-
imately about 4%. This small change in catalyst performance can
be explained by partial redistribution of vanadium oxide species
under reaction conditions [56]. Therefore the catalytic performance
of VOy-catalyst on different support and with different vanadium
loading was compared under the iso-conversion conditions at n-
butane conversion of 13% after 2 hin the stream of reaction mixture.

The TOF value strongly depended on the concentration of vana-
dium and decreased with the increasing VOx concentration (for the
samples with 9 wt.% of V was only 30-40% of the value obtained for
samples with 3.6 wt.% V). It can be explained with higher amount
of Td-oligomeric and mainly octahedral units on the support (cf.
data in Tables 1 and 3, see also Figs. 6 and 8). The value of the TOF
was in good agreement with relative concentration of monomeric
VOy units as it is shown in Table 1 and Fig. 11 shows TOF value
of low-loaded catalysts as a function of population of monomeric
VOy units and reaction type (C4- and C3-ODH). The TOF values of
catalysts in C4-ODH linearly decreased with decreasing relative
population of T4 monomers obtained from UV-vis spectra decon-
volution, whereas TOF values obtained in C3-ODH were rather
constant irrespective of ratio between amount of T4 monomeric
and T4 oligomeric species. Considering this relation the monomeric
VO units should be taken as the most active species in the ODH of
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Table 3

157

Results of catalytic tests in oxidative dehydrogenation of n-butane at 540°C and iso-conversion of n-butane 13% (C4H0/0,/He=5/2.5/92.5vol.%, total flow rate of

100cm3 min—').

Catalyst sample name Conv., % Selectivity, % Productivity® TOF, h!
02 1 —C4 C—C4 t—C4 1 ,3—C4 C] —C3 a co COZ Dehy." Dehy.b
3.6V-HMS 70 23 10 12 8 5 24 19 53 0.32 16
3.6V-SBA-15 63 23 12 12 12 6 18 15 58 0.57 26
3.6V-SBA-16 63 22 11 14 11 5 20 18 58 0.41 19
3.6V-MCM-48 81 19 8 10 7 4 30 23 43 0.31 19
9V-HMS 95 11 8 10 6 3 42 22 34 0.16 5
9V-SBA-15 95 11 7 9 7 3 39 25 34 0.37 11
9V-SBA-16 87 14 7 9 5 3 37 25 35 0.16 5
9V-MCM-48 97 9 7 9 6 3 40 25 31 0.23 8

3 Cy-C3 =sum of C;-C3 hydrocarbons and acetaldehyde.
b Dehy.=sum of C4 alkenes.
¢ Productivity = gprod Ecat ' h 1.

n-butane, while both monomeric and oligomeric species with Ty
coordination could act as active species in ODH of propane.

The iso-conversion selectivity to C4-ODH is given in Table 3.
They were almost independent on the structure of siliceous
supports (except 3.6V-MCM-48 exhibiting significantly lower
selectivity than other catalysts with 3.6 wt.% of vanadium), but they
are strongly decreasing from 58% to 34% with the increasing of
vanadium loading for samples with 3.6 and 9 wt.%, respectively.
The decrease in C4-ODH selectivity is accompanied by increase in
selectivity to carbon oxides, mainly selectivity to CO. This fact can
be explained by higher oxygen conversion over high concentrated
samples where it was almost 100%. The decrease of selectivity
with the increasing of VOx concentration was most probably due
to higher abundance of oligomeric species with T4- and mainly
Oy -coordination. These species contained the V-0-V bridging oxy-
gen atoms and according to the mechanism introduced by Kung
[5] the presence of these units allows the formation of alkoxide
intermediates which are furthermore oxidized to the products of
total oxidation. Butenes selectivity dependence on the structure
of support material is not so distinct in contrast to the mentioned
different activity (TOF) discussed above and this effect is due to
the relatively complex mechanism of ODH of n-butane. The main
factors affecting the selectivity are the vanadium content, the vana-
dium surface density, the nature of the support (structure, acidity)
and the reactions temperature [11,55]. Acid character of siliceous
support (iso-electric point (IEP) is ca. 2) has probably major influ-
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Fig. 11. Dependence of TOF factors of VO, catalysts with 3.6 wt.% of vanadium on
population of monomeric VO, species determined by deconvolution of DR UV-vis
spectra. Red circles - C4-ODH, black squares — C3-ODH. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

ence on the selectivity. Increasing acidity of the catalysts extend
retention period of reaction intermediate on the surface of catalyst.
The alkenes (electron-donating molecules) are more basic than the
corresponding alkanes and they interact more strongly with acid
support [11]. This effect allows us to explain the occurrence of the
consecutive reactions with neighboring VO, species regardless on
type of T4-coordinated species. The distance of neighboring species
can be related to the surface density and it is similar for all struc-
tures of support with 3.6 wt.% of vanadium (0.6-0.7 V per nm?). In
the case of high-loaded catalysts is problem more complex due to
presence of significant amount of vanadium pentoxide.

4. Conclusions

The above discussed data allow us to draw the following con-
clusions:

e Based on H,-TPR, Raman and DR UV-vis results, it can be con-
cluded that both monomeric and oligomeric species with T4
coordination exist in the all investigated samples. In addition,
condensed species with O}, coordination are significantly formed
in the samples with vanadium loading of 9wt.%. Population of
individual types of vanadium species is dependent on the type of
silica support structure and vanadium content.

C3-ODH reaction is sensitive to the presence of condensed species
with Oy, coordination which caused lowering of catalytic activity
and selectivity to propene. Nevertheless, both monomeric and
oligomeric tetrahedral species are active and selective in C3-ODH
reaction as is documented by similar iso-conversion selectiv-
ity to propene and TOF factors of low-loaded catalysts without
condensed VOy species with Oy, coordination, but differing in
population of monomeric and oligomeric VOx species with Ty
coordination.

On the other hand, C4-ODH reaction is very sensitive to isolation
of vanadium species, because monomeric units are much more
active and selective than all other species as can be documented
by differences in TOF values.

From comparison of catalytic results of both types of reaction and
from characterization of vanadium speciation it can be concluded
that SBA-15 support is the most suitable structure for deposition
of vanadium in the form of isolated monomeric species which are
beneficial for C3-ODH and necessary for C4-ODH reactions.
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Abstract
The catalytic oxidative dehydrogenation (ODH) of light alkanes has great potential to

be used for production of alkenes instead classically used dehydrogenation. We report
successful direct synthesis of V-SBA-15 mesoporous molecular sieve (ngi/ny =~ 10) which
could be convenient catalyst for ODH of alkane. The productivity (1.92 kgpyod. kgt h) in
n-butane ODH is 3-4 times higher in comparison to supported vanadium catalysts prepared by
wet impregnation method and belongs to the three best catalytic systems which were reported
for ODH of n-butane ever. Moreover, reported catalytic system exhibits catalytic activity

stable for more than 8 hours in the stream.

Keywords - vanadium  oxide, V-SBA-15, direct synthesis, n-butane, oxidative

dehydrogenation, mesoporous silica



Highlights
e Successful direct synthesis of mesoporous V-SBA-15 with 7.4 wt.% of vanadium.

e All vanadium oxide units are on the support and accessible for redox process.

e The high activity (TOF = 45h™) and high selectivity to Cy-gen products (60 %) at

conversion of 13%.

e The productivity in n-butane ODH is 3-4 times higher in comparison impregnated

samples.

e One from the three best catalytic systems for ODH of n-butane ever.
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1. Introduction

The oxidative dehydrogenation (ODH) of light alkanes has great potential to be used
in production of increasingly demanded alkenes instead of classically used dehydrogenation
(DH) which suffers by high energy consumption and fast deactivation of catalysts requiring
its frequent regeneration [1]. However, the direct using of ODH reaction over the present
known and tested catalysts is still not possible due to low alkenes selectivity and productivity,
not sufficient for their applicability in industrial plants. And that is why it is important to
develop suitable new catalytic systems with high selectivity and productivity [2].

A wide range of catalysts have been studied in ODH of hydrocarbons as was reported
in many reviews before [1-4] and most of them contained oxides of the transition metals,
mainly the vanadium oxides. Vanadium oxide based catalysts are very often used as catalysts
in the ODH reaction due to their lower temperature required for the activation of C-H bonds
and suitable geometric and electron structure of VOx (tunable by used matrix) [1, 5].
Nevertheless, vanadium oxide catalysts can not be used in its bulk form (leading to non
selective reactions) but in the form of dispersed vanadium oxide species embedded to the
matrix of practically inert material (silica, MgO, Al,O3, ZrO,, TiO; etc.). The support strongly
affects the catalytic performance of vanadium supported catalysts. The textural properties and
acid-base character of the support are the most important factors, which influence dispersion
of vanadium and the retention period of reactants on the surface. The MgO support was very
often referred like the most suitable support for vanadium based catalysts used in ODH of
n-butane, due its acid-base properties. Nevertheless, MgO support has area only about
100-150 m®g " what limits attainable vanadium loading.

Another very often used supports are silica based materials with a large number of
different structures. Our recent study showed that the mesoporous silica-based material with

SBA-15 structure which combines high surface area, proper surface acidity and good thermal



and hydrothermal stability is suitable support for ODH of n-butane [6]. The method of the
deposition of active vanadium species is another very important parameter which strongly
influences the degree of dispersion and coordination of VOx units on the surface. The simple
wet impregnation method by vanadium salts (NH4V O3, vanadyl acetylacetonate) is very often
used for the deposition of VOx species. However, this method usually leads to materials with
a broad distribution of VOx species and also to formation non-selective bulk-like vanadium
oxide with octahedral coordination [7, 8]. The isolated monomeric VOx species (favorable in
C4-ODH reaction) are formed only up to 4-5 wt.% of V which is too low to achieve
acceptable productivity (one of the most important parameter for industrial applicability) [2].
Above this concentration polymeric VOx species with high polymerization degree and bulk
like V,0s are generated and it means rapid loss in activity and selectivity to required alkene.
The direct hydrothermal synthesis of mesoporous vanadosilicate is an alternative method for
incorporation of VOx species on the silica surface or to the silica wall. This method leads to
catalysts with better dispersion and with higher performance in ODH reactions [7, 9].

On the basis of our previous studies we choose the SBA-15 as the best silica support
[6] and the direct synthesis as the most suitable method for deposition of vanadium to the
surface [7, 9]. In the present work we report simple one-pot V-SBA-15 catalyst synthesis

based on ref. [10] and its high catalytic performance in ODH of n-butane.

2. Experimental

The 4.0 g Pluronic P123 (EO,0PO70EO,¢) was dissolved in 30.0 g of water and stirred
for 4 h. The 9.0 g tetraethyl orthosilicate (TEOS) and the appropriate amount of ammonium
metavanadate (NH4VO;) were added directly to the homogeneous solution (ngi/ny = 10,
i.e. ca. 7.4 wt.%). Then proper quantities of 0.30 M HCI were added to adjust the pH value of

mixture to 3.0. The gel was stirred for 24 h and then maintained at 100°C for another 48 h.



The resultant dark-green precipitate was collected, washed thoroughly with distilled water and
absolute ethanol for several times and dried at 70 °C for 12 h. The as-prepared product was
then calcined in air stream at 550 °C for 6 h with a heating rate of 1 °C min™ to remove the
template.

The n-butane ODH reaction was carried out in a glass plug-flow fixed-bed reactor at
atmospheric pressure in the kinetic region (independently checked) and under steady state
conditions of reaction. The activity and selectivity of catalysts were tested at 540 °C in the
dependence on contact time (W/F 0.03, 0.06, 0.09, 0.12 and 0.15 g gt cm'3). The demanded
weight of catalyst (grains 0.25-0.50 mm) was mixed with 3 cm’ of inert SiC. The catalysts
were pre-treated in the oxygen flow at 450 °C for 2 hours before each reaction run. The input
feed composition was n-C4H;o/Ox/He = 5/5/90 vol.% - with a total flow rate
of 100 cm® min™' STP. The analysis of reaction mixture composition was made by on-line gas
chromatograph.

More details about characterization techniques (XRF, N, adsorption-desorption
isotherm measurement and H,-TPR, analysis of reaction mixture, calculation conversion,
selectivity and productivity) which were used for characterization of synthesized V-SBA-15

can be found in our previous papers [6, 7].

3. Results and discussion
3.1. Characterization

The concentration of vanadium determined from XRF was 6.5 wt.% for calcined
V-SBA-15 catalysts and it means that almost 90% of vanadium from synthesis gel was
incorporated to SBA-15 structure.

The N, adsorption-desorption isotherm resembles the isotherms for synthesized

V-SBA-15 materials published previously [10, 11]. The isotherm was type IV with H1



hysteresis loop which is typical for mesoporous materials and the total surface area (Sggr) was
360 m’g". The catalyst contains negligible volume of micropores but large volume of
mesopores (1.22 cm’ g'l) compared to materials prepared by impregnation. The mesopore
diameter determined by BJH algorithm from desorption branch of isotherm was 8 nm.
Catalysts with these parameters enable good dispersion of vanadium active species and fast
diffusion of reactant and products, respectively what it is important for attainment high
performance of catalyst.

The common problem of metal-silica materials catalysts prepared by direct synthesis
is the fact that some part of metal can be buried in silica wall and can not participate as active
species in reaction. For the check of accessibility of active vanadium species we carried out
H,-TPR experiment. The overall hydrogen consumption during H,-TPR experiment
corresponds to change of oxidation state during the reduction process and it was 1.92 of
electrons per vanadium atom in this case. It indicates the fact that the most of vanadium
oxo-species is accessible for redox processes (at least 96 % of vanadium, when we suppose
quantitative reduction of V"V to V™). Hence we can use total concentration of vanadium to
calculate the value of TOF (turn-over-frequency) per one vanadium atom as the criterion for

the comparison of catalytic activity of tested catalyst samples.

3.2. Catalytic activity

The oxidative dehydrogenation of n-butane over investigated V-SBA-15 catalyst was
studied at temperature 540 °C. The results of catalytic tests are presented in Table 1 and the
main reaction products identified in the reaction mixture were: l-butene (1-C,), cis- and
trans-2-butene (c-C4 and t-C4), 1,3-butadiene (1,3-C,4), cracking products, i.e. methane,
ethane, ethene, propane and propene (C;-C;) and carbon oxides (COx). No oxygenate

products were observed and the carbon balance was 98 + 3 %. The n-butane conversion over



empty reactor (reactor filled only by SiC) was lower than 0.5 % under the same conditions
(composition of feed and temperature) therefore we can exclude participation of gas phase
reaction under this reaction conditions. The stability of catalyst performance in time was
almost the same as we reported for V-SBA-15 material prepared by wet impregnation method
[6]. Data which will be discussed in this paper were obtained after 3 hours on-stream.

The maximum of catalytic activity of synthesized V-SBA-15 expressed by TOF value
was 45 h'. This value is significantly higher then TOF value for the V-SBA-15 catalysts
prepared by simple wet impregnation (TOF = 26 h™ and 11h" for sample with 3.6 and
9 wt.% of 'V, respectively) which were investigated under the same reaction conditions [6].
The others authors published the TOF value for V-SBA-15 system in the #C4-ODH reaction
ranging 22-35 h' [12, 13].

The selectivity to desired products Scs.qen (in this case 1-Cy4, ¢-Cy, t-C4 and 1,3-Cy) is
next very important parameter of prepared catalysts. It is very well-known that the
selectivity in parallel-consecutive reaction (such as the nCs-ODH reaction) obtained over
different catalytic systems must be compared at the same degree of conversion. Therefore
the catalytic behaviour of synthesized V-SBA-15 catalyst was compared with previously
published data for V-SBA-15 prepared by impregnation under iso-conversion conditions at
n-butane conversion of 13%. Moreover, it must be noted that conversion of oxygen did not
exceed 35% in any case and therefore selectivity value to product were not influenced by a
lack of reactant. The selectivity (Sca.gen = 59%) of synthesized V-SBA-15 with 6.5 wt.% of V
was equal to selectivity achieved over impregnated V-SBA-15 with 3.6 wt.% of V (see Table
1 and Ref. [6]) and even the distribution of individual C4.4en products was the same. The big
advantage of direct synthesized samples is the fact that the value of high selectivity value
could be obtain even over samples with the high vanadium concentration while for samples

prepared by impregnation remains on high value only up to vanadium concentration around



4-5 wt.% of V. The selectivity is rapidly declining after reaching this concentration in the case
of impregnated samples (Sca.gen = 34% for V-SBA-15 with 9 wt.% of V [6]) and the same
behaviour was previously published for two sets (impregnated and synthesized) of V-HMS
catalysts which were tested in ODH of n-butane and propane [7, 9] where the decline of
selectivity was from 45% for sample with 2.1 wt.% of V to 15% or 2% for sample with 8 or
15.7wt.% of V, respectively). This drop in selectivity of impregnated catalysts was
previously attributed to the enhanced population of oligomeric vanadium species [7, 14].

The productivity (kgprod. kgcm,'1 h'l) is generally accepted like the best criterion for
comparison of different catalytic systems tested in one reaction but under different conditions
(temperature, fed composition, contact time etc.) and the value of system productivity is very
important for its potential commercial applicability. The lower limit (for this type of reaction)
value which is acceptable for industrial using is 1 kgprod. kgea ' b [2]. The maximum
productivity value obtained over our synthesized V-SBA-15 catalyst was
1.92 kgprod. kgea ' 0. This value, according best of our knowledge, is one of the five highest
Cs.den productivity values which were published for ODH of n-butane in literature (for
summary see Table 1). The best productivity (4.65 kgprod. Kgea ' 0! [15]) in n-butane ODH
was shown over vanadium containing hydrotalcite with Mg;V,0g as active phase. However,
maximum of selectivity to dehydrogenated products was only 31 % (under published
conditions) and it is too low for potential industry application [2]. Second catalytic system
with high productivity is mixed Fe-Zn-oxide with published Cs.4en productivity around
2.2 Kgprod. kgear ' h' [16] which is only a bit higher than productivity obtained over our
catalyst. However, the thermal stability of this catalyst is relatively low and above 500 °C
may occur phase transformation [17] what could be again problem for potential industrial
using, especially when local grain overheating can occur. Next two catalysts with Cs.gen

productivity higher than 1 kgproq. kgcm_'l h! were based on the supported vanadium catalysts.



The Csqen productivity achieved over vanadium oxide supported on Ti-SiO, matrix was
1.65 kgprod. kgcat.'1 h! [18] and for catalyst with vanadium oxide supported on ZrO,
1.02 kgprod. kgcata,'1 h! [19]. The inconvenience of these catalysts is relatively lower area of
support in comparison to SBA-15 support. The high surface area facilitates good dispersion of
active vanadium species because only isolated and/or low polymeric tetrahedraly coordinated
vanadium units could play the role of the active and at the same time selective species in
n-butane ODH as was reported previously [7]. Moreover Ti-Si0, matrix exhibit lower thermal
stability in comparison to pure silica material (SBA-15).

Our current and future research carried out on this type of material is aimed to deeper
characterization of V-SBA-15 materials prepared by direct synthesis under different synthesis

conditions and their relationship to catalytic properties in ODH of n-butane.

4. Conclusion

We have successfully prepared the mesoporous V-SBA-15 catalyst by one pot
synthesis. The catalyst contains negligible volume of micropores but large volume of
mesopores. Moreover this material contains VOx species which are accessible for redox
reaction what is sometimes problem in the case of samples prepared by direct synthesis.

The V-SBA-15 catalyst exhibit high activity (TOF = 45 h™") and at the same time
relatively high selectivity to Cs-gen products which was about 60 %. The biggest advantage
over previously studied catalysts is very high productivity of butenes which is about
1.9 kgpmdkgcmf1 h' and it is three-times higher in comparison to the best impregnated
V-SBA-15 samples and more than ten-times higher than impregnated samples with the same
concentration of vanadium. This catalyst belongs to the three best catalytic systems which

were reported for ODH of n-butane ever.
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The comparative study of structural properties and catalytic performance of V-containing high-surface
mesoporous silica and mesoporous titanosilicate materials (HMS, Ti-HMS) in oxidative dehydrogenation
of n-butane (C4-ODH) was carried out. The aim of the study was to investigate effect of different titanium
amount incorporated into silica support on the texture, speciation of vanadium complexes and its impact
on catalytic performance. Prepared catalysts were characterized by XRF for determination of vanadium
content, DTA/TG for thermal stability of matrix, XRD, SEM and N,-adsorption for study of morphology
and texture, FT-IR and DR UV-vis spectroscopy for verification of successful incorporation of Ti to the
matrix and H,-TPR and DR UV-vis spectroscopy for determination of vanadium complex speciation.
All prepared materials were tested in n-butane ODH reaction at 460 °C. We conclude that titanium was

Keywords:
Mesoporous titanosilicate
Hexagonal mesoporous structure

Vanadium
Oxidative dehydrogenation successfully incorporated into mesoporous structure, which was preserved at least up to 600 °C. Catalytic
Butenes activities of V-Ti-HMS catalysts were approximately four times higher than activity of V-HMS catalyst in

spite of the fact that all samples exhibit the same amount of vanadium species with similar distribution.
The selectivity to desired products was comparable for all catalysts. Enhanced catalytic activity of V-Ti-
HMS materials allows activating of n-butane at significantly lower temperature (by 100 °C) compare with

V-HMS materials.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The great challenge of current chemical industry is function-
alization of cheap and abundant C,-C,4 alkanes from crude oil to
corresponding olefins. For example, the oxidative dehydrogenation
(ODH) of light alkanes can be used for production of alkenes instead
of classically used dehydrogenation (DH) requiring very high tem-
peratures (high energy consumption) at which additional coking
and deactivation of catalyst normally occur [1-4].

Vanadium oxides are powerful redox catalysts in many indus-
trial processes and they are taken as catalysts in oxidation reactions
as well as for ODH [5,6]. However, they cannot be used in its bulk
form (it leads to nonselective reactions) [4] but have to be used as
the well dispersed VOy species anchored on the suitable support
[2,4,7-9]. Activity and selectivity of these catalysts strongly depend
on the degree of vanadium species dispersion [3,5,10,11], method
of catalyst preparation [3,10,11] and also the type of support
has a dramatic effect [4,7,11,12]. Suitable supports for anchoring
active species are mesoporous molecular sieves not only due to
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their peculiar textural properties but also due to the possibility of
various modifications including different structural types and as
well as different chemical compositions [13].

A large number of reviews [2,4,7,14-16] and papers dealing
with the ODH of light alkanes over vanadium supported materials
have been published since 1990s and most of them used different
structure of silica materials (e.g. silicalite [11] or mesoporous MCM-
41 [17,18], SBA-15 [9,19-22], SBA-16 [9] and HMS [3,10,23,24]).
The main advantages of silica mesoporous materials are: larger
surface area (a good dispersion of active particles), thermal and
hydrothermal stability and good mechanical properties [3,25,26].
Next advantage of catalysts anchored on silica support (compared
with Al,03, TiO,, ZrO,, etc.) is that catalysts using silica supports
are more selective to desired products [27-29]. However, they
exhibit relatively low activity and C4-ODH productivity due to high
apparent activation energy of C—H bonds [27,30]. The highest activ-
ities and sufficient selectivity in ODH reaction were attained using
VOy species supported on TiO; (anatase) surface, which allows to
carry out the reaction at lower temperatures [8,11,28,31,32]. Nev-
ertheless, pure TiO, support has also some drawbacks, such as a
relatively low specific surface area, which can be further reduced
by sintering as a consequence of thermal treatments. Low surface
area prevents dispersion of vanadium oxide species, which leads
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to the further decrease in selectivity [3,11,31,32]. These drawbacks
prevent the use of TiO, as conventional support for catalysts. One
possibility how to solve this problem is to prepare a mixed Si-Ti
support which combines suitable properties of both above men-
tioned SiO, and TiO, supports, respectively.

Previous studies showed that coating of silica support with
anatase phase (impregnation or grafting by titanium alkoxide)
as one of the frequent methods for preparing TiO,/SiO, [1,31],
TiO,/MCM-41 [28,32,33] and TiO,/SBA-15 [27,34] support. In this
case it was obtined thermostable support with high specific surface
(silica) and with good catalytic performance (TiO;). These materi-
als were doped by vanadium and obtained materials were studied
in C,-ODH [31,35], C3-ODH [1,27,31] and only in one case in C4-
ODH [11] reaction. The disadvantage of materials prepared in this
way is their complicated synthesis with multiple synthesis and
calcination steps. Moreover, these postsynthetic methods some-
times lead to the blocking of the channels by the formation of bulk
metal oxide clusters[36]. To avoid these problems, several attempts
have been made to incorporate titanium into the silica framework
directly. This problem could be overcome using direct synthesis
method as was published previously for Ti-SBA-15 [37,38], Ti-HMS
[37,39-41], Ti-MCM-41 [33,40,42] and Ti-MCM-48 [43] but accord-
ing to our knowledge these materials were not prepared in titanium
content higher than 9 wt.% [44].

In the present paper we report on one-pot synthesis of Ti-HMS
support with high content of titanium. In this case we obtain hexag-
onal mesoporous silica support with the isomorphously exchanged
titanium oxide species and they serve as an “anchor” for vana-
dium active species. The reason for this behavior is the difference
in the isoelectric point of TiO, (IEP=6-6.4) and SiO, (IEP=1-2)
supports. The acidic vanadium oxide species (IEP=1.4) are pref-
erentially bonded to the more basic TiO, [7]. Moreover, acid/base
properties of Ti species in the support influence the basicity of
the bridging oxygen in sup-O-V (sup=Si, Al, Ti, etc.) and there-
fore their reactivity [6,27]. The part of the surface composed of
silica positively affects selectivity to desired ODH products. We pre-
pared three HMS support with different content of titanium (0, 6
and 19wt.%, respectively). These materials were investigated by
DTA/TG, FT-IR, N,-BET, SEM, XRD and DR UV-vis spectroscopy for
the physico-chemical characterization of the mesoporous support
structure. After impregnation of these matrices by vanadium we
verified preservation of mesoporous structure. We used DR UV-vis
spectroscopy and H,-TPR for investigation of vanadium dispersion
and for the study of catalytic activity we used ODH of n-butane
which is interesting for the industry as well as very suitable model
reaction at the same time [3,11].

2. Experimental
2.1. Catalysts preparation

The hexagonal mesoporous silica (HMS) and hexagonal meso-
porous titanosilica (Ti-HMS), were synthesized under ambient
conditions according to the procedure reported by Tanev and
Pinnavaia [45] with their modification for Ti-HMS. In a typical
preparation, dodecylamine (DDA, Aldrich) as a neutral structure
directing agent was added to the mixture of ethanol and re-distilled
water. After 20min of homogenization tetraethylorthosilicate
(TEOS, Aldrich) was added as silica precursor in the case of HMS
preparation or TEOS and tetraethylorthotitanate (TEOT, Aldrich)
as a titanium precursor was added simultaneously in the case of
Ti-HMS preparation. The reaction mixture was stirred at room tem-
perature for 18 h. The solid product was filtered, washed by ethanol
and calcined in air at 450°C for 20 h (with heating rate 1°C/min)
for the template removal.

The vanadium oxo-species (1.5 wt.% of V) were introduced onto
the support by the wet impregnation method from EtOH solution
of vanadyl acetylacetonate. Impregnated samples were dried at
120°C in air overnight and then calcined at 600°C in air for 8 h
(with heating rate 5°C/min).

The investigated samples were denoted as xTi-HMS, where x is
the titanium content in support in the weight percentage. V-xTi-
HMS is used for materials after impregnation of vanadium.

2.2. Catalysts characterization

The content of titanium was determined by means of ICP-OES
by Integra XL 2 (GBC Dandenog, Australia) for both prepared Ti-
HMS supports. The vanadium content was determined by means of
ED XRF by ElvaX (Elvatech, Ukraine) equipped with Pd anode [46].
Samples were measured against the model samples (a mechani-
cal mixture pure SiO, and NaVOs3) granulated to the same size as
catalysts.

The structure and crystallinity of catalysts were probed by scan-
ning electron microscopy (SEM) using JSM-5500LV microscope
(JEOL, Japan) and by X-ray diffraction (D8-advance diffractometer,
Bruker AXE, Germany) in the 26 range of 2-35° with Cu Ko radiation
(A=1.5406 A).

Specific surface area and texture of investigated samples were
measured by means of nitrogen adsorption/desorption at temper-
ature of liquid nitrogen for verification of mesoporous structure by
using ASAP 2020 equipment (Micromeritics, USA). Prior to adsorp-
tion isotherm measurement, the samples were degassed at 300°C
under turbomolecular pump vacuum for 8 h. The specific surface
area was calculated according to BET method. The mesopore vol-
ume was determined by DFT by using of “N2 @ 77K” model for
cylindrical pores and oxide surface.

Thermal stability of prepared matrix was studied using Jupiter
STA 449C (Netzsch, Germany) thermobalance. Around 40-50 mg of
matrix were heated in corundum TG-DTA-crucibles under a flow
of air at a heating rate of 10°C/min up to 1200°C and the a-Al,03
was used as a reference material.

For verification of successful incorporation of titanium to the
HMS matrix the infrared spectra were collected on Nicolet 6700
FTIR spectrometer equipped with DTGS detector. Samples were
diluted using dry KBr, pressed into pellets and scanned in the range
1400-400 cm~" with a resolution of 2 cm~! (32 scans). The spec-
trum of blank KBr pellet was also measured to allow background
subtraction.

The UV-vis diffuse reflectance spectra of dehydrated diluted
samples were measured by using Cintra 303 spectrometer (GBC
Scientific Equipment, Australia) equipped with a Spectralon-coated
integrating sphere using a Spectralon coated discs as a stan-
dard. The spectra were recorded in the range of the wavelength
190-850 nm. The samples were diluted by the pure silica (Fumed
silica, Aldrich) in the ratio 1:100 for avoid spectra detection limits
overflow and to give better resolution of individual bands. All sam-
ples were granulated and sieved to fraction of size 0.25-0.5 mm,
dehydrated before the spectra measurement and oxidized in the
glass apparatus under static oxygen atmosphere in two steps:
120°C for 30 min and 450°C for 60 min and subsequently cooled
down to 250°C and evacuated for 30 min. After the evacuation the
samples were transferred into the quartz optical cuvette 5 mm thick
and sealed under vacuum. Additional details about diluting and
measuring can be seen in Refs. [47,48]. The obtained reflectance
spectra were transformed into the dependencies of Kubelka-Munk
function F(R«) on the absorption energy hv using the equation:

(1 —Roo)?

F(Roo): 2R

(1)
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Fig. 1. SEM images of mesoporous HMS and Ti-HMS supports.

where R, is the measured diffuse reflectance from a semi-infinite
layer [49].

Hydrogen temperature programmed reduction (H,-TPR) was
used for the study of redox properties and AutoChem 2920
(Micromeritics, USA) was used for the measuring. A 100 mg sam-
ple in a quartz U-tube micro reactor was oxidized in oxygen flow at
450°C (for 2 h). The reduction was carried out from 35°C to 850°C
with a temperature gradient of 10°C/min in flow of reducing gas
(5vol.% H, in Ar). The changes in hydrogen concentration were
monitored by online connected TCD detector.

2.3. Catalytic tests

The n-butane ODH reaction was carried out in a glass plug-
flow fixed-bed reactor at atmospheric pressure in the kinetic
region (independently checked) and under steady state conditions
of reaction. Typically 400 mg of catalyst (grains 0.25-0.50 mm)
was diluted with 3 cm3 inert SiC to avoid the catalytic bed over-
heating. The catalysts were pre-treated in the oxygen flow at
450°C for 2 h before each reaction run. The input feed composi-
tion was C4H109/0/He=10/10/80vol.% - with a total flow rate of
100 cm3 min~! STP. The catalytic activity was measured at 460 °C
under the steady state conditions. The analysis of reaction mixture
composition was made by on-line gas-chromatograph CHROM-5
(Laboratorni pfistroje Praha) equipped with thermal conductivity
detector (TCD) and flame ionization detector (FID). The n-butane
and products of ODH reaction (butadiene, 1-butene, cis-2-butene,
trans-2-butene, propene and propane) were separated using a
packed column with n-octane on ResSil (Restek) at 20°C. The
packed column Porapak Q (Supelco) was used for the analysis of
ethane, ethene and CO,. The molecular sieve 13 X (Supelco) was
used for the separation of permanent gases (O,, CO and traces of
N, ). For details about calculation conversion, selectivity, yield and
productivity please see our previous work [3].

3. Results and discussion
3.1. Characterization of materials

SEM images of prepared supports (Fig. 1) show poorly defined
morphology of every studied sample. Particles exhibit uneven
shapes of sub-micrometer size. Size of particles of Ti-HMS supports
is significantly (approximately three-times) smaller than particles
of pure silica HMS support. Similar observation has been described
by Comite et al. [1] who prepared TiO,/SiO, support by grafting
and they assign this behavior to modification in calcination step.
SEM-EDX mapping of Ti content led to the conclusion that Ti
is spread homogeneously in all parts of support and no TiO,
clusters were detected. Moreover mapping of vanadium content
in the catalysts prepared by impregnation of supports shows that
vanadium is distributed uniformly in all parts of catalysts and no

V,05 clusters and typical orthorhombic needles were observed in
any sample (not shown here).

XRD patterns of supports and catalysts show (see Fig. 2) charac-
teristic broad low-angle diffraction peak at 26 = 2-2.5° attributable
to ad gg diffraction typical for hexagonal lattice structure of meso-
porous materials [40,45]. The value of dy ¢ g spacing slightly changed
for individual support in the range from 3.3 to 3.9nm in cor-
respondence with literature [42,50]. This result corresponds to
the changes in pore size distribution obtained from N, adsorp-
tion/desorption isotherm NLDFT analysis (see inset in Fig. 3). In
addition, very broad peak with low intensity among 15-35° was
detected in the X-ray powder patterns of all samples. This sig-
nal is usually assigned to the presence of amorphous SiO, wall
[51,52]. Similar patterns were reported for hexagonal mesoporous
materialsin literature [10,40-42,50,53]. Absence of diffraction lines
belongs to TiO, (anatase and/or rutile) crystallites or V,05 crystal-
litesin the XRD patterns of all supports and catalysts confirm results
from SEM; titanium is incorporated into HMS framework and do not
form separated crystallites of TiO, and vanadium species are finely
spread on the surface of supports without creation of oxide-like
clusters or separated V, 05 crystallites.

BET specific surface area of parent materials and catalysts are
summarized in Table 1. Sger of parent supports slightly decreases
with increasing content of titanium and ranges from 880m?2g-!
for pure HMS to 800m?2 g~! for 19Ti-HMS and these values are in
a good agreement with data published previously for similar type
of materials with lower content of Ti in matrix [37,40]. Such high
values of specific surface area together with type IV isotherms
with capillary condensation step and H4 hysteresis loop indicate

background B

—HMS (a)

— V-HMS (b)

—6Ti-HMS (c)

——— V-6Ti-HMS (d)
19Ti-HMS (e)

—— V-19Ti-HMS (f)

Intensity, a.u.

Fig. 2. (A) Low-angle diffraction patterns for parent supports and (B) X-ray diffrac-
tion patterns for parent supports and supports after impregnation by vanadium
(XRD patterns were offset for clarity).
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Table 1

Chemical composition and results of physico-chemical characterization of investigated materials.
Sample Ti(matrix)a (Wt%) e (Wt~%) SBET (1‘1‘12 gil) VP b (Cm3 gq ) DME ¢ (nm) Tonset d (OC) Tmax € (:C) Aef Eg g(ev)
HMS 0.00 0.0 880 0.560 2.4-3.1 - - - -
V-HMS 0.00 1.5 650 - - 397 562 2.1 3.73
6Ti-HMS 6.0 0.0 890 0.532 2.6-3.2 - - - 3.78
V-6Ti-HMS 6.0 1.5 690 - - 376 586 2 3.66
19Ti-HMS 12.0 0.0 800 0.495 2.4-3.0 - - - 3.72
V-19Ti-HMS 12.0 1.5 770 - - 376 609 1.6 3.65

@ Titanium resp. vanadium content determined by XRF method (error: +0.2 wt.%).
bV total pore volume determined at p/po =0.97.

¢ Dyve mesopore diameter determined by NLDFT.

d Onset temperature of H,-TPR profile.

¢ Position of maxima of H,-TPR profile.

f Average change of oxidation state during H,-TPR experiment.

¢ Energy of absorption edge determined by Tauc’s method [60].

mesoporous character of solids (Fig. 3). Pore size distribution for
all three matrices exhibits distribution of pore diameter in the
range from 2 to 4nm (see inset in the Fig. 3 and Table 1). Sggr of
catalyst modified by vanadium is significantly lower, as is very
often observed for impregnated catalysts [3,10,28]. Surface area
loss ranges from ca. 25% for V-HMS sample to 44% for V-6Ti-HMS
sample. This surface area loss is attributed in the literature to
partial destruction of the framework [32] or rather by blocking of
pores by oxide nanoclusters (in this case not detectable by XRD)
because our previous works showed systematic surface degree
with increasing vanadium content [3,10,32].

The IR spectra of powder supports and catalysts in KBr pel-
lets before and after reaction are reported in Fig. 4 in the
1300-400cm~! range, where the skeletal vibrational modes
occurs. The bands at 1228, 1091, 963, 798 and 470cm~! per-
ceptible in all spectra are characteristic for the silica network.
The broad feature at 1228 and 1091 cm~! is assigned to inter-
tetrahedral and intra-tetrahedral asymmetric stretch vibrations of
T—O—T, respectively. Bands at 798 and 470cm~"! can be assigned
to symmetric stretching modes of T—O—T vibration and T—0 bend-
ing modes, respectively. Finally, the feature at 950cm~! can be
assigned to two overlapping peaks of v(Si—O—H) and v(Ti—O—Si)
vibration [1,33,44,54]. In any case, no spectral feature of crystalline
TiO, (anatase and/or rutile) with characteristic dominant broad
band at 600-650cm~! [55-57] was detected in the spectra of KBr
pellets of both Ti-HMS supports. This is another indication that tita-
nium is relatively homogeneously incorporated into framework. All
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Fig. 3. Nitrogen adsorption isotherms of bare supports (isotherms were offset for
clarity). Inset: pore size distribution of bare supports determined by DFT method
for cylindrical pores and metal oxide surface.

catalysts after reaction condition treatment have the same spectral
characteristics as the fresh catalysts; no changes in the band inten-
sity or occurrence of new band were detected. Therefore, it can be
concluded that catalysts are stable under reaction conditions.

Thermal stability of supports was investigated by DTA in the
temperature range from ambient temperature to 1200°C (see
Fig. 5). DTA curves of all three supports exhibit weak endothermic
processatabout 130 °C, whichis ascribed to removal of physisorbed
molecules of water and long time drift of baseline caused by dif-
ferent values of thermal heat capacity of samples and «-Al,03
standard referent respectively. No other process was detected for
pure silica HMS support. On the contrary, exothermic processes
are observed above 650°C for Ti-HMS supports (peak maxima are
at 750, 900 and 1040 °C for 19Ti-HMS and at 1050 and 1080°C for
6Ti-HMS). These signals can be assigned to destruction of meso-
porous titanosilicate framework and separation of SiO, and TiO,
phase [55]. Similar behavior was published by Morey et al. [43]
for material Ti-MCM-48 which is stable up to 800°C. On the other
hand some authors reported stability of titanium mesoporous silica
materials even up to 1000°C [58].

DR UV-vis spectra of both supports and vanadium catalysts
under study are presented in Fig. 6. All samples exhibit absorption
bands in the range of photon energies from 3 to 6eV attributed to
ligand to metal charge-transfer (LMCT) transitions of the O — V*V
and/or O — Ti*!V type. HMS support exhibits only very low intensity
spectrum, whereas spectra of Ti-HMS supports exhibit very intense
absorption bands with maxima at 4.29, 4.70 and 5.74eV (289,
264 and 216 nm, respectively), which overlap absorption bands

HMS (a) —— Ti6-HMS (c) Ti19-HMS (e)
—— V-HMS (b) —— V-6Ti-HMS (d) —— V-19Ti-HMS (f)
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Fig. 4. FT-IR spectra of KBr pellets of supports and supports after impregnation by
vanadium (spectra were offset for clarity).
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Fig. 5. Thermal analysis pattern of HMS and Ti-HMS supports (curves were offset
for clarity).

belonging to vanadium species in the spectra of vanadium cata-
lysts. This is in a good agreement with spectra published previously
for mesoporous titanosilicate support [27,37,40]. LMCT transitions
are strongly influenced by the type and number of ligands sur-
rounding the central metal ion in the first coordination sphere and,
therefore, provide information on its local coordination environ-
ment. The absorption edge energy (Eg) of the spectra is usually
employed for this purpose [6,59,60]. The values of E; of all samples
are listed in Table 1. Comparison of our Ti-HMS samples spectra
with spectra of referent materials (TS-1 representing isolated tita-
nium atoms surrounded by SiO4 tetrahedra and rutile representing
bulk Ti—O—Ti network) displayed in the [F(R) hv]? vs. hv coor-
dinates (see inset in Fig. 6) led to conclusion that titanium in our
samplesis predominantly present in the form of isolated TiO4 tetra-
hedra, because values of energy edges of our samples is 3.78 eV and
3.72 eV for 6Ti-HMS and 19Ti-HMS, respectively. These values are
very close to the value of energy edge of TS-1 silicalite (Eg = 3.82 eV)
whereas rutile/anatase exhibits lower energy edge (Eg=3.11¢eV)
[40,61]. Small differences in energy edge value of TS-1 and our
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Fig. 6. Diffuse reflectance UV-vis spectra of diluted and dehydrated supports and
supports after impregnation by vanadium.
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Fig. 7. H,-TPR patterns of V-HMS and V-Ti-HMS samples (curves were offset for
clarity).

materials (lower value of Eg) is probably due to small amount of tita-
nium species coordinated in an octahedral coordination or Ti-O-Ti
clustering in the framework, which are not detected by XRD [40,62].
Presence of vanadium complexes in the sample leads to increase in
intensity of spectra and slight red-shift of energy edges to the lower
value. Energy edges of all vanadium catalysts fall to very narrow
interval from 3.73 to 3.65 eV indicating very similar distribution of
vanadium species. Based on the empirical correlation of these val-
ues with the structure of referent compounds and absorption edge
energies of their UV-vis spectra (sodium ortho-vanadate Na3VOg4
with Eg=3.83 eV and meta-vanadate NaVO3 Eg=3.16eV as com-
pounds containing only isolated monomeric tetrahedral units and
linearly polymerized tetrahedral units [47]) can be concluded that
all vanadium species in our investigated catalysts are in tetrahedral
coordination (no spectral signals under 3.16 eV). Unfortunately, we
cannot determine the amount of monomeric and polymeric species,
as was published previously [3,10]. Determination prevents over-
lapping absorption bands belonging to vanadium species by the
intensive bands belonging to titanium. On the other hand we can
say that most of the species are in isolated or low-polymeric form.

H,-TPR curves of VOyx catalysts are depicted in Fig. 7 and values
of onset temperature and temperature of reduction peak maxima
are summarized in Table 1. It should be noted that parent supports
exhibited no reduction peaks and therefore they are not reported
here for the sake of brevity. TPR curves of all samples exhibit
only one reduction peak in the temperature range from 400 to
800°C. The overall hydrogen consumption corresponds to change
of oxidation state during the reduction. The change of oxidation
state varies from 1.6 to 2.1 of electrons per vanadium atom (see
Table 1) indicating reduction from V*V to V*II! or in some case par-
tially only to V*V, Maximum of the reduction peak shifts to higher
temperature with increasing titanium content. V-HMS catalysts
exhibit reduction peak with maximum at 562 °C, whereas maxima
ofreduction peaks of V-Ti-HMS catalysts are at 586 and 609 °C for V-
6Ti-HMS and V-19Ti-HMS, respectively. In addition, the reduction
peak becomes broader with increasing titanium content. However,
itis contrary to investigation of redox behavior of vanadium species
on pure titanium oxide or pure silica support reported in the lit-
erature. Most authors present that vanadium complexes on TiO,
are more reducible (reduction of vanadium on the TiO, proceed at
a temperature about 100°C lower) than vanadium on silica sup-
port [63,64]. But we can see this behavior only at V-titanosilicates
where the support is prepared by impregnation of pure silica by
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Table 2

Results of catalytic tests for bare supports and support with impregnated vanadium at 460 °C (mca =400 mg, C4H;0/02/He =10/10/80 vol.%, total flow rate of 100 cm?® min—1).

Sample Conv. (%) Selectivity Yield (%) Productivity®
C4Hyo 1-Cy c-C4 t-Cy 1,3-C4 C1-Cs? COy Zc4 b Zc4 Zc4
HMS 1 10 6 2 18 25 39 36 0.4 0.01
V-HMS 4 17 7 3 19 8 45 46 2.3 0.08
6Ti-HMS 5 8 7 10 4 4 67 28 1.5 0.06
V-6Ti-HMS 14 8 7 3 20 2 61 37 5.0 0.18
19Ti-HMS 6 10 9 13 5 4 59 37 2.1 0.08
V-19Ti-HMS 17 9 8 4 23 2 53 44 7.7 0.28

3 Sum of C;-C3 hydrocarbons and acetaldehyde.
b Sum of C4 alkene selectivity, yield or productivity, resp.
¢ Eprod geat Th7L.

titanium [28]. Reiche et al.[64] who investigated V-titaniumsilicate
aerogels prepared by direct synthesis and impregnated by vana-
dium showed the same results as in our work and this observation
proves successful synthesis of titanosilicate with Ti—O—Si bonds.
However, we must take into account that redox behavior of sup-
ported vanadium species is very complex problem and can be
affected by structural changes during heating of the sample, nature
of vanadia complex (monomer/polymer/oxide) or nature of sup-
port and interaction of vanadia with support [3,65,66]. In addition,
we must take into account that only part of vanadia species is prob-
ably coordinated to surface in close vicinity of titanium. Shift of
TPR onset to lower temperature with increasing titanium content
clearly indicates interaction of vanadium complexes with titanium
(see Table 1).

3.2. Catalytic tests of n-butane ODH

Oxidative dehydrogenation of n-butane over investigated sam-
ples was studied at 460 °C. Main results for both prepared supports
and vanadium impregnated catalysts are presented in Fig. 8 and
Table 2. The main reaction products identified in the reaction
mixture were: 1-butene (1-Cy4), cis- and trans-2-butene (c-C4 and
t-C4), 1,3-butadiene (1,3-C4), methane (C;), ethane and ethene
(Cy), propane and propene (C3), carbon oxides (COx) and traces of
acetaldehyde. The carbon balance was 98 + 3% in all catalytic tests
and no coke deposit was observed on the catalysts. The activity of
catalysts only slightly depended on the time-on-stream (TOS) and
changes in conversion degree were less than 1% during 10 h.

All prepared supports exhibited measurable activity in the acti-
vation of n-butane. The catalytic activity of both titanosilicate
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Fig. 8. The conversion (full red circle and line), hypothetic conversion (hollow red
circle point) and selectivity (stacked bar) of bare supports and support with impreg-
nated vanadium in ODH of n-butane at 460 °C. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)

matrices was significantly higher when compared to the pure silica
material, and ca. 5% conversion degree of n-butane was obtained
over these materials. The ability of titanosilicate matrix to acti-
vate alkanes was also reported in ODH of propane by TS-1 catalyst
[67]. Because the activity of supports cannot be neglected, it must
be taken into account in the evaluation of the activity of pre-
pared vanadium based catalyst. The catalytic activity of obtained
vanadium impregnated materials was higher for all catalysts than
activity of pure support material. The highest change of catalytic
activity was obtained for sample of V-19Ti-HMS for which the n-
butane conversion increased from 6 to 17% after VOx impregnation.

The degree of n-butane conversion obtained over our samples
did not exceed 20%, hence it can be assumed that the value of con-
version is at first approximation proportional to the reaction rate.
The summation of conversion values obtained on the Ti-HMS and
V-HMS materials can be under this assumption taken as a pro-
portional to hypothetic reaction rate occurring on the system of
two independent active sites. These sum of conversion values on
Ti-HMS and V-HMS material (in Fig. 8 presented as hollow red
circle point) are for both V-Ti-HMS materials lower than exper-
imentally obtained values of conversion of n-butane. Therefore,
some synergy effect can be observed. The V/TiO, based cata-
lysts are reported [11,27,31,32,68] as materials with significantly
higher activity in partial oxidation or oxidative dehydrogenation
of alkanes in comparison to V/SiO, based materials. Hence, the
observed enhancement of catalytic activity over the mesoporous
titanosilicate supported vanadium oxide catalysts is an evidence of
the interaction of vanadium atoms with titanium oxide species on
the surface of these materials.

The selectivity to sum of C4-ODH products obtained over pre-
pared samples of catalysts was below 50% and highest selectivity
to these products (46%) was obtained over the sample V-HMS.
Selectivity to C4-ODH products was in all cases lower over pure
matrices and the impregnation of vanadium increased the selec-
tivity to ODH products and decreased the selectivity to products
of n-butane cracking. The presence of titanium in catalysts slightly
decreased the selectivity to C4-ODH products, but the lowering of
this value does not exceed 10% for the sample V-6Ti-HMS. It can
be seen that V-19Ti-HMS sample exhibited comparable selectiv-
ity to C4-ODH products (44%) comparable to selectivity which was
achieved on the sample V-HMS.

To the best of our knowledge, the only reported results on
C4-ODH over VOx-titanosilicate catalysts were presented by San-
tacesaria et al. [11] who also published only small changes in
selectivity to C4-ODH products over VOx-TiO,/SiO, based cata-
lyst in comparison to the VOx/SiO, samples. The comparison of
our results with data from this paper also clearly shows signifi-
cant differences in distribution of individual C4-ODH products. The
1,3-butadiene was the most abundant product in our C4-ODH prod-
ucts over all vanadium containing catalysts with the selectivity ca.
20% and similar high selectivity to 1,3-butadiene was published
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Fig. 9. Productivity to C4 dehydrogenation products in n-butane ODH over V-HMS
and V-Ti-HMS catalysts.

previously [3] over the other set of V-HMS materials, whereas the
Santacesaria et al. [11] published nearly equimolar selectivity to 1-
Cy4, t-2-C4 and c-2-C4 with only a small amount of 1,3-C4 (less than
12%) for catalysts with similar vanadium concentration. Moreover
the similar distribution of C4~-ODH products which was obtained in
mentioned paper was obtained also over both of our Ti-HMS sup-
ports. Differences in the selectivity to C4~ODH products between
catalysts cannot be ascribed to one simple effect, but more likely
to the superposition of two effects. The significantly lower con-
tact times were used in mentioned article, which is also indicated
by the lower reported conversion values (less than 10%) compared
to conversion values reached over our VOy catalysts. It could be
one effect which suppresses the occurrence of subsequent ODH
reactions which can be a source of 1,3-butadiene. Nevertheless,
solely this effect cannot explain the difference between the 1,3-C4
selectivity over our Ti-HMS supports and VOx-Ti-HMS catalysts.
The higher selectivity to 1,3-butadiene over our VOx containing
catalysts in comparison to the Ti-HMS support materials is hence
most likely caused by one-step subsequent ODH reaction of butenes
occurring without the desorption to the gas phase, facilitated by the
more acidic nature of VOy active sites which prolongs the time of
alkene retention on the surface as it was recently suggested [7,69]
The productivity of C4-ODH products over prepared vanadium
containing catalysts is presented in Fig. 9. It can be clearly seen that
productivity to desired C4-ODH products increases with increas-
ing amount of titanium mesoporous support. When we compare
the results obtained for vanadium catalysts impregnated on Ti-
HMS support with our recently published data [3] it is evident
that the presence of titanium in the mesoporous HMS matrix has
significant promoting effect to the catalytic activity of V-Ti-HMS
materials. The activity of V-19Ti-HMS catalyst at 460 °C is compa-
rable with the activity of previously reported material I-VHMS-2.1
at 540°C retaining the selectivity to C4-ODH products, except for
slightly higher selectivity to 1,3-butadiene. The improvement of
activity of VOyx catalyst impregnated on mesoporous titanosilicate
support hence offers the possibility to carry the reaction at lower
temperature or to use catalysts with lower loading of vanadium.

4. Conclusion

Here presented results indicate successful one-pot synthesis
of mesoporous titanosilicate with high titanium content (up to
19 wt.%) isomorphously incorporated into framework. No method
of characterization detected signals attributable to bulk TiO, phase
either for neither fresh materials nor catalysts after reaction con-
ditions (460°C for at least 10h). These materials seem to be

promising supports for vanadium oxide-based catalysts allowing
their good dispersion. Advanced properties of these materials were
demonstrated in C4-ODH reaction. Productivity to desired C4~-ODH
products was four times higher for titanosilicate materials com-
pared with silica-based V-HMS materials and reached value up to
280¢g of C4 alkenes per 1 kg of catalyst per hour.
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