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ABSTRACT

Time-resolved in situ UV/Vis spectroscopy has been successfully applied for analyzing the reduction
degree of highly dispersed VO, (0.4-1.1 V/nm?) species over Ti-Si-MCM-41 (Ti/Si = 0-1.5) materials in
the oxidative dehydrogenation of propane (ODP) as well as for deriving the kinetic parameters of reduc-
tion (with C3Hg) and reoxidation (with O, and N,O) of these species. This quantitative kinetic study
enabled to recognize at least two types of differently reducible VO, species in the samples with titanium.
Three effects of titanium on redox properties of VO, species were identified: (i) the constant of reduction
of oxidized VO, species by CsHg increases, (ii) the constant of oxidation of reduced VO, species by O,
decreases; and (iii) the constant of oxidation of reduced VO, species by N,O increases. These effects
are highly relevant for the ODP performance. The intrinsic ODP activity increases linearly with an
increase in the constant of reduction of oxidized VO, species. Propene selectivity is determined by the
ratio of the constants of reduction and reoxidation of VOy species; the higher the ratio, the higher the
selectivity. This ratio can be tuned by the oxidizing agent (O, vs. N,O) and by the Ti/Si ratio.

Titanium

Propane

Propene

oDP

N,O

Reaction mechanism

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Monitoring the events taking place over catalytic materials un-
der real reaction conditions is crucial for elucidating the reaction
mechanisms, and for establishing the relationships between cata-
lytic performance (reactivity/selectivity) and physico-chemical
properties of the catalysts. This knowledge is of great importance
for the rational design of new or improved catalytic materials.
UV/Vis spectroscopy nowadays is one of a very few methods for
characterizing heterogeneous catalysts under their working condi-
tions [1-8]. When combining it with mass-spectroscopic and/or
gas-chromatographic analysis, the state of catalytic materials, their
activity, and selectivity can be simultaneously determined in one
reactor system [9]. As a result, problems arising from differences
in reaction conditions and cell designs are avoided. Therefore, a di-
rect link between the physico-chemical and catalytic properties
can be established.

UV/Vis spectroscopy in different modifications has been applied
to investigate the extent of reduction of VO, species under different
reaction conditions [5,7,10-12]. To our best knowledge, only a cou-
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ple of studies has been aimed to analyze the kinetics of reduction
and reoxidation of active surface species by in situ UV/Vis spectros-
copy. The kinetics of reduction of CrO; by CO has been investigated
in [13]. Kinetic parameters of reduction of VO,/MCM-41 by hydro-
gen have been determined in [14]. Argyle et al. [15] have moni-
tored the dynamics of reduction of VO, species over Al,0; with
propane from transient analysis of UV/Vis spectra in the near-edge
region. In situ UV/Vis spectroscopic study in the range of d-d tran-
sitions of reduced VO, species enabled to determine redox kinetics
of VO, species in VO,/TiO, catalysts used in oxidative scission of
butane to acetic acid [16]. Two different processes, a fast one and
a slow one, have been identified and attributed to reduction/reox-
idation of VO, species on the outer surface and in the subsurface
layers. Very recently, UV/Vis spectroscopy was combined with
in situ X-ray absorption near-edge spectroscopy (XANES) to deter-
mine the temporal evolution of coverage by hydroperoxo species
over gold/titanosilicalite catalysts in the propane oxidation with
H, and in the propylene epoxidation [17,18]. Moreover, these
authors have demonstrated that the reaction rates determined by
XANES were close to the turnover rates measured in a catalytic
flow reactor, indicating that the hydroperoxo species were true
intermediates in these reactions. In our previous study [11], we
have qualitatively demonstrated that the reduction of VO, species


mailto:evgenii.kondratenko@catalysis.de
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat

0. Ovsitser et al./Journal of Catalysis 265 (2009) 8-18 9

over MCM-41 with CsHg is slower than their reoxidation with O,
by performing C3Hg and O, switch experiments with simultaneous
in situ UV/Vis analysis at 773 K.

The present contribution reports on the kinetics of reduction
and reoxidation of VO, species by C3Hg and O,(N,0), respectively,
as derived from quantitative evaluation of time-resolved UV/Vis
measurements in the range of d-d transitions of reduced VO, spe-
cies. In order to evaluate the sensitivity of this approach to the ef-
fect of the support on the redox properties of highly dispersed
surface VO, species, VO,(3.7 wt.%)/(Ti-Si)O, materials with differ-
ent titanium loadings were prepared and applied for the oxidative
dehydrogenation of propane (ODP). The catalysts were chosen con-
sidering the following knowledge. V,05/TiO,/SiO, materials dem-
onstrate excellent catalytic performance in selective catalytic
reduction [19], selective oxidation of ortho-xylene [20], ethanol
[21] and propane oxidative dehydrogenation [22]. Whereas V,0s/
TiO, is known as a very active, but not selective catalyst [23], the
use of titania-silica supports, in which titanium oxide is highly dis-
persed and strongly interacting with the silica support, results in
different catalytic characteristics compared to that of pure titania
in the oxidative dehydrogenation of ethane [24]. Higher selectivity
and activity to ethylene were observed over V,05/TiO,/SiO, than
over V,05/Si0,. According to our previous work [11], time-resolved
UV/Vis spectroscopic measurements were carried out in a fixed
bed continuous flow reactor under real catalytic conditions called
“operando” [1,25] using an in-house developed reactor system
(Fig. 1) combined with on-line mass-spectroscopic and gas-chro-
matographic analysis. In order to avoid any misinterpretation of
UV/Vis measurements, particular attention was paid to control
C3Hs, and 02/N,0 conversion as well as reaction temperature in-
side the catalyst bed. The obtained results helped to understand
the factors governing the superior performance of N,O compared
to that of O, in the selective oxidation of propane to propene over
vanadia-based catalysts [11,26,27].
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Fig. 1. Schematic representation of an in-house developed set-up for simultaneous
catalytic testing and catalyst characterization by in situ UV/Vis spectroscopy.

2. Experimental
2.1. Preparation of catalytic materials

A series of VO,/(Ti-Si)O, materials with a total vanadium load-
ing of ca. 3.7 wt.% and a Ti/Si ratio varying from 0 to 1.5 was pre-
pared. The mesoporous support materials were prepared
according to [14,27,28]. The vanadium-containing catalysts were
synthesized by impregnating the support with pre-defined
amounts of vanadyl acetyl acetate dissolved in toluene followed
by sample flushing in toluene. This preparation method leads to
highly dispersed surface VO, species. The resulting catalyst precur-
sor was subsequently subjected to drying at 400 K for 12 h and cal-
cination in air at 823K for 12 h in a muffle furnace. The total
amount of vanadium and titanium was determined after the calci-
nation. Along the manuscript, the catalysts are denoted by their
titanium to silicon ratio in the support; e.g. VO,(3.7 wt.%)/
(Ti-Si)O, (Ti/Si = 1.5) will be referred to as V-TiSi-15 (Table 1).

2.2. Catalyst characterization

Nitrogen physisorption at 77 K was employed to obtain specific
surface areas of the unloaded supports and the catalysts using sin-
gle-point BET procedure (Gemini Il 2375, Micromeritics).

Inductively coupled plasma (ICP) measurements were used to
determine the concentration of vanadium, titanium, and silicon
in the catalysts after calcination at 823 K.

X-ray diffraction (XRD) was carried out using a STADIP transmis-
sion powder diffractometer (Stoe) with CuK; radiation.

EPR measurements of hydrated VO,(3.7 wt.%)/(Ti-Si)O, (Ti/Si=
0-1.5) samples were performed at 77 K by using a c.w. spectrom-
eter ELEXSYS 500-10/12 (Brucker) in X-band. The magnetic field
was measured with respect to the standard 2,2-diphenyl-1-
picrylhydrazyl hydrate.

H,-TPR (temperature-programmed reduction) tests were carried
out by heating the sample (100 mg) with a heating rate of 20 K/
min up to 1073 Kin a flow of 10 vol.% H; in Ar with a total flow rate
of 50 cmZ;, min~'. The H, consumption was determined using a
thermal conductivity detector. Water formed or desorbed during
the TPR measurements was removed by molecular sieve 4 A before
the flow entered the detector. The hydrogen concentration was cal-
ibrated by argon pulses continuously introduced into the gas flow
during sample heating.

Laser Raman spectra of powder samples (10-20 mg) were col-
lected using a Kaiser Optical Systems RXN spectrometer with exci-
tation at 785 nm. They were recorded at room temperature after
dehydration of catalytic materials at 723 K in flowing oxygen
(02/He = 20/80) in an environmental cell (Linkam, model T1600).

In situ UV/Vis experiments were performed under steady-state
and transient conditions using an AVASPEC fiber optical spectrom-
eter (Avantes) equipped with a DH-2000 deuterium-halogen light
source and a CCD array detector. BaSO4 was used as a white refer-

Table 1
Surface and bulk properties for unloaded (Ti-Si)O, supports and VO,/(Ti-Si)O,
materials.

Sample V (wt.%) Ti/Si Sger (m? g~ 1) V surface density (V/nm?)
TiSi-0 - 0 1011 -

V-TiSi-0 2.7 0 871 0.37

TiSi-1 0.12 769 -

V-TiSi-1 3.5 0.12 703 0.59

TiSi-6 0.64 746 -

V-TiSi-6 3.9 0.64 698 0.66

Ti-Si-15 1.5 621 -

V-TiSi-15 3.8 1.5 413 1.1
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ence material. A high-temperature reflection UV/Vis probe consist-
ing of 6 radiating optical fibers and 1 reading one was located in-
side the furnace perpendicular to the reactor (Fig. 1). In contrast
to the usually used stainless steel spectroscopic reactors with spec-
troscopic quartz windows [1,13], our whole reactor was made of
pure spectroscopic quartz. Another advantage of this reactor sys-
tem is that the possible blind activity of the reactor is nearly com-
pletely suppressed. Moreover, reaction temperature within the
fixed bed of catalyst particles was controlled by an axially movable
thermocouple located inside a capillary made of quartz. The reflec-
tion UV/Vis probe was connected to the spectrometer and the light
source by fiber optical cables consisting of a core of pure silica
(diameter 0.4 mm) coated with polyimide. The spectra were con-
verted into the Kubelka-Munk function F(R). It is important to
emphasize that the position of the UV/Vis fiber, the total flow,
the reaction temperature, and the overall pressure were not chan-
ged upon switching between various reaction feeds. Therefore, the
observed changes in the UV/Vis spectra relate exclusively to the
change(s) of the catalyst under different reaction conditions.

In steady-state UV/Vis experiments, UV/Vis spectra were recorded
in the range of 200-800 nm under different reactive flows (C3Hg/
0,/Ne = 40/20/40, and C3Hg/N,0/Ne = 40/40/20) at 773 K. Steady-
state UV/Vis spectra were recorded 10 min after switching to the
respective flow.

In transient UV/Vis experiments, UV/Vis spectra (from 200 to
800 nm) and the Kubelka-Munk function at 700 nm (d-d-transi-
tions of reduced V-species) were recorded every 5 s under different
reaction conditions (CsHg/Ne =40/60, H,/N, = 5/95, N,O/Ne = 40/
60 and O,/Ne=20/80). The temporal changes in the Kubelka-
Munk function at 700 nm are related to the kinetics of reduction
of oxidized VO, species and reoxidation of reduced VO, species
upon feeding reducing and oxidizing flows, respectively. It is ac-
cepted that the Kubelka-Munk function of weakly absorbing sam-
ples is linearly related to the absorbance and, thus, to the number
of absorbing species when it is smaller than 0.5 [29]. This condition
is fulfilled for F(R) values at 700 nm used for the kinetic evaluation
in this work.

In both modes, UV/Vis spectra were taken at 773 K by passing
reactive mixtures through the catalyst bed. The total gas flow
was kept at 40 cm2;, min~". Catalyst particles of 0.1-0.2 mm were
used for these investigations. All these experimental conditions
including the quartz-made reactor were very similar to those in
standard catalytic continuous flow tests. The catalyst was sand-
wiched between the two layers of quartz particles (0.25-
0.35 mm) to fix the catalyst, to pre-heat the reaction feed, and to
minimize the dead volume of the reactor in the hot zone. In order
to keep the conversion of propane and oxidant (O,/N,0) below 10%
and 20% under the ODP conditions, and to ensure isothermal oper-
ation, catalyst particles (3-5 mg) were diluted with quartz parti-
cles. Undiluted catalysts (20-30 mg) were used to study the
kinetics of reduction and oxidation of oxidized and reduced VO,
species under CzHg(Hy) and O,(N,0) feeds, respectively. The gas
composition at the reactor outlet during the in situ UV/Vis exper-
iments was controlled by on-line mass spectrometry (Balzer Omni-
star). The propane and oxidant (O,, N,0) conversion was calculated
from the inlet and outlet concentrations of these components.

2.3. Steady-state continuous flow catalytic tests

The oxidative dehydrogenation of propane (ODP) was investi-
gated in a U-shaped fixed-bed quartz reactor (i.d. 5 mm) at 1 bar
and 773 K using C3Hg/N,O/Ne =40/40/20 and C3Hg/O,/Ne =40/
20/40 reaction feeds. The reactor was immersed into a fluidized
bed of quartz sand to provide isothermal operating conditions. A
movable thermocouple inside the reactor was used to control tem-
perature inside the catalyst bed. In order to determine product

selectivity at different degrees of propane conversion, the total
flow rate and the catalyst amount were varied from 20 to
240 cmi;, min~', and from 0.003 to 0.2 g, respectively. The product
mixture was analyzed using on-line GC (HP 5890-II) equipped with
Porapak Q and Molecular sieve 5 columns. The conversion of feed
components, selectivity and yield of reaction products were calcu-
lated from the inlet and outlet concentrations considering the
changes of reaction volume during the ODP reaction. In order to
determine the overall rate of propane consumption, the propane
conversion was kept below 2%, i.e. the catalytic reactor can be con-
sidered as a differential one, and any influence of reaction products
on the rates measured is minimized. The degree of O, and N,0 con-
version under these conditions was always below 10%. The overall
rate was used to calculate the turnover frequencies (TOF) accord-
ing to Eq. (1). The TOF values represent the number of propane
molecules converted over one V atom per second. Since the results
of catalyst characterization in Section 3.1 suggest the presence of
only highly dispersed VO, species (no three-dimensional VO,
aggregates), it is reasonable to assume that all VO, species are ex-
posed to the reaction feed and are active for C3Hg oxidation.

TOF = GHe 1)
ny
where rc,y, is the rate of propane conversion (number of propane
moles converted per gram of catalyst per second), and ny is the
number of moles of vanadium per gram of catalyst (mol(V)/g).
Catalytic activity and product selectivity changed during first
0.5-1.5 h on stream. After this time, a steady-state operation was
achieved. Therefore, the concentration of reaction products and
feed components after 1.5-2 h on stream was taken for calculation
of reaction rates, conversion, and selectivity.

3. Results and discussion

The following section describes the results of physico-chemical
characterization of the VO,/(Ti-Si)O, catalytic materials. The cata-
lytic performance of these materials in the ODP reaction in the
presence of O, and N,O is subsequently presented. Hereafter, the
kinetics of reduction and oxidation of VO, species is described from
the results of time-resolved in situ UV/Vis analysis under reducing
(C3Hg/Ne = 40/60 and H,/N; = 5/95) and oxidizing (N,O/Ne = 40/60
and O,/Ne = 20/80) conditions. Finally, the results derived are dis-
cussed together to explain the effect of Ti and N,O on the ODP per-
formance of VO,/(Ti-Si)O, catalysts.

3.1. Influence of titanium on surface and bulk properties of
VO/(Ti-Si)05

Table 1 summarizes apparent surface densities of vanadium,
chemical composition (from ICP analysis), and specific surface
areas (Sger) of pure supports, and VO,/(Ti-Si)0O, materials. The
surface areas of the supports decreased from ca. 1000 to ca.
600 m? g~! upon increasing the ratio of Ti/Si from 0 to 1.5. Addi-
tionally, the BET values of the catalysts are further reduced by ca.
7-30% after impregnation of the supports with VO, species (Table
1). The decrease in the surface areas of the vanadium-impregnated
samples is due to the plugging of pores. The strongest negative ef-
fect of impregnation on the BET surface was observed for the V-
TiSi-15 sample. This may be due to the fact that the unloaded
TiSi-15 support had the lowest BET surface area among the other
unloaded supports. Using these BET values and vanadium loading,
apparent surface densities of vanadium (V/nm?) were calculated
and are in the range of 0.4-1.1 V/nm?. Taking into account such
values reported in [30], it can be safely concluded that our catalytic
materials mainly possess VO, species significantly below one vana-
dium monolayer, i.e. 0.04-0.15 vanadium monolayer.
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Independent of Ti loading, the EPR spectra of hydrated VO, spe-
cies in Fig. 2 show the characteristic hyperfine splitting multiplet
of well-isolated octahedrally coordinated V#* species [31]. How-
ever, the hyperfine structure signal of truly isolated VO?* species
in V-TiSi-15 is superimposed by a broad singlet. This points to
the presence of a minor amount of small VO, clusters consisting
of a few V atoms only (by far too small to be detectable by XRD
or Raman spectroscopy) in this material. In summary, we can con-
clude that all the samples irrespective of titanium loading mainly
possess highly dispersed VO?* species.

Laser Raman spectroscopy was applied in order to obtain more
detailed information about the possible presence of XRD-amor-
phous V,05 nanoparticles and the distribution of surface VO, spe-
cies. Since nano-sized V,0s species can be easily detected under
visible excitation [32], the Raman spectra were collected at
785 nm excitation. The Raman spectra of the V-TiSi-1 and V-
TiSi-15 catalysts are compared in Fig. 3. The absence of a sharp Ra-
man band at 990-994 cm~! demonstrates that crystalline V,05
nanoparticles are not present in all the samples. The band at
~1022 cm™! can be associated with dehydrated, highly dispersed
surface O=V(-0-Me-); species [32-34], where Me is Si or Ti. How-
ever, recent theoretical and experimental studies on the Raman
spectra of VO,/SiO, provide an indication that the band at 1000-
1030 cm™! cannot be exclusively assigned to vanadyl species but
can belong to V-0-Si vibrations [35].

In order to investigate the effect of titanium in the support on
the reducibility of surface VO, species, H,-TPR tests were per-
formed. The obtained temperature-programmed profiles of hydro-
gen consumption over the VO,/(Ti-Si)O, materials are presented in
Fig. 4. It should be particularly stressed that no significant H, con-
sumption was observed over the bare supports. Therefore, the TPR
results discussed below are due to the reduction of surface VO,
species. Independent of Ti loading, the H,-TPR profiles over all
the materials are characterized by a maximum of H, consumption
(Tmax) at 803-810 K (Fig. 4). The single T,.x obtained for the V-
TiSi-0 sample represents a single-stage reduction of V°* to V4/v3*
supported over SiO, [36,37]. The H,-TPR profiles over the Ti-con-
taining samples possess an additional shoulder with a maximum
shifted to lower temperatures. This is due to the presence of easily
reducible VO, species, which are probably bound to titanium [38].
Since the results of H,-TPR tests demonstrate that the reducibility

V-TiSi-15

V-TiSi-6

V-TiSi-0

2000 3000 4000 5000
B/G

Fig. 2. EPR spectra of VO,/(Ti-Si)O, catalysts at 77 K.

1022 cm™’

V-TiSi-15

N

V-TiSi-1

T T
400 600 800 1000 1200
Raman shift / cm™

Fig. 3. Raman spectra of V-TiSi-1 and V-TiSi-15 catalysts under dehydrated
conditions with 785 nm excitation wavelengths.

V-TiSi-0
V-TiSi-1
""" V-TiSi-6
V-TiSi-15

2

X(H.)/ a.u.
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T/K

Fig. 4. Temperature-programmed reduction profiles of VO,/(Ti-Si)O, catalysts.

of VO, increases with Ti loading, we suggest that Ti weakens the
strength of V-O bond(s) in the VO, species connected to TiO,.
The TPR pattern of V-TiSi-15 (Fig. 4) also possesses a low-intensity
maximum of H, consumption at ca. 930 K. For the TiSi-15 support,
we observed a maximum of H, consumption at ca. 890 K. There-
fore, this TPR signal suggests the presence of hardly reducible
VO, or TiO, species. Since the ODP reaction was investigated at
773 K, we assume that the latter species do not participate in the
ODP reaction.

3.2. Catalytic performance of VO,/(Ti-Si)O, with O, and N0

Catalytic performance (turnover frequencies and selectivity-
conversion relationship) of VO,/(Ti-Si)O, samples was determined
at 773 K using C3Hg/O,/Ne = 40/20/40 and C3Hg/N,0O/Ne = 40/40/20
reaction feeds. Since the amount of N,O was twice that of O,, both
reaction feeds contained the same amount of oxygen atoms. This
allows the comparison of the influence of oxidizing agents on the
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ODP reaction. For all the materials, C3Hg selectivity decreases with
an increase in C3Hg conversion with both N,0 and O, (Fig. 5), while
CO and CO, selectivity increases (the data are not shown for brev-
ity). This means that propene primarily formed from propane is
consecutively oxidized to carbon oxides. However, it should be
especially highlighted that the decrease in propene selectivity is
significantly influenced by the ratio of Ti/Si in the catalysts, and
by the oxidizing agent. As defined in our previous paper [11], the
slope of the dependence of propene selectivity on propane conver-
sion represents the catalyst activity for consecutive propene oxida-
tion; the lower is the slope, the lower is the activity. The lowest
slope was obtained for the sample without titanium, while the
highest one was determined for the V-TiSi-15 material. Another
important result is that the improving effect of N,O on C3Hg selec-
tivity depends on the Ti/Si ratio. Fig. 5 clearly demonstrates that
C3Hg selectivity over V-TiSi-0 is higher and decreases slower with
increasing CsHg conversion using N,O than O,. The difference in
the C3Hg selectivity between N,O and O, decreases with an in-
crease in the Ti loading. Although Ti increases consecutive CsHg
oxidation with O, and N;O, Ti positively influences the initial
C3Hg selectivity (extrapolated to zero degree of C3Hg conversion),
when O, is used as an oxidizing agent. The highest initial C3Hg
selectivity (ca. 95%) in the O,-containing feed was observed over
the V-TiSi-15 catalyst possessing the highest Ti loading (Fig. 5).
A possible explanation of the Ti effect of the propene selectivity
is given in Section 3.4 taking into account the results of in situ
UV/Vis analysis given in Section 3.3.

V-TiSi-0
100
So
O o o
< 801 ©
T 3
o
@ 60
40 . .
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X(C,H,) /%
V-TiSi-1
100
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. 80
®
T, o)
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X(C,H,) / %

The presence of Ti in the support materials influences also the
turnover frequency (TOF) of propane conversion in the ODP reac-
tion over the VO,/(Ti-Si)O, catalysts. Fig. 6 shows that the TOF val-
ues with O, increase by a factor of ca. 20 upon increasing the Ti/Si
ratio from O to 1.5. When N,O was used as an oxidant, the TOF val-
ues increased only by a factor of ca. 5 (Fig. 6). It should be stressed
at this point that all our samples possess similar vanadium loading
of 3.7 wt.%. Therefore, the increase in the catalytic activity with Ti
loading should be related to the changes in the properties of VO,
species [39], since the unloaded supports are significantly less ac-
tive than the catalysts. The following in situ UV/Vis spectroscopic
analysis is aimed to answer why the presence of Ti in the support
increases the overall catalytic activity and influences the selectiv-
ity-conversion relationship of the ODP reaction.

3.3. In situ UV/Vis analysis of redox behavior of VO, species

In order to prove if possible reduction of TiO, in H, and C3Hg
(10 vol.% Hy in Ar and 40 vol.% CsHg in Ne) at 773 K contributes
to any changes in UV/Vis spectra, we performed UV/Vis tests with
the unloaded support possessing the highest Ti content (TiSi-15).
The absorption in the 600-800 nm range (d-d transitions of re-
duced species) increased upon switching from the oxidative to
the reductive flow and can be related to the reduction of Ti*" to
Ti3*. However, this increase was ca. 300 times lower compared to
that in the vanadium-containing samples. This means that TiO, is
significantly less reducible at 773 K than VO, species. Therefore,
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Fig. 5. Selectivity to propene as a function of propane conversion using C3Hg/O,/Ne = 40/20/40 (®) and C3Hg/N,O/Ne = 40/40/20 (O) mixtures at T=773 K.
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TOF /57!

0 1 2

Ti/Si

Fig. 6. Turnover frequency (TOF) of propane conversion as a function of Ti/Si ratio
in the support. Reaction conditions: T=773 K, C3Hg/0,/Ne = 40/20/40, and C3Hg/
N,0/Ne = 40/40/20.

the changes in UV/Vis spectra discussed below are exclusively due
to the redox properties of VO, species.
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3.3.1. Steady-state oxidation state of VO, species under controlled ODP
conditions

Steady-state UV/Vis measurements were performed at 773 K
under continuous flow conditions (40 cm;, min™") using different
gas mixtures. The experimental set-up used in the present study
allows to take UV/Vis spectra and to simultaneously measure the
degrees of propane and oxidant (O, and N,0) conversion by means
of MS (mass-spectrometry) and GC (gas-chromatographic) analysis
as well as to control the temperature inside the catalyst bed
(Fig. 1). Here we would like to give an example illustrating the
importance of such a control.

In preliminary experiments, in situ UV/Vis spectra of the V-TiSi-
15 catalyst (20 mg) were recorded under C3Hg/O,/Ne =40/20/40
and C3Hg/N,O/Ne = 40/40/20 flows at 773 K. Surprisingly, the UV/
Vis spectrum in the C3Hg/O,/Ne = 40/20/40 feed showed consider-
ably higher Kubelka-Munk values in the range of 600-800 nm
(d-d transitions of reduced VO, species) than that in the C3Hg/
Ne = 40/60 flow. Based on these results, one can expect that the de-
gree of reduction of VO, species under C3Hg/O,/Ne = 40/20/40 is
higher than that under CsHg/Ne = 40/60. Moreover, the Kubelka-
Munk values were lower under C3Hg/N,O/Ne =40/40/20 than in
the C3Hg/O,/Ne =40/20/40 flow. However, when we checked the
temperature inside the catalyst bed during the spectroscopic mea-
surements, we observed a high increase in temperature (up to
850 K) upon catalyst being exposed to the C3Hg/O,/Ne = 40/20/40
feed. This increase is due to the high conversion of propane and
oxygen (~100%) resulting in high heat production, which could
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Fig. 7. In situ UV/Vis spectra of VO,/(Ti-Si)O, (Ti/Si = 0-1.5) catalysts under isothermal reaction conditions at 773 K and controlled degrees of conversion; X(CsHg) < 5%, X(0-),

and X(N,0) < 10%.
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not be effectively removed from the reactor. When the catalyst was
exposed to a C3Hg/N,O/Ne =40/40/20 flow, no temperature in-
crease was observed. Moreover, in contrast to the near to complete
0, conversion, the degree of N,O conversion was lower than 20%. In
summary, the UV/Vis spectrum of V-TiSi-15 in the C3Hg/O,/
Ne = 40/20/40 flow does not represent the oxidation state of VO,
species at 773 K and in the presence of O, but it characterizes the
oxidation state of VO, species at 850 K and very high C3Hg/O, ratio.

In order to avoid such a misinterpretation of the in situ UV/Vis
spectra, we performed the following UV/Vis analysis using a lower
amount of the V-TiSi-15 catalyst diluted additionally with SiO,
particles. This experimental restriction was very essential to keep
the conversion of feed components below 5-10% ensuring near
to constant C3Hg/O, (C3Hg/N,O) ratio along the catalyst bed and
isothermal operation. Fig. 7 compares the UV/Vis spectra of V-
TiSi-0, V-TiSi-1, V-TiSi-6, and V-TiSi-15 in oxidizing (O,/Ne = 20/
80), reducing (C3Hg/Ne =40/60) flows, and in the ODP (C3Hg/O,/
Ne =40/20/40 or C3Hg/N,O/Ne = 40/40/20) feeds at 773 K. For the
V-TiSi-15 catalyst, the UV/Vis spectrum in a Hy/N; =5/95 flow is
additionally shown. It is clearly seen that the UV/Vis spectra in
the H, and C3Hg flows are similar to each other. This important re-
sult proves that the changes observed in the UV/Vis spectra upon
switching from O, to C3Hg or H, are due to the reduction of VO,
species but not due to coke deposition.

No significant differences in the UV/Vis spectra of V-TiSi-0 were
observed during the ODP reaction with O, (C3Hg/O,/Ne = 40/20/40)
and in an O, (03/Ne = 20/80) flow (Fig. 7). This means that the oxi-
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dation state of VO, species in both the cases is close to +5. The high
oxidation state of VO, species in alkane-oxygen mixture had been
previously observed in ethane [10,40] and n-butane oxidation [10].
For the Ti-containing catalysts in our study, the UV/Vis spectrum in
a C3Hg-0, (C3Hg/O,/Ne = 40/20/40) flow differs from that in an O,
(0,/Ne =20/80) flow due to an increase in the Kubelka-Munk func-
tion in the 600-800 nm range. Such a shifting indicates that the
oxidation state of VO, species slightly decreases, i.e. VO, species
over Ti-containing materials are more reduced than over V-TiSi-
0 under the ODP conditions with O,.

Another important result is the absence of significant differ-
ences in the UV/Vis spectra of V-TiSi-15, when the ODP reaction
is performed with O, and N0 indicating similar oxidation state
of VO, species under both the reaction conditions. Contrarily, the
UV/Vis spectra of V-TiSi-0 in the C3Hg/O,/Ne=40/20/40 and
C3Hg/N,O/Ne = 40/40/20 flows differ strongly; the oxidation state
of VO, species is significantly lower in the presence of N,O than
of O,. For the V-TiSi-1 and V-TiSi-6 catalysts, the difference be-
tween UV/Vis spectra in the C3Hg/O,/Ne=40/20/40 and CsHg/
N,O/Ne flows was smaller than for V-TiSi-0, but bigger than for
V-TiSi-15. In other words, the difference in the oxidation state of
VO, species in the ODP reaction with O, and N,O decreases with
an increase in the Ti content in the support. These results together
with the below results on the kinetics of oxidation (by O, and N,0)
and reduction (by C3Hg) of VO, species are discussed in Section 3.4
to explain the effect of titanium on the ODP catalytic performance
in Figs. 5 and 6.
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Fig. 8. Temporal changes in Kubelka-Munk function at 700 nm during reduction of fully oxidized VO, species by C3Hg (C3Hg/Ne = 40/60) at 773 K. Experimental data - not-
filled circles, solid lines - simulated curves according to 1-site model (Eq. (4)). Catalyst was pretreated in O, flow (O,/Ne = 20/80) at 773 K before the reduction.
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3.3.2. Kinetics of reduction and reoxidation of VO, species from time-
resolved in situ UV/Vis analysis

The kinetics of reduction of oxidized VO, species by CsHg (and
H,) was derived from the analysis of temporal changes in the Kub-
elka-Munk function at 700 nm (Fig. 8). The experiments were per-
formed as follows. We always started with fully oxidized samples.
Therefore, the Kubelka—-Munk function in the 600-800 nm range
was zero, i.e. no reduced VO, species. At time zero, we switched
from an O, flow (O,/Ne=20/80) to a C3Hg flow (C3Hg/Ne =40/
60). As a result, the Kubelka-Munk at 700 nm increases from 0
and reaches a constant value of. 0.2-0.6 after 4 min on Cs3Hg
stream. It should be stressed that similar changes were observed,
when H; was used as a reducing agent instead of C3Hg. This impor-
tant result additionally proves that the changes observed in the
Kubelka-Munk function at 700 nm upon switching from O, to
C3Hg are due to the reduction of VO, species but not due to coke
deposition. Propane conversion was <10%, and no temperature in-
crease was detected in the catalyst bed during the course of the
reduction. For quantifying the above-mentioned experiments, the
experimental data were fitted to a simple kinetic model of reduc-
tion of VO, species; the Kubelka-Munk function at 700 nm can
be considered proportional to the concentration of reduced VO,
species. According to this model, propane reacts with an oxidized
VO, species yielding a reduced VO, species:
Kq

C3Hs + VO, (0x) @™ C3Hg + CO, + H,0 + VO, (red) 2)

This mechanistic scheme can be transformed into the following
equation for the formation rate of reduced VO, species:

dC(VO,(red))
dr

where K’ (C3Hs) is a product of the reaction constant (K;(CsHsg)) of
reduction of VO, species by propane and the partial pressure of pro-
pane, and C(VO,(ox)) is the concentration of oxidized VO, species in
UV/Vis beam.

Integrating Eq. (3) results in the following expression for the
time dependence of the concentration of reduced VO, species
assuming mass balance for the reduced and oxidized VO, species:

C(VO,(red)) = C°(VO,(0x)) x (1 — exp~K1(CsHs)xt) (4)

= K} (C3Hg) x C(VO,(0x)) 3)

where C%(VO,(0x)) is the total concentration of oxidized VO, spe-
cies, which participate in the reduction.

Eq. (4) was used for fitting the temporal changes in the Kub-
elka-Munk at 700 nm upon switching from O,- to C3Hg-containing
flows at 773 K. The simulated responses are presented in Fig. 8 as
solid lines. It is obvious that this simple model describes correctly
the experimental data over the V-TiSi-O material. However, the
model fails to describe the experimental data over Ti-containing
materials; the higher is the Ti loading, the worse is the description.
It is important to highlight that this simple kinetic model does not
also describe the kinetics of reduction of VO, species over the Ti-
containing catalysts by H,. Taking into account the results of our
H,-TPR study in Fig. 4, it can be suggested that there are differently
reducible VO, species over Ti-containing materials. This figure
clearly shows that there are at least two types of VO, species over
these catalysts. Therefore, we modified the kinetic model in Eq. (3)
by assuming two differently reducible VO, species. The corre-
sponding rate equation for the formation of reduced VO, species is:
w = K’l (C3H3) X C(VOX(OX])) + K’Z (C3Hg)

x C(VOy(0X,)) (5)

This complex model describes the temporal changes in the Kub-
elka-Munk function over all the Ti-containing catalysts upon
switching from O, to C3Hg (H,). Fig. 9 shows for brevity the compar-
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Fig. 9. Temporal changes in Kubelka-Munk function at 700 nm during reduction of
fully oxidized VO, species by CsHg (C3Hg/Ne =40/60) of V-TiSi-15 at 773 K.
Experimental data - not-filled circles, solid line - simulated curve according to 2-
sites model (Eq. (5)). Catalyst was pretreated in O, flow (O,/Ne =20/80) at 773 K
before the reduction.

ison between the experimental and calculated data over the V-TiSi-
15 catalyst, where the worst description with the one-site model
was achieved (Fig. 8). It is clearly seen that the 2-sites model de-
scribes the experimental results very well. The calculated kinetic
parameters of reduction of VO, species by C3Hg for the Ti-free and
Ti-containing materials are summarized in Table 2. For the Ti-con-
taining catalysts, K’ (CsHs) differs strongly from K’ (C3Hg). More-
over, the K’ (C;3Hs) increases from 0.09 to 0.35 s~1 with increasing
Ti content, while the K’,(C;Hs) does not depend on the Ti loading
and is similar for all the V-TiSi materials. Most probably,
K7 (CsHg) and K5(CsHsg) are representatives for the reduction of
VO, bounded to Ti- and Si-containing species, respectively. This
assumption is supported by the fact that the ratio of C(VO,(0x;))/
(C(VO4(0x1)) + ((VO4(0x3))) in Table 2 increases with an increase
in the Ti loading. This ratio represents a portion of oxidized VO,-
(ox1) species with respect to the total amount of oxidized VO,
species taking part in the reduction. Moreover, we suggest that Ti
weakens the strength of V-0 bond(s) in the VO, species connected
to TiO,; the higher is the Ti content, the stronger is the effect on the
bond strength. This is a possible reason for an increase in the K;
(C3H8) value.

The above fitting procedure was also used to quantitatively de-
scribe the kinetics of oxidation of reduced VO, species by O, and
N>O. Similar to the reduction of VO, species, one (Eq. (6)) and

Table 2
Kinetic parameters of reduction of fully oxidized VO, species by CsHg (C3Hg/Ne = 40/
60) determined by in situ UV/Vis spectroscopy at 773 K.

Sample C(VOx(0x1))/ K’ (CsHg) C(VOx(0x3))/ K5(C3Hs)
C(VO,(0x))* (s C(VOL(0x))* (s™)
V-TiSi-0 1.0 0.017
V-TiSi-1 0.44 0.09 0.56 0.012
V-TiSi-6 0.72 0.14 0.28 0.012
V-TiSi-15 0.65 0.35 035 0.017

? The fitting parameters were K’ (C3Hsg), K5 (C3Hg), C(VO,(0x4)), and C(VO,(0X2)).
The ratios of C(VO,(0x;))/C(VOx(0x)) and C(VO,(0X;))/C(VO,(0x)) were calculated
taking into account that C(VO,(0x)) = C(VOx(0X1)) + C(VO4(0X5)).
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Fig. 10. Temporal changes in Kubelka-Munk function at 700 nm during oxidation of reduced VO, species by O, (0,/Ne =20/80) and N,0 (N,O/Ne = 40/60) of V-TiSi-15
catalyst at 773 K. Experimental data - not-filled symbols, solid line - simulated curve according to 2-sites model (Eq. (7)). Catalyst was pre-reduced in a CsHg/Ne = 40/60 flow

for 20 min at 773 K before the oxidation.

two (Eq. (7)) types of reduced VO, species were assumed for Ti-free
and Ti-containing materials, respectively.

dC(VOy(0x))

qr = Kiox x C(VOy(redy)) (6)
% — K,0% x C(VOx(red,)) + K,0% x C(VOx(redy))  (7)

where Kjox is a product of the reaction constant of oxidation and
the partial pressure of oxidant (O, or N,O).

Fig. 10 compares the experimental data of catalyst reoxidation
by O, and N,O and the calculated ones over the V-TiSi-15 catalyst.
It is clearly seen that the 2-sites model describes the experimental
results well. The simulated kinetic parameters of oxidation of re-
duced VO, species are summarized in Table 3 (oxidation by O,)
and Table 4 (oxidation by N,O). For all the catalysts, oxygen reox-
idizes reduced VO species faster than N,O. However, the K/ (0>)
decreases, while the K} (N,0) increases with an increase in the Ti
loading. The difference between O, and N,O in the C(VO,(red;))/
C(VO,(red)) and C(VOy(red,))/C(VO,(red)) ratios may be due to
the different mechanisms of reoxidation of reduced VO, species
by O, and N,O0 as reported in [41]. Moreover, the kinetics of cata-
lyst reoxidation is very fast. Unfortunately, the applied UV/Vis
spectrometer does not provide high enough time resolution for
definitive discrimination between different reduced VO, species
under our experimental conditions.

In summary, the results of the above kinetic analysis enabled to
define the following three effects of increasing Ti loading on the re-
dox properties of surface VO, species: (i) the constant of reduction
of oxidized VO, species increases significantly; (ii) the constant of

Table 3
Kinetic parameters of reoxidation of reduced VO, species by O, (0,/Ne =20/80)
determined by in situ UV/Vis spectroscopy at 773 K.

sample C(VO,(red,)/ K} (02) VO, red,))/ K3 (02)
(VO (red))” (s C(VO,(red))’ )

V-TiSi-0 1.0 0.70

V-TiSi-1 0.97 0.45 0.03 0.01

V-TiSi-6 0.93 0.42 0.07 0.01

V-TiSi-15 0.96 0.23 0.04 0.01

2 The fitting parameters were K (05), K5(02), C(VOx(red;)), and C(VO,(red,)). The
ratios of C(VO,(red;))/C(VO4(red)) and C(VO,(red,))/C(VO4(red)) were calculated
taking into account that C(VOy(red)) = C(VOy(red;)) + C(VO4(red,)).

Table 4
Kinetic parameters of reoxidation of reduced VO, species by N,O (N,O/Ne = 40/60)
determined by in situ UV/Vis spectroscopy at 773 K.

Sample C(VO(redy))/ K7 (N20) C(VO(redy))/ K5(N20)
C(VO,(red))? (s C(VO(red))? (s™")

V-TiSi-0 1.0 0.019

V-TiSi-1 0.91 0.025 0.09 0.001

V-TiSi-6 0.82 0.039 0.18 0.013

V-TiSi-15 0.85 0.035 0.15 0.003

? The fitting parameters were K} (N,0), K5(N;0), C(VOx(red,)), and C(VO,(reds)).
The ratios of C(VO,(red;))/C(VO(red)) and C(VO,(red,))/C(VO4(red)) were calculated
taking into account that C(VO,(red)) = C(VO,(red;)) + C(VO(red,)).

oxidation of reduced VO, species by O, decreases; and (iii) the con-
stant of oxidation of reduced VO, species by N,O increases.

3.4. Correlation of catalytic and spectroscopic data

The results of catalyst characterization and ODP tests as well as
the kinetics of reduction and oxidation of highly dispersed VO, spe-
cies are discussed to explain the influence of Ti on the ODP reaction
over VO,(3.7 wt.%)/(Ti-Si)0,. It should be stressed that the kinetic
analysis was performed under controlled reaction conditions,
which were very similar to those of our steady-state ODP tests.
Therefore, a direct correlation between the catalytic (steady-state
ODP activity) and kinetic parameters (obtained from time-resolved
UV/Vis analysis) is possible. Two important effects of Ti should be
especially mentioned: (i) the ODP activity increases with an in-
crease in Ti loading using O, and N,O (Fig. 6), and (ii) the difference
in the propene selectivity between O,- and N,0O-containing feeds
decreases, when Ti loading increases (Fig. 5). It is known from
[42] that Ti influences the acid-base properties of catalytic materi-
als as well, and therefore may influence the catalytic performance.
However, the activity of V-loaded samples in the ODP reaction was
significantly higher compared to that of unloaded (Ti-Si)O, sup-
ports. Moreover, in the present contribution we discovered the dif-
ferences in the catalytic performance of O, and N,O in the ODP
reaction (Fig. 5). These differences are influenced by Ti content in
the supports. Since O, and N,0 do not change the acidic properties
of the support, but influence the catalytic performance, we suggest
that the support acidity should play a minor role. The redox proper-
ties of highly dispersed VO, species should play an essential role in
the ODP catalysis. The below discussion supports this suggestion.
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Fig. 11 compares the constant of catalyst reduction by C3Hg
with the TOF values obtained from the steady-state ODP catalytic
tests using O, and N0 as oxidizing agents. It is clearly seen that
the higher is the constant, the higher are the TOF values for both
the oxidants. For the ODP with O,, the constant of reduction of
VO, species is very close to the TOF value for the corresponding
samples. A similar observation was reported in [15] for the ODP
reaction over VO,/y-Al,05, where another UV/Vis approach was
applied. In contrast to the ODP with O,, the constant of reduction
of VO, species is significantly higher than the corresponding TOF
value with N,O. In [15], the ratio of the TOF value in the ODP to
the constant of reduction derived from UV/Vis analysis was used
for determining the fraction of active VO, sites. If we apply this ap-
proach to our results, we get the fraction of 0.9 for the ODP with O,
compared to that of 0.6-0.7 in [15]. This difference is related to the
lower V surface densities (0.37-1.1V/nm?) in our samples, in
which the existence of three-dimensional VO, clusters can be ex-
cluded. When N,O was used in the ODP reaction, the fraction of
ca. 0.15 was determined for the V-TiSi-0, V-TiSi-1, and V-TiSi-6
materials, while it amounted to 0.5 for the V-TiSi-15 sample. This
fact and the differences in the fraction of active sites between the
ODP with O, and N,O are due to the different kinetics of catalyst
reoxidation by O, and N,O (Tables 3 and 4).
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Such a good correlation in Fig. 11 was derived because we per-
formed the ODP and UV/Vis experiments under very similar condi-
tions. It confirms also a Mars-van-Krevelen redox cycle involving
lattice oxygen and reduced V3* or V** centers. Thus, the increase
in the ODP activity of VO,/(Ti-Si)O,catalyst is explained by an in-
crease in the reducibility of VO, species with increasing Ti content
in the support.

We compare the ratio of K;(C3Hs) /K’ (O,) as a function of Ti con-
tent in the support to explain the influence of Ti in VO,(3.7 wt.%)/
(Ti-Si)O, on propene selectivity in the ODP reaction with N,O and
0,. This ratio determines the reduction degree of the catalysts; the
higher the ratio, the higher the reduction degree. Fig. 12a illus-
trates that this ratio increases with an increase in the Ti content.
Since the K;(C3;Hsg)/K}(0,) ratio determined over V-TiSi-0 and V-
TiSi-1 is significantly lower than 1, it can be concluded that VO,
species over these samples should be mainly in their highest oxida-
tion state during the course of the ODP reaction. This agrees well
with our steady-state in situ UV/Vis data in Fig. 7 and with litera-
ture data [10,40]. Contrarily, the Ki(CsHs) /K’ (O,) ratio over V-TiSi-
15 is greater than 1 indicating that VO, species over this catalyst
should be reduced under the ODP conditions. This theoretical con-
clusion is supported by the results of our steady-state in situ UV/
Vis experiments in Fig. 7, where no significant differences in the
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Fig. 11. Comparison of the constants of reduction of fully oxidized VO, species by C3Hg from UV/Vis measurements with the TOF values obtained in the catalytic ODP
experiments with O, and N,O at T=773 K. i=2 and i =1 in the K;(CsHg) from Table 2 are for Ti-free and Ti-containing samples, respectively.
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UV/Vis spectra of V-TiSi-15 under the ODP conditions with O, and
N,O are seen.

Fig. 5 demonstrates that the difference in the propene selectiv-
ity between O,- and N,O-containing feeds decreases with an in-
crease in Ti loading. This effect can be explained as follows. The
constant of reduction of oxidized VO, species by C3Hg (K;(CsHg))
increases (Table 2) with Ti loading. However, the ratio of
K;(02)/K’ (N20). Decreases from ca. 37 to ca. 6.6 with increasing
the Ti/Si ratio from 0 to 1.5 (Fig. 12b). In other words, the difference
in the oxidizing ability of O, and N,O for the reoxidation of reduced
VO, species decreases with Ti loading. Therefore, the difference in
the oxidation degree of VO, species under the ODP conditions with
0, and N,0 over VO,(3.7 wt.%)/(Ti-Si)O, should also decrease with
Ti loading. This theoretical conclusion is well supported by the re-
sults of in situ UV/Vis analysis under steady-state ODP conditions
in Fig. 7. This figure demonstrates that the differences in the UV/
Vis spectra of VO,(3.7 wt.%)/(Ti-Si)O, between O,- and N,O-con-
taining ODP feeds decrease, when Ti loading increases. Taking into
account the effects of Ti loading on the reduction degree of VO,
species and their ODP performance with O, and N in Fig. 5, it is
suggested that the reduction degree determines the propene
selectivity.

The results obtained evidence that time-resolved operando UV/
Vis spectroscopy is a promising technique to study the reduction-
oxidation kinetics of supported transition metal oxides. In conven-
tional kinetic studies, one usually follows the concentration of a re-
agent or a product with time, normally it proceeds with a certain
time delay even when the fast analytic methods are applied. With
in situ UV/Vis methods the transition metal ions are probed di-
rectly. Since the UV/Vis experiments are performed with a high
time resolution, fast redox reaction processes can be easily mea-
sured. Thus, UV/Vis spectroscopy can be complementary to con-
ventional kinetic techniques [13].

4. Conclusions

The present contribution highlights the potential of in situ UV/
Vis technique operating under steady-state and transient condi-
tions for analyzing the reduction degree of highly dispersed transi-
tion metal oxide aggregates as well as for deriving the kinetic
parameters of their reduction and oxidation. In order to avoid
misinterpreting in situ UV/Vis results, it is highly important to
thoroughly control reaction conditions (temperature, feed compo-
sition, degree of conversion). UV/Vis analysis under steady-state
conditions of the oxidative dehydrogenation of propane enabled
to conclude that the reduction degree of highly dispersed VO, spe-
cies over Ti-Si-MCM-41 (Ti/Si=0-1.5) catalytic materials is an
important factor for achieving high propene selectivity. The reduc-
tion degree can be tuned by oxidizing agents (O, and N,0) and by
the ratio of Ti/Si in the support; the higher is the ratio, the higher is
the reduction degree.

Possible mechanistic origins of the influence of Ti on the ODP
performance were derived from transient kinetic UV/Vis analysis.
This analysis in combination with H,-TPR enabled to identify at
least two differently reducible VO, species upon incorporation of
titanium into silica support. The presence of Ti in the support in-
creases the reducibility of VO, species. A near to linear correlation

between the kinetic parameters of reduction of VO, species by
C3Hg and the catalyst activity for propane conversion was estab-
lished. Titanium decreases the ability of reduced VO, species for
reoxidation by O, but slightly increases by N,O.
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