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A 36 channel reactor system combining high-throughput experimentation (HTE) with operando UV/vis
diffuse reflectance (UV/vis-DR) spectroscopy is introduced and applied for the oxidative dehydrogena-
tion of propane (ODP) to propene at 500 °C over polycrystalline V,03, VO,, and V,0s. This set-up enabled
to monitor reaction-induced reduction of V,0s5 to V,03, and VO, during the ODP reaction. The operando
UV/vis-DR spectroscopic analysis along the catalyst bed demonstrated that the vanadium oxidation state
at the reactor inlet is higher than at the reactor outlet. This is due to the depletion of oxygen and the
enrichment of propene down stream along the catalyst bed.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

High-throughput experimentation (HTE) for the development
and optimisation of heterogeneous catalysts was introduced in the
middle of the 1990s by Symyx Corp., who applied this methodology
for oxidation of CO and H, [1]. Since then HTE has became the
technology for catalyst discovery and many different reactor
concepts have been developed for parallel testing of catalytic
materials for a great variety of reactions [2-9]. Besides elaborated
equipment, this attractive methodology also needs well-conceived
theoretical reasoning. Normally, hypotheses on structure-activity/
selectivity relationships are proposed to direct the catalyst design.
To this end, HTE was initially combined with ex situ catalyst
characterisation for obtaining knowledge about the structure of the
materials. However, this approach has serious drawbacks due to the
following reasons. The solids may undergo structural changes
during their way from reactor to characterisation apparatus. There
are differences in reaction conditions, which are caused by
differences in reactor and characterisation cell design. Moreover,
this classical ex situ characterisation procedure is often highly time
consuming. Therefore, a new challenge in this field is to combine
HTE with simultaneous catalysts characterisation under working
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conditions (operando approach). The term “operando” has been
proposed by M.A. Bafiares in August 2000 [10] as an alternative forin
situ spectroscopy. The term “operando spectroscopy” describes a
methodology, which combines the monitoring of the catalyst in statu
operandi by physico-chemical techniques (evaluation of structure)
and the simultaneous on-line analysis of product composition
(determination of catalytic performance) in the same reactor [10-
14]. The operando approach is explicitly linked to the first operando
conference [15]. This research area is still under intense develop-
ment and of high interest to the catalysis community [16]. The
optical fibre technology in the field of heterogeneous catalysis for
UV/vis spectroscopic analysis was introduced firstly by Briickner
[17] and Puurunen et al. [18]. Spectral changes over the catalyst bed
for the same reaction but over supported Cr catalysts are reported in
[19], in which four UV/vis probes were connected to a fixed bed
reactor, giving longitudinal profiles over the catalyst bed. The set-up
introduced in this paper comprises a 36 channel parallel fixed bed
reactor system with simultaneous UV/vis diffuse reflectance (UV/
vis-DR) analysis to study changes of the catalyst structure under
reaction conditions.

Against the above background, the aim of this work is to
demonstrate the potential of the operando UV/vis-DR approach
and its reliability for a combined HTE catalytic and spectroscopic
analysis in the oxidative dehydrogenation of propane (ODP).
Polycrystalline V,03, VO,, and V,0s were chosen as model
catalysts. As shown in a classical single channel fixed bed reactor
[20], these oxides undergo reaction-induced surface and volume
changes in the vanadium oxidation state during the ODP reaction
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at 500 °C. These catalyst changes can be traced by UV/vis-DR
spectroscopy as shown in [20-22].

2. Experimental
2.1. Catalysts and their characterisation

VO, (903260, Chempur) and V505 (1.00825.0100, Merck) were
commercial available, while V,05 was synthesised in-house from
V5,05 by its reduction in hydrogen according to [23]. The BET specific
surface areas were determined by N, adsorption (77 K) using an
Asap 2010 M instrument (Micromeritics). Before the BET measure-
ments, the fresh catalysts were evacuated for 2 hat 150 °C to remove
physically adsorbed water. Due to very low catalyst amounts used,
the BET values of spent catalysts could not be accurately measured.
XRD powder patterns were recorded on a STADI-P X-ray diffract-
ometer (Ni-filtered Cu Ka, Stoe, Germany). The crystalline phases
were identified by referring to the ICDD powder diffraction files. To
calculate the vanadium oxidation state by oxygen uptake V,03 and
VO, have been oxidised to stoichiometric V,0s5 by annealing in air at
550 °C in a crucible as described in [24].

2.2. Catalytic test conditions
The catalytic tests were performed with a C3Hg/O,/N; = 40/20/

40 reaction feed at 500 °C and 1 bar (catalyst mass: 60 or 90 mg).
Different contact times (W/F: 3-6 mgc,. min ml~') were achieved
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by varying total flow rate. After about 1 h on stream no further
measurable changes in catalytic performance were observed. Then,
the steady-state catalytic data were determined.

2.3. Design of the high-throughput set-up

The high-throughput set-up (Fig. 1a), whose reaction gas
sampling part was originally designed and built by AMTEC
(Chemnitz, Germany), operates at ambient pressure with a
maximum of residence time of 8 mg... min ml~! per reactor and
allows fully computer controlled experiments. In the newly
developed reactor module, 36 tubular reactors made of quartz
are horizontally located. Three heating blocks (up to 600 °C) made
of brass, each of which consists of an upper and a lower half shell,
are equipped with heating cartridges.

2.4. Analytical methods for monitoring the catalytic reaction

Feed components and reaction products were analysed by an
on-line micro-GC (Varian CP-2003) equipped with a suction pump
and connected to the reactor system via a needle valve. With the
help of a movable arm the gas samples can be taken at each
individual reactor outlet. The gas chromatograph is equipped with
two columns (PoraPlotQ for analysis of hydrocarbons and CO;
Molsieve 5A for analysis of N, O,, and CO) and thermal
conductivity detectors. The composition of the feed gas mixture
was measured in an empty reactor.
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Fig. 1. Scheme (a) and picture (b) of the operando set-up with 36 parallel tube reactors (R1 ... R36) for catalytic testing equipped with a gas chromatograph and an UV/vis-DR
spectrometer. The picture shows the bottom side of a heating block equipped with slits, into which the movable, high temperature UV/vis probe is extending (working

position).
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Table 1

Reproducibility of the steady-state catalytic data of the oxidative dehydrogenation of propane (CsHg/O2/N- = 40/20/40, 500 °C, W/F = 4 mg min ml~') on V,05, VO, and V,05

determined in different reactors.

V505 VO, V303

Reactor M @ Reactor M? o® Reactor M? o®

7 19 31 9 21 33 8 20 32
X(C3Hg)/% 15 16 17 16.0 1.0 4 5 5 4.7 0.7 16 16 16 16.0 0.0
X(02)/% 94 92 92 92.7 1.2 19 24 23 22.0 2.7 84 85 84 84.7 0.6
S(CsHe)/% 16 17 17 16.7 0.6 41 38 40 39.7 1.5 28 31 31 30.0 1.7
S(CO,)/% 28 27 29 28.0 1.0 14 14 14 14.0 0.0 19 18 18 18.3 0.6

¢ Mean values.
b Standard deviations.

For operando UV/vis-DR measurements, the heating blocks are
equipped with slits (5 mm width, 30 mm length) at the bottom
side, in which an optical fibre probe is positioned (Fig. 1b). This
probe enables to take UV/vis-DR spectra along the catalyst bed. The
probe is connected via optical fibres to a UV/vis lamp and a
spectrometer AvaSpec-2048 (Avantes, The Netherlands). The GC
needle is movable in two dimensions (x and y direction), while the
UV/vis-DR probe moves in x, y, and z direction. The three
dimensions denote (i) choice of the reactor (x), (ii) movement
along the catalyst bed (y), and (iii) movement of the UV/vis-DR
probe near to the reactor into working position (z). The UV/vis-DR
spectra were converted to the Kubelka-Munk function [25] from
the reflectance R according to Eq. (1). Barium sulphate was used as
a white reference material:

:(1—R)2

F(R) SR (1)

In order to estimate the degree of reduction of V,05 under the ODP
conditions, the relative Kubelka-Munk values were calculated as
the ratio of the Kubelka-Munk function (Rsampie) Of the catalysts
with respect to the Kubelka-Munk function of fully oxidised V,05
(Rv,05) according to Eq. (2) as proposed in [26]. UV/vis-DR spectra
of reference V,05 were recorded directly before the catalytic
experiment:

R (1 — Reer)?
R — sample F(R. _ rel 2
rel RVZ o, — F(Ryer) 2Rl (2)

3. Results and discussion

3.1. Characterisation of the model catalysts with respect to their
initial state

The powder XRD patterns of the vanadium oxide model
catalysts match excellently to PDF 71-280 (V,03), PDF 43-1051
(monoclinic VO, stable at room temperature), and PDF 9-387
(V,0s) indicating that the catalysts are phase-pure. The substances
are coloured: V,05 is black, VO, is grey, while V5,05 is yellow-
orange. The oxygen uptakes were 20.8 (theo. = 21.35) (V,03) and
9.8% (9.65) (VO,), which confirm the oxidation state of vanadium
as V3" (V,053) and V* (VO,), respectively. The BET specific surface
areas of V,03, VO,, and V,05 are relative small and amounted to
6.0, 1.7, and 7.3 m? g !, respectively.

3.2. Temperature control of the set-up

The temperature distribution in the oven system was measured
at 500 °C set point. The average temperature determined in 9
reactors at the reactor inlet was (499.3 + 0.8) °C. Along the reactors
(length: 30 mm) a temperature drop of ca. 7K was measured

resulting in an average temperature of the 9 reactors at the outlet of
(493.6 + 0.7) °C.

3.3. Reliability of the catalytic data

To demonstrate the reliability of the catalytic data three
reactors were loaded with the same catalyst in each case. The
steady-state performance of V,0s5, VO, and V,03 in the ODP
reaction with W/F of 4 mg.,. min ml~' is presented in Table 1. The
low standard deviations prove the good reproducibility of the
catalytic data. Therefore, the 36 channel reactor system is suitable
for screening of different catalytic materials.

3.4. Reliability of the UV/vis-DR analysis

To verify the reliability of the optical unit of the 36 channel
reactor system, UV/vis-DR spectra of V,05 were measured in three
different reactors. The spectra recorded at room temperature are
presented in Fig. 2. They are characterised by two distinct
absorption bands at 360 (Bsgp) and 470 nm (B470), which are in
line with [27-31] (the band at ca. 220 nm reported in literature
could not be detected because this value is out of the range of the
spectrometer). Both, bands B3gg and B, are identified as charge
transfer (CT) bands [30,32-34]. d-d electron transitions can not be
observed due to the electron configuration of V>* (3d°). Especially
the energy of the band B4 is influenced by the number of ligands
in the environment of the central ion. This band is characteristic for

reactor 7

/ reactor 19

reactor 31

1 " 1 * 1
400 600 800
A/ nm
Fig. 2. UV/vis-DR spectra of V,05 at room temperature in three different reactors.

The absolute Kubelka-Munk values {F(R)} presented were calculated according to
Eq. (1).
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vanadium, which is coordinated octahedrally [32-34]. The band
B3go is identified as tetrahedrally [32,33] or nearly square
pyramidally coordinated V°>* [30]. The edge of B47 (turning point)
at ca. 530 nm corresponds to the energy gap between the valence
band of O 2p and the conduction band of V 3d [29] and causes the
orange colour of V,0s.

The absolute positions of the Bsgp and B47¢ bands in the UV/vis-
DR spectra of V,0s5 in three different reactors match very
precisely, while their intensities differ. The differences are
probably due to the following experimental insufficiencies: (i)
mainly mechanical adjustment of the tip of the fibre with respect
to the axis of the reactor, (ii) optical irregularities of the quartz
reactors, (iii) scattering phenomena at the convex reactor outer
wall, and (iv) differences in reactor filling and packing density.
Therefore, the absolute intensities are not comparable for the
reactors among each other. However, the intensity and the band
position in the UV/Vis-DR spectra are identical when the same
reactor is measured repeatedly without moving the UV/vis-DR
probe.

3.5. Catalytic performance of V503, VO, and V505

The catalytic performance of V505, VO, and V,0s5 in the ODP
(constant feed composition C3Hg/O2/N; =40/20/40) was deter-
mined at different contact times ranging from 3 to
6 mg., min ml~! (Fig. 3). Besides the main product propene the
side products hydrogen, methane, ethylene and ethane as traces
and carbon oxides were detected.

From Fig. 3a it could be concluded that the activity increases in
the order VO, < V5,03 ~ V,,0s, which corresponds with BET specific
surface areas (Section 3.1). This graduation should be considered
with care, because the catalysts underwent structural changes
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under reaction conditions (see Section 3.6), which may result in
changing in specific surface areas.

Further insights into the ODP reaction over polycrystalline
vanadium oxides were derived from the analysis of C3Hg and CO,
selectivities at different degrees of propane conversion. The
selectivity-conversion plots are shown in Fig. 3c and d. From
these figures, it is obvious that there are only small differences in
the selectivities between the catalysts under steady-state condi-
tions. This conclusion agrees with previous results obtained in a
classical single fixed bed reactor system [20].

3.6. Structural changes of V>05 during catalytic reaction

To monitor reaction-induced changes of the V,0s5 catalyst
during the ODP reaction (constant parameters: C3Hg/O»/N, = 40/
20/40, 500 °C, W/F = 3 mg.,; min ml~!), operando relative UV/vis-
DR spectra (not shown) were taken at the reactor inlet and outlet as
a function of time on stream (ca. 13 min, time step: 10s). The
relative UV/vis-DR spectra under the reaction conditions were
related to that of fully oxidised V,05 according to Eq. (2). In order to
avoid any misunderstanding in the terminology of UV/vis-DR
analysis, the spectra calculated from Eq. (2) are called as relative
UV/vis-DR spectra. These relative spectra are characterised by a
pre-edge UV and post-edge visible region, which are separated at
the wavelength of ca. 550 nm (the absorption edge of V,0s5, which
corresponds to the energy gap between valence and conduction
bands). The relative UV/vis-DR spectra of V,05 at the reactor outlet
are characterised by a band at 700 nm. Its intensity increases with
time on stream. The relative UV/vis-DR spectra of V,0s at the
reactor inlet show bands at ca. 520 and ca. 740 nm. The time
resolved band intensities for the inlet and outlet spectra at 520 and
700/740 nm over a period of ca. 13 min are exemplified in Figs. 4a
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Fig. 3. Steady-state catalytic performance of V,0s, VO, and V,05 in the oxidative dehydrogenation of propane (500 °C, C3Hg/O,/N, = 40/20/40), propane (a) and oxygen
conversions (b) at different contact times (W/F), selectivities to CsHg (c) and CO, (d) determined at different degrees of propane conversion.
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and b. For their interpretation, the relative spectra of VO, and V,03
at 500 °C in N, are given in Fig. 4c, which are very similar to each
other and are dominated by a distinct signal in the visible region
(d-d transitions). As expected no band is observable in the UV
region. By means of the UV/vis-DR spectra it is not possible to
distinguish between V3* and V4",

The time-on-stream changes in the relative UV/vis-DR spectra
(Fig. 4a and b) differ with respect to their point of registration along
the catalyst bed. Whereas these spectra at the reactor outlet
(Fig. 4b) are characterised by a temporal increase in intensity in the
post-edge region (band at 700 nm), the relative spectra taken at the
reactor inlet (Fig. 4a) show changes in intensity in the visible (band
at 740 nm) as well as in the post-edge region (band at 520 nm). The
intensity in the region around 740 nm increases in the first minute
and than drops again to reach a constant value after about 2 min. At
the point of maximum intensity at 1 min a band at 520 nm appears,
whose intensity remains nearly constant after 2.5 min TOS. It
should be stressed that the time-on-stream changes observed
under the ODP conditions should be interpreted qualitatively only.
Therefore, no quantitative conclusions can be drawn from the
below discussion.

This change of intensity with time-on-stream can be inter-
preted as follows. The spectra recorded at the outlet are very
similar to pure VO, and V,03 and so it is to conclude that either VO,
or V,03 or both phases are formed. The ex situ XRD pattern (not
shown) of this sample matches excellently to V,05 (PDF 84-316).
Hence, the increase of the band intensity at 700 nm with TOS
indicates in combination with the XRD phase analysis the complete
reduction of the initial V,05 to V,03 at the reactor outlet. This is
plausible, because oxygen is completely consumed (Fig. 3b), while
the degree of propane conversion is below 20%. Therefore, the
catalyst is exposed to a strongly reducing atmosphere favouring
reduction of V,0s5 to V,03. The increase in signal intensity at
740 nm is due to the reduction of the initial V°* ions to V4* or V3*.
Keeping in mind that the feed contains 20% oxygen at the reactor
inlet we have a more oxidative atmosphere as compared to the
reactor outlet where the oxygen is completely consumed (Fig. 3b).
So, it is likely that firstly V#* is formed. The evolution of the band at
520 nm caused by CT transitions and characteristic for octahedral
V3" (cf. Section 3.4) indicates the formation of oxidised species.
This hypothesis is confirmed by two observations: (i) the XRD
crystalline phase analysis reveals besides V,03 mainly VO, (PDF
73-2362) and small amounts of V,0,¢ (PDF 72-1278) with an
average vanadium oxidation state of V43* and (ii) a catalyst zone at
the reactor inlet is coloured like pure VO, (grey-black) as compared
to the rest of the catalyst bed, which is black (like pure V,03).

This result implies that an equilibrium state with respect to the
vanadium oxidation state is achieved during approx. 8 min TOS.
This agrees roughly with data published in [26], where during the
first 6 min after starting the ODP reaction on a 10 wt% V,05/Al,03
catalyst (but note that the reaction conditions applied differ from
ours: C3Hg/O2/Ar=13.8/1.7/84.5, 330°C) the intensity of the
absorbance in the post-edge region increased markedly, whereas
the absorption in the pre-edge region decreased. Then, both
spectrum features stay nearly unchanged over ca. 2 h on stream.
From these findings, it is to conclude that catalyst zones with
different composition exist, at least at the inlet and outlet. The
formation of such zones differentiated by their colour and,
therefore, by their vanadium oxidation states was reported for
the ODP reaction over a V,0s bulk catalyst [35] at reaction
conditions, which, however, are not comparable to the ones
applied here.

It is well accepted, that propane and oxygen react in the ODP
reaction with vanadium ions from the catalyst according to the
Mars-van Krevelen mechanism. From our findings concerning the
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Fig. 4. Changes of the band intensities deduced from the relative UV/vis-DR spectra
{given as F(R,;) and calculated according to Eq. (2)} of V,05 at 500 °C at the respective
wavelengths (540, 700, and 740 nm) in dependence of time on stream of oxidative
dehydrogenation of propane (C3Hg/O,/N, = 40/20/40, W/F = 3 mgc, min ml~!) for
the reactor inlet (a) and the outlet (b). As reference the relative UV/vis-DR spectra at
500 °C of V,03 and VO, in N, relative to V,0s (Eq. (2)) are depicted in (c).
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reduction of the V> ions it follows that the composition of the
reaction feed varies along the catalyst bed, and oxygen and propane
are consumed in different extent. Thus, the catalyst works at
different conditions. Whereas the reaction feed with a stoichio-
metric ratio of propane to oxygen (CsHg:0, = 2:1)is depleted in both
reactants in minor extent at the inlet, in the mid and outlet oxygen
and propane consumption is higher probably according to their
steady-state conditions (X(0,): > 90%, X(CsHg): ca. 12%). Moreover,
propeneis enriched along the catalyst bed. That has the consequence
that at the mid the reaction feed is more reducing in contrast to the
inlet, where its reducing power is moderated because here propane
and oxygen coexist. These differences in reducing power of reaction
feed in dependence of axial position of the catalyst bed explains why
vanadium is stronger reduced at the outlet of the catalyst bed than at
the inlet at least at the reaction conditions chosen.

4. Conclusions

A novel 36 channel high-throughput catalytic testing device
combined with operando UV/vis diffuse reflectance spectroscopy
was developed. This reactor system enables to determine
simultaneously the catalytic performance and to monitor the
changes of the catalyst under real reaction conditions (e.g.
temperature, partial pressures and catalyst particles). Its potential
and reliability were successfully demonstrated for the ODP over
polycrystalline vanadium oxide catalysts (V,03, VO, and V,05).
The catalytic data are comparable with those previously deter-
mined in a classical single fixed bed reactor system [20].

The coupling of catalytic measurements and UV/vis-DR
spectroscopy presented in this work demonstrates impressively
the capabilities of the operando methodology. The advantage of the
UV/vis-DR spectroscopy is its speed to trace catalyst restructuring
during catalytic reaction. So, the catalyst working behaviour under
reaction conditions could be studied and vanadium species in
different oxidation states along the catalyst bed could be identified.
In that way deeper insights into the vanadia catalysed ODP
reaction could be quickly revealed. In general this reactor system
can be applied for different gas-phase solid reactions, where
catalytic materials undergo redox changes under reaction condi-
tions. Moreover, it can be also used for monitoring of coke
formation as well as to trace certain calcination or reduction
procedures.
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