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Operando UV-Vis spectroscopy of a catalytic solid
in a pilot-scale reactor: deactivation of a CrOx/Al2O3

propane dehydrogenation catalyst†

J. J. H. B. Sattler, I. D. González-Jiménez, A. M. Mens, M. Arias, T. Visser and
B. M. Weckhuysen*

A novel operando UV-Vis spectroscopic set-up has been constructed and

tested for the investigation of catalyst bodies loaded in a pilot-scale

reactor under relevant reaction conditions. Spatiotemporal insight into

the formation and burning of coke deposits on an industrial CrOx/Al2O3

catalyst during propane dehydrogenation has been obtained.

In the last decade the development and use of spectroscopic methods
has matured into an important field of research to characterize catalytic
solids at work.1 It allows the investigation of the intricate details of the
working and deactivation principles of heterogeneous catalysts.
Amongst them, UV-Vis spectroscopy has shown to be a powerful
method as it can be used to probe e.g. the electronic transitions of
organic deposits and d–d transitions of transition metals present in
catalytic solids.2 So far, UV-Vis spectroscopy has been combined with
other characterization methods, including but not limited to EPR,
NMR, Raman, IR and XAFS, or integrated with an optical microscope to
analyse heterogeneities within and between catalyst grains.3

Here, we present the design, construction and use of a novel pilot-
scale reactor, in which specially developed UV-Vis probes are inserted
to characterize a catalyst material under reaction conditions. To the
best of our knowledge, this is the first successful attempt to character-
ize a catalytic solid by a spectroscopic technique installed in a pilot-
scale reactor, illustrating the potential to implement these devices in an
industrial environment for e.g. catalyst diagnostics. The showcase
example is the dehydrogenation of propane into propylene over an
industrial Cr/Al2O3 catalyst, shaped in the form of 3 mm-sized catalyst
bodies. This process is of renewed interest due to the recent boom in
shale gas exploitation and the increasing demand for propylene relative
to ethylene for the production of plastics.4

Fig. 1 shows the scheme of the pilot-scale reactor designed and
built. Details, including design and pictures of the UV-Vis probes, can
be found in Fig. S1 and S2 (ESI†). The reactor consists of a 0.7 L fixed
bed reactor placed inside a three-staged oven. The temperature is

controlled by three thermocouples placed in a thermowell inside the
reactor. Four slots have been made along the length of the reactor, in
which UV-Vis probes can be mounted. The first probe is placed
approximately at the same height as the first thermocouple, while
the second probe is positioned between the second and third
thermocouples.

The probe consists of six excitation fibres and one collection fibre,
which are connected to a deuterium–halogen light source and an
Avaspec 2048 UV-Vis spectroscope. The probes are specially designed
to operate under the reaction conditions of the pilot-scale reactor.
They are installed inside a stainless steel tube, making it possible to
flow N2 along its length, which provides cooling and prevents

Fig. 1 Scheme of the pilot plant scale set-up for studying catalyst bodies under
reaction conditions. Key to this set-up are the in situ UV-Vis probes, which can be
inserted in different holes made within the reactor tube.
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deposition of e.g. coke on the tip. Spectra are saved every 2 min, with
50 accumulations of 40 ms exposure time each. UV-Vis spectroscopy
has frequently been used to study chromia/alumina catalysts under
alkane dehydrogenation conditions on the lab-scale.5 d–d transitions
of chromium oxide species can be observed as broad bands in the UV-
Vis spectra; Cr6+ species present bands at around 273 and 366 nm,
while Cr3+ species typically display absorption bands at around 300,
452, 588 and 616 nm.6 Cr3+ species are proposed to be the active sites
for the dehydrogenation reaction, while Cr6+ is considered to be
inactive.7 Rapid deactivation is one of the disadvantages related to
supported chromia catalysts. High reaction temperatures and low
pressures used for the dehydrogenation reaction are optimal condi-
tions for coke formation, which can be followed over time.8 Despite
the fact that coke species do not present absorption bands, their
formation can be observed indirectly by UV-Vis as the formation of
coke leads to darkening of the catalyst and as a consequence an
overall increase of the UV-Vis absorption of the catalyst material.
Furthermore, during the oxidation–regeneration step, the locally
generated heat by coke burning may play a role in the incorporation
of active Cr3+ species in the alumina support by migration or
entrapment via aluminium oxide sintering.9

Finally, it is important to carefully control the temperature of the
reactor during the different phases of the catalytic cycle in order to
obtain an optimal propylene yield and reduce catalyst deactivation.
With increasing temperatures, conversion of propane increases, while
selectivity towards propylene drops as cracking of reaction products
becomes more prevalent.

The potential of the developed operando set-up has been explored
by studying the propane dehydrogenation over an industrial catalyst
and the reactor is filled with approximately 500 g of CrOx/Al2O3

extrudates mixed with inert material at the extremities of the reactor.
The catalyst consists of 20 wt% Cr (a mixture of Cr3+ and Cr6+) and
1 wt% Na on an alumina support. The reaction is performed at
approximately 550 1C with a flow of 5000 ml min�1 consisting of 10%
propane in 90% nitrogen for 6 h. After the dehydrogenation step, the
catalyst is regenerated by using a flow of 150 ml min�1 oxygen in
2200 ml min�1 nitrogen. The outlet of the reactor set-up is connected
to a GC equipped with FID (Porabond-Q column) and TCD (Carboxan
column) detectors to analyse the reaction products formed. The
selectivity and conversion are shown in Fig. 2a. Initially, a high
conversion of propane is observed, which gradually drops over time
from 47% to 37%. At the same time the selectivity towards propylene
increases from 80% to 88%. Such values for the conversion and
selectivity are typical for this catalyst material under the applied
conditions. Apart from the general trend in the conversion and
selectivity, some fluctuations are present that can be attributed to
changes in the temperature of the reactor. Fig. 2b shows the tempera-
ture measured at the three stages of the reactor related to the reaction
time. By comparing Fig. 2a and b we can correlate the changes in
selectivity and conversion with the temperature fluctuations within the
reactor; an increase in temperature from 550 to 575 1C results in a
drop in selectivity from 80 to 60%. These fluctuations occur as the
heating system attempts to correct for the loss of heat due to the
endothermicity of the reaction before the entire system has reached
equilibrium.

Fig. 2 (a) Catalytic measurements of conversion (&) and selectivity (’) and
(b) variation of temperature in the three ovens (J) top, (’) middle and (�) bottom
with time on stream.

Fig. 3 Operando UV-Vis spectra obtained for the bottom probe (a) of the
dehydrogenation and (b) during the oxidation cycle as a function of time.
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UV-Vis spectra of the catalyst are collected continuously during the
reaction in order to monitor coke deposition. In Fig. 3a the spectra
collected with the bottom probe during the dehydrogenation step are
shown. At the start, Cr3+-species characterized by UV-Vis bands at
around 300, 450 and 620 nm are identified. With time on stream,
coke is deposited on the catalyst surface and the UV-Vis absorption
increases over the entire range of wavelengths. After 2 h, the spectral
features of the Cr3+-species are difficult to identify due to the
darkening of the catalyst provoked by coke formation. This process
becomes more prevalent during the rest of the cycle resulting in
featureless and noisy spectra. In Fig. 3b, UV-Vis spectra taken with the
bottom probe during the oxidation–regeneration step are shown.
During the first 2.5 h, no changes are observed in the spectra but
within the next 30 min, the coke is combusted and the original
spectrum with the respective Cr features is recovered. UV-Vis spectra
of the catalyst material have also been collected for the top probe
during dehydrogenation and oxidation–regeneration (Fig. S4, ESI†).

In order to study the coke deposition and combustion rate at
different catalyst bed heights over time, the absorption was deter-
mined in the region between 600–700 nm by averaging all data points.
The spectra obtained for both probes are compared by normalizing
these values, as shown in Fig. 4. From Fig. 4a it is clearly visible that
the formation of coke during the dehydrogenation step is faster at the
top of the reactor as compared to the bottom where coke deposition is

a gradual process. A similar analysis has been performed on the
UV-Vis spectra during the oxidation–regeneration step and the results
are given in Fig. 4b. At the top of the reactor the coke is readily com-
busted within 30 min, while this process requires 3 h for the bottom
part of the reactor. In both cases, the drop in UV-Vis absorption is
rapid, which suggests that coke combustion is fast and that it takes
place as a front, travelling through the reactor bed over time. This
finding is corroborated by the heat released during combustion as
measured at different points in time by the three thermocouples
(Fig. S5, ESI†). In a related experiment, the reaction was halted after
one hour of dehydrogenation to examine the individual CrOx/Al2O3

extrudates. It was clear that the few extrudates measured by the UV-Vis
probe during the reaction were representative of that height of the
reactor. Furthermore, it was apparent that catalyst particles had a
different colour, depending on the height of the bed. This is in agree-
ment with the observations made with operando UV-Vis spectroscopy.

Summarizing, the results presented above illustrate the possibility
of studying industrially relevant catalyst extrudates by operando
UV-Vis spectroscopy under realistic reaction conditions in a pilot-
scale reactor set-up. This new design allows for in situ monitoring of
coke formation and combustion by following the UV-Vis absorption
intensity. Moreover, by using probes located along the catalyst bed, it
is possible to follow the spatiotemporal differences in the rate of coke
deposition and combustion.

The authors would like to thank Avantes for designing and
providing the UV-Vis probes. ACTS-Aspect (project 053.62.013) and
EU (GasPro Bio Waste, project number 261911) are acknowledged for
financial support. We would also like to thank BASF, Dr Robert
Terorde and Dr Peter Berben for providing the dehydrogenation
catalyst materials.

Notes and references
1 J. W. Niemantsverdriet, Spectroscopy in Catalysis, Wiley VCH, Weinheim,

2007, ISBN – 3527316515.
2 R. A. Schoonheydt, Chem. Soc. Rev., 2010, 39, 5051.
3 A. Brückner, Chem. Commun., 2001, 2122; M. Santhosh Kumar,

M. Schwidder, W. Grünert and A. Brückner, J. Catal., 2004, 227, 384;
S. J. Tinnemans, M. H. F. Kox, T. A. Nijhuis, T. Visser and B. M.
Weckhuysen, Phys. Chem. Chem. Phys., 2004, 7, 211; M. Hunger and
W. Wang, Chem. Commun., 2004, 584; E. I. Ross-Medgaarden and
I. E. Wachs, J. Phys. Chem. C, 2007, 111, 15089; T. Bürgi, J. Catal., 2005,
229, 55; J. G. Mesu, A. M. J. van der Eerden, F. M. F. de Groot and
B. M. Weckhuysen, J. Phys. Chem. B, 2005, 109, 4042; I. L. C. Buurmans and
B. M. Weckhuysen, Nat. Chem., 2012, 4, 873.

4 B. M. Weckhuysen and R. A. Schoonheydt, Catal. Today, 1999, 51, 223;
J. S. Plotkin, Catal. Today, 2005, 105, 10; E. McFarland, Science, 2012, 338, 340.

5 T. V. Malleswara Rao, G. Deo, J. M. Jehng and I. E. Wachs, Langmuir, 2004,
20, 7159; B. M. Weckhuysen, A. Bensalem and R. A. Schoonheydt, J. Chem.
Soc., Faraday Trans., 1998, 94, 2011; B. M. Weckhuysen, L. M. de Ridder and
R. A. Schoonheydt, J. Phys. Chem., 1993, 97, 4756; S. M. Bennici, B. M.
Vogelaar, T. A. Nijhuis and B. M. Weckhuysen, Angew. Chem., Int. Ed., 2007,
46, 5412.

6 D. Shee and A. Sayari, Appl. Catal., A, 2010, 148, 155; S. Sokolov,
M. Stoyanova, U. Rodemerck, D. Linke and E. V. Kondratenko, J. Catal.,
2012, 293, 67; P. Michorczyk, P. Pietrzyk and J. Ogonowski, Microporous
Mesoporous Mater., 2012, 161, 56.

7 T. A. Nijhuis, S. J. Tinnemans, T. Visser and B. M. Weckhuysen, Phys.
Chem. Chem. Phys., 2003, 5, 4361; S. de Rossi, G. Ferraris,
S. Fremoiotti, E. Garrone, G. Ghiotti, M. C. Campa and V. Indovina,
J. Catal., 1994, 148, 36.

8 P. Praserthdam, T. Mongkhonsi, S. Kunatippapong, B. Jaikaew and N. Lim,
Stud. Surf. Sci. Catal., 1997, 111, 153; A. Iglesias-Juez, A. M. Beale, K. Maaijen,
T. C. Weng, P. Glatzel and B. M. Weckhuysen, J. Catal., 2010, 276, 268.

9 R. L. Puurunen, B. G. Beheydt and B. M. Weckhuysen, J. Catal., 2001,
204, 253; R. L. Puurunen and B. M. Weckhuysen, J. Catal., 2002, 210, 418.

Fig. 4 Normalized average absorption intensity in the region 600–700 nm of
the UV-Vis spectra (a) for the dehydrogenation reaction and (b) for the oxida-
tion–regeneration reaction for the top (’) and bottom probes (J).

ChemComm Communication

Pu
bl

is
he

d 
on

 0
4 

Ja
nu

ar
y 

20
13

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ite

it 
U

tr
ec

ht
 o

n 
13

/0
2/

20
14

 1
2:

25
:2

9.
 

View Article Online

http://dx.doi.org/10.1039/c2cc38978a

