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Large-scale reactors loaded with catalytic solids are employed
in a wide variety of chemical plants all over the world for the
production of transportation fuels, bulk and fine chemicals,
and pharmaceutical intermediates. These reactors are com-
monly controlled by monitoring the chemicals that are leaving
the catalytic process. Once the product composition deviates
from the desired one, process-control actions are taken to
correct for this change. Important parameters for running
most economically large-scale industrial reactors based on
heterogeneous catalysis for bulk chemicals production are the
reaction temperature and pressure, as well as the chemical
composition and physical properties of the reaction mixture.
Often such corrective scenarios are based on empirical
models, which are obtained from plant test runs.[1]

A better approach is to monitor online the physicochem-
ical phenomena of the catalyst material in the reactor by in
situ spectroscopy,[2–5] and if possible to develop an “expert
system” based on such spectroscopic measurements. Exam-
ples include coke formation (e.g., leading to active-site
blocking), catalyst reduction (e.g., over-reduction of the
catalyst surface), change of catalyst dispersion (e.g., metal-
oxide clustering), migration of the oxide phase into the oxide
support (e.g., metal-ion migration into the support oxide),
and change of phase (e.g., solid-phase transformation during
a redox reaction).[6–10] With such an expert system, it should be
possible to make corrective actions once a spectroscopically
visible change occurs in the catalyst material. This procedure
is faster than monitoring the off-specification product leaving

the reactor. In particular, for catalytic processes in which the
catalyst is operated with alternating reactive and regenerative
cycles, the use of in situ spectroscopy will have specific
advantages. Indeed, monitoring the catalyst allows the
possibility of dynamically tuning the cycles while the process
runs. In an industrial context, where the feedstock composi-
tion of a process is not always identical and process
disturbances are a reality, it would be especially advantageous
to adapt the cycle times to the actual state of the “catalyst
health” measured online with a robust in situ spectroscopic
tool.

The use of online spectroscopic techniques to obtain data
for process trend monitoring has already been applied in
polymer science,[11,12] whereas to the best of our knowledge
the only catalytic process in which in situ spectroscopy is
applied as a means of process control is the production of 1,3-
propanediol, which makes use of a homogeneous catalyst.[13]

The novelty of the present work is linked to the use of in situ
spectroscopy for the online control of different heteroge-
neous catalytic systems. Herein, we illustrate for the first time
the concept of reactor control by online spectroscopy, by
making use of two examples: an industrial-like supported
chromium oxide (Cr/Al2O3) catalyst for propane dehydrogen-
ation and an industrial-like vanadium phosphorus oxide
(VPO) catalyst for the selective oxidation of n-butane to
maleic anhydride.

In many industrial catalytic processes, coke deposition is
the primary cause of catalyst deactivation.[6,14] Therefore, any
means of directly measuring the amount of coke on the
catalyst surface would be welcomed, especially for the
purpose of online control of a chemical process. In this
manner, one can keep the catalyst material in its optimal state
in terms of activity, selectivity, and stability. For this reason, as
a first example we have chosen a methodology to perform
real-time quantitative coke analysis on a catalytic solid by
using combined in situ Raman–UV/Vis spectroscopy with
online calibration. The studied process is based on the Catofin
propane dehydrogenation reaction over Cr/Al2O3 cata-
lyst.[15–17] In this process, the catalyst dehydrogenates propane
in a reactive cycle, during which coke is deposited on the
catalyst and some of the chromium is reduced. In a
regenerative cycle the chromium is reoxidized and the coke
is burned with air. Currently, for the industrial Catofin
process, the real state of the catalyst material is not taken into
consideration and the cycle times are based on the overall
performance of the unit. In this manner, gradual catalyst
deactivation is compensated by an increase of the reaction
temperature to maintain the desired conversion level. The
gradual recovery of the activity declines during the lifetime of
the catalyst as a result of migration of chromium (as Cr3+) into
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the alumina support, which occurs at the high temperatures
commonly found in the hot spots of the reactor bed. In
particular, the risk of permanent deactivation is very high
during the regeneration step, as the exothermic coke com-
bustion process may lead to hot spots in the catalyst bed.

An example of the controlled coke burn-off procedure is
illustrated in Figure 1, in which coke and propane conversion

levels are plotted versus time on stream, and the upper coke
level set-point is also indicated. A clear relation was found
between the presence of a certain amount of coke and the
maximum propane conversion of the catalyst. The reaction
and regeneration cycle times were automatically optimized as
a function of reaction temperature and deactivation or coking
rate: coke buildup appeared to be slower in the last two cycles
at 550 and 560 8C, with a consequential increase of the
reaction cycle time. This slower kinetics in the formation of
coke could be related to the permanent catalyst deactivation
after exposure at high temperature. The approximately
20 minutes necessary to regenerate the catalyst in the
controlled coke burn-off step was slightly longer than the
cycle time currently used in the chemical industry. However,
the time during which propane could be dehydrogenated at
conversions > 20% was much longer than in industrial
practice (1 to 3 h in dependence on the reaction temperature).
Note that in industrial reactors cycle times are typically
shorter because of heat consumption by the endothermic
reaction. The cycles performed at the highest temperatures
(590 and 600 8C) presented some coke-level overshoots, which
are related to the delay between the flushing and regeneration
steps.

In the developed methodology, the catalytic solid is
automatically regenerated when the amount of coke exceeds
a predefined level (determined from the intensity of the
Raman peak at 1580 cm�1, see insert in Figure 1).[15,16] The
regeneration cycle is stopped automatically when the coke
level drops below a given level. Furthermore, the oxygen
concentration is gradually increased in four stages during
regeneration, based on the actual level of coke. This results in
a controlled coke burn-off, which reduces the formation of
hot spots during catalyst regeneration and maintains the small
amount of coke that seems to have a positive effect on the
activation of the catalyst.[18] In the expert-system “control
algorithm” used in this experiment, the coke level on the
catalyst (“coke”) was the control variable. The first propane
dehydrogenation cycle (see Figure 1) was carried out at
550 8C until the coke level exceeded a predefined limit (250 in
these experiments). Then, after a flushing step (1 min,
20 mLmin�1 He), the feed gas was switched to a diluted
oxygen stream (2% O2/He) to kinetically limit the rate of
coke burn-off until the coke level reached a second prede-
fined limit (100 in these experiments). The regeneration
procedure was prolonged at increasing oxygen concentrations
of 4, 10, and 20% to reach a lower coke limit in each stage (for
the subsequent three regeneration stages the coke limit was
fixed at 50, 20, and 10, respectively). After the last stage of
regeneration a new propane dehydrogenation cycle was
performed at increased temperature (> 10 up to 600 8C) to
verify the robustness of the proposed methodology by
checking how it would behave in different conditions. Further
details on the developed methodology can be found in the
Supporting Information.

To illustrate the beneficial effect of controlled coke burn-
off on the catalyst temperature, a series of experiments was
performed in which the reaction temperature was measured
online for “standard” and “controlled” activation procedures
(see Figure 2). Ten reaction–regeneration cycles are reported
for temperatures in the range of 550–600 8C. The regeneration

Figure 1. Real-time control of a Cr/Al2O3 propane dehydrogenation
catalyst by online in situ Raman–UV/Vis spectroscopy. Propane
conversion levels and amounts of coke are reported versus time on
stream t for different reaction cycles and temperatures. The control
system continues the reaction step until a given coke limit is reached
(a), after which the catalyst is automatically regenerated. Inset: in
situ Raman spectra indicative of increasing amounts of coke during a
propane dehydrogenation step.

Figure 2. Beneficial effect of online spectroscopic control of a Cr/Al2O3

propane dehydrogenation catalyst. Catalyst temperature Tcat and coke
buildup during ten reaction–activation cycles, with alternating “stan-
dard” regeneration (fixed duration, 20% O2) and “controlled” regener-
ation (gradually increasing O2 concentration until the coke is
removed), are shown.
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procedure was alternated between controlled burn-off (as in
Figure 1) and a standard regeneration procedure in air, which
is currently employed in industrial propane dehydrogenation
plants. In each case, at the beginning of the regeneration step
we noticed a sharp increase in the temperature of the catalyst
bed. During the controlled burn-off, the increment in this
temperature was three times smaller than in the standard
regeneration procedure (increments of 25 and 75 8C, respec-
tively). The lower temperature reached during regeneration
by controlled burn-off (Figure 2) proves the benefits of this
regeneration procedure; the possibility of reducing the
formation of hot spots in an industrial reactor, and thus
suppressing the irreversible deactivation of the catalyst (that
is, migration of Cr3+ into the Al2O3 support), could offer a
simple way to extend the catalyst lifetime.

In a second example, we explored the selective oxidation
of n-butane to maleic anhydride over an industrial-like VPO
catalyst. This reaction is presently the only industrial process
of light alkane oxidation on a large scale. The great
importance of this reaction and the unique chemical–physical
properties of the VPO-based catalysts make this system a hot
research topic.[19] To better understand and improve the
existing catalyst material and catalytic processes involved in
maleic anhydride production, different and complementary
physicochemical techniques have been used to provide
information on the bulk and surface properties of the VPO
system.[20–25] Among them, Raman spectroscopy demon-
strated its power in detecting the transformation of the
VPO precursor into the active VPO catalyst.[26–31] For this
reason, the second example is based on the use of in situ
Raman spectroscopy as a tool for the online control of the
catalyst performance of the VPO system.

Two series of experiments were performed at a constant
temperature of 400 8C, one devoted to control of the phase
changes occurring by alternating reaction (React, He/O2/
C4H10= 77:21:2), oxidizing (Ox, He/O2= 79:21), and reducing
(Red, He/C4H10= 98:2) steps, and the other to real-time
control of the reversible transformation between (VO)2P2O7

and VOPO4 polymorphs, representative of five-valence
vanadium.[22,32–35] In Figure 3A and B, the Raman peak
intensity at 989 cm�1 and the maleic anhydride concentration
trends are reported as a function of the reaction time.
Examples of Raman spectra acquired under different reaction
conditions are reported in Figure 3C, while the Raman
spectra of the relatively pure phases present on the catalyst
are shown in Figure 3D.[26,28] The experiment was carried out
by alternating the reaction, oxidizing, and reducing conditions
for five React-Ox-React-Red cycles, as shown schematically
at the bottom of Figure 3, where the presence/absence of
butane and/or oxygen is reported. The increased/decreased
intensity of the 989 cm�1 Raman peak was clearly reversible
and, after each Ox or Red step, the maleic anhydride
concentration could be rapidly reestablished when the
catalyst was reexposed to React conditions.

Examples of the characteristic Raman spectra acquired in
the different steps are reported in Figure 3C. The possibility
of acquiring real-time Raman spectra of the catalyst surface
and at the same time analyzing the reaction products
permitted observation of behavior peculiar to the VPO

system: when the butane was removed from the reactant
mixture (Ox condition), as expected the maleic anhydride
concentration rapidly decreased to zero, while in the case of
the Red condition (no O2 present) the maleic anhydride
concentration diminished to a value of only 60 ppm. This
could be related to the fact that VPO operates as an oxidation
catalyst by a Mars–van Krevelen mechanism, that is, in the
absence of oxygen in the feed, the butane reacts to give maleic
anhydride by reacting with lattice oxygen.[36, 37] This behavior
could also be deduced by observing the trend in maleic
anhydride concentration during the React steps (Figure 3). In
the React steps that followed the Ox treatments, the activity
of the VPO catalyst was immediately reestablished and
showed a constant trend, whereas after the Red treatments,
an increasing trend in the maleic anhydride concentration
could be observed that was related to the time request to
reoxidize the catalyst and replace the lattice oxygen, in
accordance with the reaction model presented by GascGn
et al.[38]

The possibility of controlling the phase composition of the
VPO catalyst by online in situ Raman spectroscopy is
illustrated in Figure 4, which shows the intensity ratios of

Figure 3. Catalytic performances and related in situ Raman spectra of
a VPO catalyst as a function of feed gas composition. Raman
intensities I989 of the 989 cm

�1 peak (A) and maleic anhydride (MA)
concentration (B) are shown as a function of time on stream during
alternating reaction, oxidizing, and reduction conditions (indicated at
the bottom). Examples of Raman spectra C) acquired 1) in the absence
of oxygen, 2) during reaction, and 3) in the absence of butane, and
D) of the pure-phase components acquired at 400 8C. The 932 and
989 cm�1 peaks are indicated with arrows.
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the Raman bands at 989 and 932 cm�1 (Iox/Ired, related to V5+

and V4+ phases, respectively)[39] for alternating reaction
conditions, as shown schematically for the oxygen concen-
tration as a function of time on stream. The lean oxygen steps
were maintained until an arbitrarily chosen Iox/Ired value of
0.19 was reached. Once this lower-limit value was obtained,
the lean oxygen step was automatically terminated and the
reaction condition restored. The first three cycles were
affected by the changing of phases as a result of catalyst
activation that, after 24 hours, was not yet complete,[40] as
demonstrated by the global increasing trend in the maleic
anhydride concentration (Figure 4B). After ten days of
activation (400 8C, 30 mLmin�1, He/O2/C4H10= 77:21:2) the
transformation towards (VO)2P2O7 was complete, and the Iox/
Ired ratio and maleic anhydride concentration in the reaction
steps showed a constant trend. The benefit of this online
control of phase composition can be applied to prolong the
life of the VPO catalyst, thus avoiding in time any dramatic
phase changes that could not only decrease the catalyst
performance, but also result in permanent catalyst deactiva-
tion, as explained above for the Cr/Al2O3 catalyst system.

On the basis of both examples it is clear that in situ
spectroscopy of a catalytic solid can be used to control online
the amount of a specific catalyst material as well as that of
coke deposits during a reaction process. Based on this input
the catalyst performance and its long-term stability can be
automatically controlled. We expect that the developed
methodology will be of general use for developing “catalyst
diagnostics” strategies, in cases where catalyst deactivation
processes are related to the blocking of active sites by coke, as
well as by the formation of catalyst phases that contain less
active and/or selective active sites. More specifically, based on
the promising results for the two examples discussed, catalyst
users and producers have now decided to perform test
experiments in pilot-scale reactors, thus illustrating the

potential industrial impact of this new spectroscopic
approach.

Experimental Section
The first example dealing with propane dehydrogenation was
conducted with a flow setup similar to the one already described by
Nijhuis et al.,[15,16] at atmospheric pressure, in which Cr/Al2O3 catalyst
(0.3 g) was positioned in a quartz fix-bed reactor and tested in cycles
at different reaction temperatures (550–6008C). The gas stream
during the reaction step was composed of propane and He (2 and
20 mLmin�1, respectively). After each cycle of reaction the catalyst
was regenerated in a flow of O2/He, in which the concentration of O2

was varied from 2 to 20% in relation to the control system already
described, or by standard regeneration in air. UV/Vis spectra of the
catalyst surface were collected (with a time resolution of 1 s) by an
Avantes AvaSpec-4 analyzer with four high-temperature diffuse
reflectance probes (Ocean Optics/Micropack), focused at different
heights on the catalyst bed. At the same time, a Kaiser RXN Raman
spectrometer, equipped with a 532-nm diode laser and a noncontact
objective, was used to analyze the sample with a total recording time
of about 3 min (ten accumulations with a 3-s exposure time). The
reactor outlet stream was analyzed online using an Interscience
compact gas chromatography (GC) system, equipped with Porabond-
Q and Molsieve 5A columns, capable of performing analyses within
1.3 min.

In the second example, the home-made VOHPO4·0.5H2O
catalyst precursor was prepared in organic medium[26] and activated
in situ (reaction conditions: 400 8C, total flow: 30 mLmin�1, molar
ratio: He/O2/C4H10= 77:21:2, 24 h) to form the activated VPO
catalyst (mainly (VO)2P2O7). The setup was the same as that
described for the first example (see also the Supporting Information).
However, the analysis of the product gases was performed within
170 s with an online Interscience compact GC system equipped with
three capillary columns (Rtx-1.5u, PorbondU, and PorbondQ) and
two different detectors (flame ionization and thermal conductivity
detectors). All the pipes, starting from the exit of the reactor to the
end of the catalytic line, were constantly heated at 100 8C to avoid
condensation of the maleic anhydride. Ten Raman spectra were
accumulated within 6 s exposure time for a total spectral recording
time of about 5 min. A second series of experiments was performed
on 0.3 g of catalyst, by alternating reaction condition (molar ratio:
He/O2/C4H10= 77:21:2) and lean oxygen steps (molar ratio: He/O2/
C4H10= 77:3:2).
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