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Abstract

The concept of a recently developed new fluid-bed micro-reactor technology for spectroscopic
purposes is presented. Two case studies where operando Raman spectroscopy, has been performed
with the new fluid-bed reactor are discussed: investigation of the active phase in a commercial sulfuric
acid catalyst (VK38, Haldor Topsge A/S) and the formation of hydrocarbon molecules in the
micropores of zeolites, during methanol to hydrocarbon reaction (MTH). We demonstrate that
fluidization of the catalyst particles is absolutely necessary to obtain the real structure of
heterogeneous systems under operando conditions. The molecular structure of the supported molten
phase in the sulfuric acid catalyst is very sensitive to changes in reaction conditions and the correlation
with the catalytic data provided interesting new insight, enabling us to establish specific structure-
activity relationships. The simultaneous monitoring of reaction products and intermediates in the gas
phase and inside the micropores of the catalyst during MTH reaction provides unique details on the

shape-selectivity of microporous materials.
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1. Introduction

Laser Raman spectroscopy is based on the so-called Raman-effect, where monochromatic light
interacts with matter, such that photon energy is either transferred to or from matter (inelastic
scattering). The difference or shift in energy between the laser excitation and the scattered light is
related to rotational, vibrational, phonon- or spin-flip processes in the sample. Due to the usually low
Raman cross sections of molecules and solids, high laser powers need to be applied in order to produce
a well detectable signal. One inherent problem is therefore the risk of laser-induced damages in the
sample. A critical issue, in particular in the field of heterogeneous catalysis, is that laser induced
heating may also lead to a significant temperature gradient between the integral catalyst bed and the
sampling point [1,2]. However, in the case of operando Raman spectroscopy, it is very important to
know exactly the temperature at which chemical transformations occur. In both cases — laser heating or
laser damage — the final goal of operando spectroscopy, namely to establish some kind of structure-
reactivity relationship, will be impossible.

It might therefore not surprise that researchers in the field of heterogeneous catalysis have attempted to
design special experimental set-ups to circumvent laser induced heating and damages, while still using
high laser powers. One possibility to avoid laser heating is to reduce the contact time between the laser
spot and the sample by either moving the solid catalyst or the laser beam in a continuous mode.
Several complicated, semi-successful ways of reducing the contact time between the laser spot and the
catalyst particles inside a micro-reactor can be found in the literature [3-5].

We have recently discovered and developed a new technology to homogeneously fluidize particles
inside a micro-reactor and conduct heterogeneous catalytic reactions with it, such that they can be
monitored by operando Raman spectroscopy, without the drawback of laser heating or damage.

In the following we will illustrate the concept presenting results of two relevant case studies that have

been performed with the new fluid-bed reactor:



Case A. Investigation of the active phase in a commercial sulfuric acid catalyst (VK38, Haldor
Topsge A/S) under realistic operation conditions (1 bar, 300 — 630 °C, 10% SO,, 10% O,, 80%

N).

Case B. Follow the formation of hydrocarbon molecules in the micropores of zeolites, during

methanol to hydrocarbon reaction (MTH).

2. Experimental

For the experiments on the sulfuric acid catalyst, a Horriba Jobin Yvon LabRam HR confocal
microscope equipped with an Ar” laser, operated at 514 nm was used. The power at the focal point of a
10x objective was measured to be 12 mW. The slit was opened to 200 um, and in order to avoid
intenisty losses, the confocal hole set to 1100 pm (maximum value). Spectra were taken from 150 cm™
to 1800 cm™. All operando Raman experiments during SO oxidation were performed in the fluidized
bed mode in the Linkam CCR1000 reactor. Freshly calcined Daisy-shaped VK-38 catalyst pellets were
crushed and between 50 - 55 mg of the sieve fraction from 150 - 300 um were loaded in the reactor.
The feed gas composition was 10 % SO,, 10% O, and 80 % N,. The conversion of SO, during
reaction was measured by a calibrated online IR analyser which detects SO, in the exit gas flow
(Figure S1).

For the zeolite catalyzed methanol to hydrocarbons reaction, Raman spectra were obtained by using a
Renishaw micro-Raman System 1000 equipped with an Ar* laser (Coherent), frequency doubled to
244 nm. A 15x microscope objective was used for excitation and collection of Raman signal. The laser
power at the sample was fixed to ca. 5 mW. The scattered photons were dispersed over a 3600
lines/mm grating monochromator and simultaneously collected on a CCD camera.

Zeolite samples (150 — 300 um sieve fraction), a ZSM-5 (Si/Al = 50) and a ZSM-22 (Si/Al = 35) have
been activated and tested following a common procedure: 1) heating up to 550°C in air stream (20
ml/min); 2) cooling down at the chosen reaction temperature in air stream; 3) switching to He stream

(20 ml/min); 4) sequence of three CH3OH pulses (each of them of 10 sec) by bubbling He (20 mi/min)



through methanol kept at 0°C; 5) long CH3OH pulse (approx. 5 min); 6) switching back to pure He
stream. The reaction products were followed semi-quantitative by online mass spectrometry (Figure

s2).

3. Reactor concept

A fluidized bed is generated when solid particles present in a vessel are placed at appropriate
conditions to cause the solid—gas mixture to behave as a fluid. This is usually achieved by the
introduction of pressurized gas through the particulate medium. Fluidized beds are used in many
different applications, such as fluidized bed reactors or fluidized bed combustions and are generally
characterized by improved heat and/or mass transfer [6].

The reactor used in this study is a modified version of the commercial CCR1000 catalyst cell from
Linkam Scientific Instruments (Figure 1a). The reaction gas is flowing downwards from top to bottom
of the reactor, passing through the sample, which is supported in a ceramic sample holder on a ceramic
fibre filter. Fluidization is achieved via a micro-device, placed downstream the reactor that provokes
pressure oscillations in such a way that the flow direction is reversed in discrete pulses of about 40-100
Hz. The particles are lifted upwards by the reverse flow pulses but the net flow direction is still
downwards and thereby ensures that the particles stay in the sample holder (Figure 1b). Due to the
particular design of the sample holder and the length and the frequency of the pulses, the particles

move homogeneously in a quasi-circular mode (see also video in the supporting material).

4. Results and Discussion

4.1. Investigation of the active phase in a commercial sulfuric acid catalyst.

Sulfuric acid is the largest volume chemical in the world with an annual production of about 180 x 10°
t/year which is used primarily for phosphate fertilizers, petroleum alkylation and ore leaching
processes. In a sulfuric acid plant sulfur is combusted with dry air at about 1100 °C to a gas that

contains 10-12% SO, and 9-11% O,. The gas is cooled in a steam boiler to 380-440 °C and passed to a
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series of fixed bed reactors, where SO, is oxidised to SO3 according to the reversible exothermic

reaction:

SO, + %0, = SO3 + 99 kd/mol. (1)

Commercial sulfuric acid catalysts are based on V,0s dissolved in alkali-metal

pyrosulfates, dispersed on an inactive porous silica support. Under reaction conditions the vanadium
sulfates form a melt together with the alkali metals, resulting in a so-called supported liquid phase
(SLP) catalyst [7]. The catalytic oxidation of SO, takes then place as a homogeneous reaction in a
liquid film covering the internal surface of the support material. For over 60 years, the harsh reaction
conditions and the fact that the active catalyst phase is present in a melt represented a true challenge
for scientists trying to obtain detailed structural models of this complex system. Nevertheless, the joint
research efforts of a number of groups from Russia, Greece and Denmark for over more then 20 years
provided reasonable evidence to propose the reaction mechanism summarized in the schematic

drawing of Figure 2 [8-14].

More recently, Boghosian and co-workers [15] applied for the first time in-situ Raman spectroscopy
on a model catalyst during SO, oxidation. They showed that Raman spectroscopy is well suited to
observe the structural changes of the catalyst under operating conditions.

We were interested to find out whether it is possible to detect the proposed structures shown in Figure
2 in a commercial sulphuric acid catalyst, i.e. the VK38 catalyst from Haldor Topsge, under industrial
reaction conditions. It is known [16-19] that the activity of the catalyst is extremely sensitive to the
formation of the molten phase. On the other hand, the heavily coloured catalyst particles (see
photographs in Figure 3) absorb readily the laser light (514 nm), and hotspots at the sampling area are

likely to occur. To obtain reliable structure-activity correlations all operando Raman experiments



during SO, oxidation were therefore performed in the fluidized bed mode in the Linkam CCR1000
reactor.

Figure 3a shows the two operando Raman spectra recorded while switching the gas in the reactor at
380 °C from air to the reaction mixture, containing 10% SO, and 10% O, in nitrogen. The elapsed time
between the two spectra is less than five minutes and is accompanied by a color change of the catalyst
from orange-yellow to dark green (Figure 3b). Interestingly, the Raman spectrum of the catalyst before
switching to the reaction mixture resembles some characteristic features of the dimeric V) complex
drawn in Figure 2, which is supposed to be the active species in the proposed cycle. In particular the
two bands at ~860 and 770 cm™, which are assigned to V-O-S and V-O-V bridging bonds, have been
claimed to be the signature of the active catalyst [15]. However, the characteristic bands for V-
vanadyl bonds are missing in the spectrum, indicating the absence of terminal V=0 bonds. This might
be explained by the extended polymeric nature of melt in the absence of SO, from the gas phase. The
Raman spectra and the color change after switching to the reaction mixture reveal a structural
transformation from a polymeric vanadate to the well defined molecular structure of the
(VO)3(SO4)s* ~ion [15,17], implying a reduction of V™ to V"), At this point the conversion of SO, is
close to zero (Figure S1).

A significant jump in activity is first observed when the temperature is raised to 480 °C. The
corresponding Raman spectrum is shown in Figure 3c. Again the structural changes can be clearly
recognized by Raman spectroscopy and accompanied by a color change of the catalyst from dark green
to ocher. The most evident new features in the spectrum of the active catalyst are the appearance of a
band centered at 1043 cm™, characteristic for V()-vanadyl bonds and a broad and structured band
between 940 and 985 cm™, together with two bands at 665 and 605 cm™, assigned to the vibrational
modes of the SOy ligands in different vanadium oxosulfato complexes. Less pronounced, but still
evident are the spectral features at around 750 and 860 cm™, which were also observed in the spectrum
in air (Figure 3a). Combining the spectral information according to the literature [15] it is possible to

conclude that the active phase of the industrial VK38 catalyst at 480 °C corresponds to a mixture of



predominantly monomeric and to minor extend dimeric vanadium (V) oxosulphate species, which fits

well with the proposed structures of Lapina et al.[14], shown in Figure 2.

4.2. The formation of hydrocarbon molecules in the micropores of zeolites, during methanol to
hydrocarbon reaction (MTH).

With the development of zeolite science, the structural properties of this class of materials have been
thoroughly investigated. Great part of the molecular understanding of zeolites has been obtained from
vibrational spectroscopies, such as Infrared (IR) and Raman [20-33]. Raman spectroscopy is able to
selectively detect the vibrational modes of particular species in a complex mixture which makes the
technique also suitable to be used as operando technique. However, particularly in the field of zeolite
science, Raman has been used far less than IR spectroscopy and is comparably underdeveloped. This is
mainly related to the generally low Raman cross sections, resulting in an unfavorable signal-to-noise
ratio and the frequently observed broad fluorescence background, caused by organic inclusions and
surface defects in the zeolites [24]. Both, the signal-to-noise ratio and the fluorescence problem can be
improved if the laser wavelength is moved from the visible to the UV range [34-36]. In fact, if the
excitation wavelength is below 260 nm, the Raman shifts typically appear at shorter wavelengths than
fluorescence. However, the price of such a high energy wavelength is that the materials under
investigation can undergo decomposition by photo-induced reactions. It has also been reported that UV
Raman spectra appear to be more sensitive to the out-of-plane bending and symmetric stretching
vibrations of bridging oxygen species (M—O—M), whereas the visible Raman spectra are more
sensitive to terminal oxygen vibrations (M=0) [37]. In the present case study, we probe the nature of
the organic species formed in two different zeolite topologies during methanol conversion under
operando conditions, by using our recently developed fluid-bed technique. A great number of different
zeolite structures have been tested, but for the sake of brevity, in this contribution only results on
ZSM-5 and ZSM-22 will be reported. A more dedicated manuscript to the structural characterization

of zeolites during MTH reaction is in preparation.



The great advantage of the experimental set-up is evidenced in Figure 4, where in situ UV-Raman
spectra (A=244 nm) of an H-ZSM-5 sample in a methanol stream (10 vol% CH3OH in He) at RT, with
and without movement are reported.

As long as the sample is in movement (gray curve, Fig. 4), the Raman spectrum of methanol,
physisorbed at the surface of the zeolite is easily recognizable. Main features are: v(OH) at 3628 cm™,
v(CHs) at 2950 cm™ and 2835 cm™, §(CHj3) at 1456 cm™, v(CO) at 1028 cm™ and p(CHs) at 1150 cm’
! The part of the spectrum at lower energy (1000-250 cm™) is the Si-O vibrational fingerprint of the
H-ZSM-5 zeolite.

When the movement is stopped, the same laser power causes almost immediately the decomposition of
methanol, resulting in a completely changed spectrum with the appearance of only one broad band
centered at 1560 cm™ (black curve, Fig. 4). The band has been assigned to coke-like species, which
have formed during fast polycondensation and dehydration reactions of methanol induced by the high
energy laser irradiation. Optically this coking reaction could also be recognized by a black area (on the
white zeolite sample) at the point where the laser spot hits the sample. All spectra during methanol
conversion where therefore measured in the fluidized-bed mode.

The zeolite samples have been pre-treated in a stream of synthetic air at 550°C for 1h to remove all
pre-adsorbed molecules from the surface. The corresponding Raman spectra are the black curves
reported in Figure 5a,c revealing the characteristic Raman modes of the zeolites in this range.

The MTH reaction temperature has been chosen differently for the two zeolites, in order to be able to
compare the hydrocarbon pool species with previously published results [28,38,39]. The methanol has
been introduced first gradually by means of three small pulses (red curves in part a) and c) of Figure 5
and then by a prolonged dosage (blue curves in part b) and d) of Figure 5). The reaction products were
followed semi-quantitatively by online mass spectrometry (Figure S2). Finally, the methanol feed was
stopped and the whole reactor flushed in a He stream (20 ml/min), in order to remove weakly adsorbed

species formed upon methanol reaction (green curves in part b) and d) of Figure 5).
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In the carbon dedicated literature, the two very intense and broad bands centered at 1600 and 1350 cm’
! have been attributed to different forms of sp>-bonded carbons with various degrees of graphitic
ordering, ranging from microcrystalline graphite to glassy carbon [40-51]. In more detail, the higher
frequency mode, called “G” peak, involves the in-plane bond-stretching motion of pairs of sp> C
atoms. This mode does not require the presence of six fold rings, as it occurs at all sp sites, not only
those of the rings. It always lies in the range 1500-1690 cm™ and its exact position depends on the
degree of order of the sp® carbons. In graphitic (ring) systems the band is never observed at positions
higher then 1600 cm™, while for chain type sp® carbons with very strained or short isolated C=C bonds
it can reach 1690 cm™ (e.g. ethylene ~1630 cm™). On the other hand, the lower frequency mode, called
“D” peak, is forbidden in perfect graphite and only appears in presence of disorder. It varies with
photon excitation energy, and its intensity is strictly connected to the six fold aromatic rings.

Ferrari et al. showed that by using a laser line in the deep UV range (A=244nm), the intensity of D
peak should be negligible, both in amorphous and graphitic carbon [40,41]. The broad and intense
band centered at about 1380 cm™ which is clearly observed in Figure 5, in particular for the longer
methanol pulses, must be therefore due to the superimposition of the vibrational modes of aromatic
ring-molecules, rather than larger extended structures. As a consequence, the usage of the terms “G”
and “D” peak is not correct, when discussing the spectral features of the spectra at this stage.

Let us now review the spectra of Figure 5 in some more detail. In the case of ZSM-5, right from the
first pulse, a band at 1602 cm™ starts to grow. Upon the second and third pulses, two more bands at
1376 and 1225 cm™ start to grow. At the same time the intensity of the bands related to the framework
vibrations of ZSM-5 is strongly reduced. It is clear that during this phase the hydrocarbon molecules
start to build up in the pores of the zeolite. The fact that the band at 1602 cm™ starts to grow first,
could indicate that some non-cyclic olefins (e.g. butadienes or pentradienes, etc.) adsorb initially and
are transformed subsequently into aromatic molecules via cyclization reactions. During the long
methanol pulse the band at 1361 cm™, together with a should at higher frequencies is growing

significantly and gets even stronger than the 1606 cm™ band. In addition a number of well defined
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bands of lower intensity develop (1289, 1225, 1077, 714, 664 and 570 cm™). This strong increase of
the band at 1361 cm™, characteristic for the aromatic breathing mode of benzenes, together with the
characteristic bands at lower frequencies indicates that at this stage the zeolite is filled up with
polymethylated benzenes and naphtenes. However, most of these species are not strongly bound to the
zeolite surface and are small enough to desorb again, which is demonstrated by flushing with He (still
at reaction temperature). The intensity of the band at 1365 cm™ and the bands between 1300 - 550 cm™
is halved after the flush with inert. At the same time the higher frequency shoulder has developed into
a band at 1419 cm™, indicating that this band is related to some polycondensed aromatics, which are
trapped in the zeolite pores.

For ZSM-22 the picture looks generally similar, but some striking differences can be observed. Again,
the band at 1606 cm™ starts to grow first, but during the subsequent pulses the band at 1390 cm™ does
not grow to the same extent as for ZSM-5, pointing to a lower content of aromatic ring molecules. This
assumption is confirmed during the long methanol pulse, where the band at 1390 cm™ is growing, but
much less compared to ZSM-5. The higher frequency shoulder is absent in the case of ZSM-22,
supporting the assumption that this band is related to larger molecules, which do not fit into the more
space restricted 1-D structure of ZSM-22. Conversely, for ZSM-22 the flushing with He at 420 °C
does not decrease the band at 1390 cm™. Instead, the spectrum gets better resolved and bands below
1300 cm™ are clearly recognized. For ZSM-22 the aromatics seem to be entrapped in the zeolite and

are not able to desorb, but are transformed to thermodynamically more stable aromatic structures.

5. Conclusions

We demonstrate in two examples that fluidization of the catalyst particles is absolutely necessary to
obtain the real structure of heterogeneous systems under operando conditions. The molecular structure
of the supported molten phase in the sulfuric acid catalyst is very sensitive to changes in reaction

conditions and the correlation with the catalytic data provided interesting new insight, enabling us to
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establish specific structure-activity relationships. The simultaneous monitoring of reaction products
and intermediates in the gas phase and inside the micropores of the catalyst during MTH reaction
provides unique details on the shape-selectivity of microporous materials. We are currently further
developing the experimental set-up to extend the technique for combined operando UV-vis/IR/Raman

spectroscopy.
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Figure captions

Figures 1.Detailed sketch of the Linkam CCR1000 reactor (a); schematic drawing of the sample

holder with flow indications by arrows to illustrate the fluidization principle (b).

Figure 2. Schematic drawing of the proposed reaction mechanism for SO, oxidation over an industrial

sulfuric acid catalyst (adapted from [12]).

Figure 3. Operando Raman spectra while switching from synthetic air (a) to SO,/O, (b) at 380 °C and
in SO,/O; at 480 °C (c). The photographs to the right of the spectra show the catalyst in the reactor at

the respective reaction conditions.

Figure 4. In situ Raman spectra of H-ZSM-5 at RT in a methanol stream (10 vol% CH3OH in He, 20
ml/min) with (gray curve) and without sample movement (black curve). Symbols ** and * indicate N,

and O, gases typically detected when Ae.=244 nm line is used.
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Figure 5. Operando Raman spectra of ZSM-5 and ZSM-22 during methanol conversion to
hydrocarbons (MTH). The black lines in part a) and c) are the Raman spectra after activation in air at
550 °C. The red lines correspond to the spectra after 3 successive pulses of methanol (a,c), and the
blue and green lines correspond to the spectra after a long methanol pulse and subsequent flushing

with He, respectively (b,d).
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Figure S1. Temperature profile and conversion data for SO, oxidation experiment.
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Figure S2. Mass spectrometric data from long methanol pulse (5 min) over H-ZSM-5 and H-ZSM-22.
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