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A novel “fluidized bed” (FB) technique for measuring UV Raman
spectra of catalysts and adsorbates has been developed to mini-
mize thermal degradation and possible photodecomposition of ad-
sorbates by UV radiation. UV Raman spectra were measured for
naphthalene, benzene, and pyridine adsorbed in zeolite H-USY.
When measurements were performed on samples in the form of
a stationary or spinning disc, the Raman spectra show the presence
of “coke,” a typical end product of heating and photochemistry. In
contrast, the Raman peaks of the unreacted adsorbates dominate
spectra measured using the FB apparatus. An in situ FB reactor
was constructed and the UV Raman spectrum of n-heptane in ze-
olite H-ZSM-5 was measured. These results indicate that the FB
technique is a promising method for measuring UV Raman spectra
of catalysts and adsorbates. c© 2000 Academic Press
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lysts; adsorbates.
INTRODUCTION

Raman spectroscopy is a powerful tool that has wide ap-
plication in the field of heterogeneous catalysis. For exam-
ple, it has been used to characterize the molecular structure
of supported metal oxides (1, 2) and to study the dynamics
of molecular sieves (3, 4) and has contributed to an un-
derstanding of the formation of zeolites (5, 6). It is also
capable of detecting reaction intermediates (7, 8), even
transient species under certain conditions (9). However,
Raman spectra measured using visible wavelength radia-
tion are often plagued by strong fluorescence that masks
the much weaker Raman peaks. The origin of fluorescence
is usually attributed to traces of fluorescent heavy metal
ions, the presence of hydroxyl groups on oxide surfaces,
or hydrocarbon impurities (10, 11), which, in many cases,
are a side product of hydrocarbon catalysis. Fluorescence
can be avoided by using either near-IR (12) or UV (13)
lasers to record Raman spectra. Measuring Raman spectra
in the UV offers attractive advantages over spectra taken
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with near-IR radiation. Because of the frequency depen-
dence in normal Raman spectroscopy, the intensity of a
Raman peak is stronger under UV excitation than under
near-IR radiation. In addition, thermal luminescence from
samples at elevated temperatures does not interfere with
UV Raman measurements. For species that absorb UV ra-
diation, UV resonance Raman spectroscopy may increase
detection sensitivity. In the past few years, our group has
successfully used UV Raman spectroscopy to study a wide
variety of catalytic systems and in all cases, fluorescence
was completely avoided (14–16).

For materials that absorb laser radiation, heating may
lead to thermal degradation of the samples. Spinning the
sample in the form of a self-supporting disc (17) or cooling
the sample (18) can be used to reduce heating. However,
these methods are ineffective when the sample decomposes
upon absorbing radiant energy. Interference from photode-
composition is particularly severe when the photo prod-
ucts build up in the region exposed to the laser beam. To
minimize interference from both thermal degradation and
photodegradation, a novel FB technique has been devel-
oped for measuring UV Raman spectra of catalysts and
adsorbates. In this paper, the method will be described and
the recording of adsorbate UV Raman spectra with little
or no interference from photodecomposition and/or ther-
mal degradation will be demonstrated. The method has
been used to measure the UV Raman spectra of adsor-
bates in the important industrial zeolite catalysts H-USY
and H-ZSM-5. We will also make some comments regard-
ing the strengths and weaknesses of UV, visible, and near-IR
Raman spectroscopies.

METHODS

Raman Spectrometer

Figure 1 shows a schematic diagram of the UV Raman
instrument. The laser source is a Lexel 95 SHG (Second
Harmonic Generation) laser (19) equipped with an intra-
cavity nonlinear crystal, BBO (β-barium borate, BaB2O4),
that frequency doubles visible radiation into midultraviolet.
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FIG. 1. Schematic diagram of UV Raman spectrometer.

An ellipsoidal mirror (20) is used to collect and focus the
scattered photons into a Spex 1877 triple grating spectrom-
eter. This mirror has an AlMgF2 coating and collects light
at polar angles from 39.9◦ to 66◦ and all azimuthal angles
about the surface normal. Its minimum effective f/n is 0.22
and the solid angle of collection is 2.3 sr. The minimum blur
circle at the second focus was measured to be 460 µm. This
mirror is positioned so that the major axis of its parent ellip-
soid is vertical. Scattered light from the ellipsoidal mirror
reflects off a 6-in. mirror (21), 80% reflectance at 244 nm,
before entering the spectrometer. The six spherical mirrors
in the spectrometer received a broadband UV-enhanced
coating optimized for 250 nm (22). The other components
of the Raman instrument are described in detailed else-
where (16).

Methods of Recording UV Raman Spectra:
Fluidized Bed Technique

With the exception of liquids, all UV Raman spectra
were measured using 244-nm radiation with a power of
≤2 mW. Measurements were performed on stationary pow-
ders or discs, on samples in the form of spinning self-
supporting discs of 1.5 cm in diameter (∼2000 revolutions
per minute), and on a FB apparatus (Fig. 2). The first FB
experiments were performed on powders placed on top of
the fritted disc in a standard filter funnel (4- to 5.5-µm-size
pores). In a typical experiment about 200 mg of powdered
sample was loaded on the fritted disc. Flowing nitrogen
gas was piped into the stem of the filter funnel at a rate
(∼20 cm3/s) that produced constant tumbling and stirring
of the powder without lifting the bed off the fritted disc. To
facilitate the tumbling motion, an electromagnetic shaker
that vibrated at ∼60 Hz (23) was also used. Over time
zeolite particles tend to adhere to one another, forming
millimeter-sized clumps that did not tumble easily. To over-
come this problem, the powder was first pressed into wafers
(pressure< 1 ton/cm2) and then subsequently ground into

smaller pieces. The ground sample was sieved and particles
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FIG. 2. A fritted funnel for fluidized bed experiments.

having sizes from 177 to 250 µm or 125 to 177 µm were se-
lected for use in FB experiments. The naphthalene/H-USY
sample was provided by Amoco Oil Co. The benzene/H-
USY and pyridine/H-USY samples were prepared in this
laboratory by dosing the respective organics into H-USY
after the zeolite was calcined at 500◦C in oxygen.

In Situ Fluidized Bed Reactor

Figure 3 shows a schematic diagram of an in situ FB re-
actor. A stainless steel porous disc (40-µm-size pores) (24)
is positioned near the top of a stainless steel tube. The cata-
lysts are placed on top of the porous disc. The tube is sur-
rounded by a cylindrical quartz cover. Gases are introduced
into the reactor with the direction of gas flow shown in the
FIG. 3. Schematic diagram of the in situ fluidized bed reactor.
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diagram. A cylindrical furnace surrounds the reactor. The
temperature of the catalyst is measured by a thermocou-
ple inserted from the bottom of the reactor and controlled
by a temperature controller (25). The reactor is securely
attached to a baseplate that also holds an electromagnetic
shaker to facilitate tumbling of the catalyst particles. The
laser beam is focused vertically down onto the top surface
of the powder bed, and the scattered photons are collected
by the ellipsoidal mirror.

The n-heptane/H-ZSM-5 sample was prepared by first
calcining the zeolite in oxygen at 500◦C, followed by cool-
ing to room temperature and introduction of n-heptane in
a stream of helium. The sample was purged in helium to re-
move physisorbed n-heptane and its UV Raman spectrum
was then recorded.

RESULTS AND DISCUSSION

Before the FB technique was developed, Raman spectra
in our laboratory were measured from stationary powders
and pellets or from spinning discs. For the stationary sam-
ple, the laser is focused onto a small area of the sample. This
results in thermal degradation (which may be accompa-
nied by photodecomposition) of many organic adsorbates
to produce “coke.” Here coke refers to a form of amorphous
carbon produced by the thermal degradation and/or pho-
todecomposition of the adsorbates unless stated otherwise.
With a spinning disc, the laser traverses the same circular
path many times during the measurement of a Raman spec-
trum. In many cases this is an effective method for avoiding
laser-induced heating (17, 26). However, in nearly all UV
Raman spectra recorded using this method coke peaks were
observed. This indicates that some compounds along the cir-
cular path have undergone photodegradation to form coke
during the measurement. While the extent and rate of coke
formation vary from sample to sample, strong coke peaks
are present in most spectra.

For measurements using stationary and spinning discs,
the laser beam interacts with only a small fraction of the
total sample. The FB method, described under methods,
makes it possible to expose more of the sample during a
measurement, thereby reducing the buildup of decomposi-
tion products. Moreover, if particles in the FB move through
the laser beam path at a much faster rate than the formation
of coke, then the formation of coke will not interfere with
the measurement of UV Raman spectra. For particles to
move rapidly against one another with minimal resistance,
the ideal shape is spherical. The zeolite particles used for
FB experiments are not perfectly spherical (Fig. 4), but they
are sufficiently rounded to allow efficient mixing during a
FB experiment. Small particles (<125 µm) tend to stick
together while large ones (>250 µm) require a higher gas

flow for sufficient motion. The following paragraphs and
figures show that UV Raman spectra of adsorbates nearly
D STAIR

FIG. 4. Optical micrograph of zeolite particles (125 to 177 µm) used
in fluidized bed experiments. This micrograph was taken using a Wild
microscope (Heerbrugg, Switzerland).

free of decomposition can be obtained using this new mea-
surement method.

Figures 5, 6, and 7 show the respective UV Raman spectra
of naphthalene, benzene, and pyridine adsorbed in zeolite
H-USY. These organic compounds absorb 244-nm radia-
tion (27). Among the samples measured in this laboratory,
they were found to be quite sensitive to UV irradiation
and rapidly formed coke. Figure 5 shows the spectra of
naphthalene as a neat compound (spectrum 5a) and

FIG. 5. (a) Spectrum of naphthalene recorded on a spinning disc.
Laser power, 0.2 mW. Collection time, 1000 s. (b) Spectrum of
naphthalene/H-USY recorded on a stationary disc. 0.3 mW; 300 s.
(c) Spectrum of naphthalene/H-USY recorded on a spinning disc. 0.3 mW;

600 s. (d) Spectrum of naphthalene/H-USY recorded using the fluidized
bed apparatus. 1.5 mW; 3600 s.
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FIG. 6. (a) Spectrum of liquid benzene. Laser power, 5 mW. Collec-
tion time, 120 s. (b) Spectrum of benzene/H-USY recorded on a stationary
powder. 2 mW; 900 s. (c) Spectrum of benzene/H-USY recorded on a spin-
ning disc. 2 mW; 180 s. (d) Spectrum of benzene/H-USY recorded using
the fluidized bed apparatus. 2 mW; 3600 s.

adsorbed in H-USY recorded using a stationary disc (spec-
trum 5b), a spinning disc (spectrum 5c), and the FB method
(spectrum 5d). The Raman shifts for peaks from neat naph-
thalene measured using UV excitation compare well with
those reported using visible radiation (28). The relative in-
tensities, however, differ due to resonance enhancement.
The peak at 1626 cm−1, assigned to a CC stretch, is res-
onance enhanced under 244-nm excitation. Only a small
peak at 1625 cm−1 is observed in spectrum 5b. This peak
can be attributed to coke as it is typically seen in the UV
Raman spectra of chemically produced coke on used cata-
lysts (14, 15). The peak at 1620 cm−1 and a broad peak from
1300 to 1550 cm−1 in spectrum 5c are signature coke peaks.
From our previous work on coke formation in zeolites (14,
15), it was concluded that the coke structure was sensitive to
reaction temperature. Changes in coke structure were indi-
cated by shifts of the coke peaks in the Raman spectra. The
decrease by 5 cm−1 of the 1625-cm−1 Raman peak suggests
that the structures of the coke in the stationary and spinning
disc samples are different. Since the degree of local heating
by the laser beam (hence the extent of naphthalene thermal
decomposition) and the extent of naphthalene photodegra-

dation in the samples are expected to be different, a change
in the coke structure is not unexpected.
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Spectrum 5d, measured using the FB method, clearly
shows that the dominant peaks are those of the undecom-
posed molecular adsorbate. The peaks in spectrum 5d are
shifted 3 to 11 cm−1 from those of neat naphthalene. These
shifts are attributed to interactions between naphthalene
molecules and the zeolite walls and possibly also water
molecules that are adsorbed in the zeolite. The possibility
that the shifts are due to laser-induced heating was ruled
out by comparing spectrum 5d measured at 1.5 mW to a
spectrum measured at 7 mW. If the peak shifts were pro-
duced by laser-induced heating, the magnitude of the shift
should correlate with the incident laser power. Instead, the
spectra were found to be identical to within experimental
error.

Figure 6 shows the UV Raman spectra of benzene in H-
USY. The strong peak at 990 cm−1 assigned to a symmetric
ring breathing mode (28) is barely detectable in spectra
6b and 6c. Intense coke peaks are present in both spec-
tra. The spectrum recorded with the FB method shows that
the dominant species is benzene. The UV Raman spectra
of pyridine in H-USY are shown in Fig. 7. Again, sample
degradation is minimized in the spectrum recorded with
the FB method. The Raman peaks at 985 and 1020 cm−1 of

FIG. 7. (a) Spectrum of liquid pyridine. Laser power, 17 mW. Collec-
tion time, 120 s. (b) Spectrum of pyridine/H-USY recorded on a stationary
powder. 1.6 mW; 1500 s. (c) Spectrum of pyridine/H-USY recorded on a

spinning disc. 2 mW; 120 s. (d) Spectrum of pyridine/H-USY recorded
using the fluidized bed apparatus. 1.4 mW; 4000 s.
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FIG. 8. Top spectrum: n-heptane/H-ZSM-5 recorded using the in situ
fluidized bed reactor. Laser power, 2 mW. Collection time, 7000 s. Bottom
spectrum: Liquid n-heptane. 2 mW; 60 s.

liquid pyridine apparently have merged into an unresolved
peak (996 cm−1) in spectrum 7d. This may be due to the
interactions between the pyridine molecules, the zeolite,
and/or adsorbed water.

From these examples, the FB method is shown to be a
promising technique for measuring UV Raman spectra of
catalytic materials. Recently, a reactor for performing in situ
experiments was constructed. The Raman spectrum of n-
heptane adsorbed in zeolite H-ZSM-5 recorded using this
reactor is shown in Fig. 8. The spectrum shows that molec-
ular n-heptane is the dominant species in H-ZSM-5. The
similarity between liquid phase and adsorbed n-heptane
spectral peak positions, band widths, and relative peak in-
tensities suggests that the interactions between n-heptane
molecules and the zeolite walls are similar to the interac-
tions between molecules in the liquid phase. Small peaks at-
tributable to coke are detectable. Although n-heptane has
negligible absorption at 244 nm (29), the small coke peaks
in the Raman spectrum suggest that the zeolite aids the
photodecomposition of the adsorbate. It was reported that
some zeolites assist the photochemical reactions of reagents
by altering the electronic absorption profile of the adsorbed
complex (30). Also silica and some metal oxides have been
found to be photocatalytically active under UV radiation
(31, 32). Certain active sites on these materials have been
proposed to be responsible for the photochemical reactions
of the organic adsorbates.
In our experiments, the laser beam is focused to∼40 µm
(33) on the sample. Due to the entrance slitwidth of the
D STAIR

spectrometer that we have used in our experiments
(200 µm, which gives a spectral resolution of ∼10 cm−1)
and the magnification of our ellipsoidal mirror (9.8 to 24.6),
only scattered light from the central segment (∼40 µm by
∼8 µm) of the focused beam will enter the spectrometer.
The depth of field of our ellipsoidal mirror is∼400 µm (34).
Therefore, only scattered light within the volume with sides
of∼40 µm by∼8 µm by∼400 µm will enter the spectrom-
eter. However, at any instant during a FB experiment, only
part of a particle or none at all is located in this volume.
This causes the Raman count rate to be lower for a FB
measurement than for a stationary or spinning disc. Typ-
ically the Raman count rate from a FB measurement was
found to be 15 to 20% of that from a spinning sample. Since
the particle density in the FB is lower than in a compressed
disc, it is not practical to use Raman collection optics with
a very small collection volume because the particles must
be within this small volume in order to detect the Raman
scattered photons.

The FB method itself provides the means to distinguish
between laser-induced chemical reactions and catalyzed
chemical reactions in a sample. The measured FB spec-
tra are a time average of the steady state sample composi-
tion in the volume excited by the laser and imaged into the
spectrometer. The steady state sample composition in this
volume is determined by the balance between the rate of
sample decomposition and the rate of fresh sample enter-
ing the laser beam. Assuming that the rate of laser-induced
chemistry is correlated to the laser power, the contribution
of the laser-induced chemistry to a measured spectrum can
be changed by changing the incident laser power. In the FB
experiments reported here, the laser power was typically
low (≤2 mW). As indicated above, the UV Raman spec-
trum of adsorbed naphthalene is unchanged after the laser
power is increased to 7 mW. For pyridine/H-USY, the spec-
trum remains the same when the laser power is increased
from 2 to 20 mW. For benzene/H-USY, however, the peak
at∼1600 cm−1 increases with increasing laser power. These
spectra suggest the laser-induced photochemistry is much
more severe for benzene than naphthalene and pyridine.

Raman spectroscopy excited by visible and near-IR ra-
diation has been used successfully to study the properties
of catalytic materials. However, there are situations where
it would be more advantageous to use UV Raman spec-
troscopy. In the following paragraphs, the strengths and
weaknesses of UV, visible, and near-IR spectroscopies will
be compared, and possible scenarios described when one
technique is preferred to the other methods for catalytic
studies.

When there is sample fluorescence that cannot be re-
moved by physical or chemical means or because of reac-
tion conditions that produce fluorescing species, eg., coke,

UV or near-IR Raman spectroscopy can be used to circum-
vent this problem. For experiments where the samples must
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be measured at high temperatures (>∼150◦C) (35), thermal
blackbody radiation interferes with near-IR Raman spec-
troscopy. Thus UV Raman spectroscopy is the method of
choice for in situ measurements at elevated temperatures
when fluorescence from the catalyst or from carbonaceous
deposits is unavoidable.

When high resolution is desired (<∼2 cm−1), near-IR
Raman or visible Raman spectroscopy is superior to UV
Raman spectroscopy (1, 36). At present, the best resolu-
tion that has been achieved for UV Raman spectroscopy in
our laboratory is ∼10 cm−1.

Because of the frequency dependence (v4) under normal
Raman scattering conditions, near-IR Raman spectroscopy
has the lowest intrinsic sensitivity, and UV Raman spec-
troscopy has the highest. However, for samples that are
transparent in the visible and near-IR but absorb strongly
in the UV, the number of scatterers contributing to the UV
Raman signal may be very much smaller than that for the
visible or near-IR signal. For example, with catalysts using
TiO2 as the support, the collected Raman scattered light
under 244-nm excitation originates from a thin layer within
50 nm from the surface (37), whereas the visible Raman sig-
nal can be collected from a layer determined by the depth
of field of the collection optics, typically 100 µm to a few
hundred micrometers thick. In this case the number of scat-
terers contributing to the UV Raman signal, and hence the
signal intensity, can be 10−4 to 10−3 smaller than with vis-
ible Raman measurements. Thus, signal intensities can be
higher for visible Raman measurements when the catalyst
support is strongly absorbing in the ultraviolet and visible
wavelength excitation is preferred.

When compounds absorb UV photons, they may un-
dergo laser-induced photochemistry. However, this effect
can be minimized using the FB method for the measure-
ment of Raman spectra. On the other hand, UV resonance
Raman effect may occur under such conditions and this
would improve detection sensitivity. UV resonance Raman
spectroscopy may also be able to detect reaction intermedi-
ates at concentrations far below the detection limits of visi-
ble or near-IR Raman spectroscopy. Furthermore, in reac-
tions with many different intermediates and products, one
may identify certain functional groups or chromophores by
selectively resonance enhancing these species using the ap-
propriate UV excitation source. Because of the sensitivity
and the ability of UV resonance Raman spectroscopy to
identify specific functional groups, it is widely used in biol-
ogy (38) where the molecule under study is often complex.
This technique is not exploited at all in the field of heteroge-
nous catalysis.

CONCLUSIONS
A novel fluidized bed technique for measuring UV
Raman spectra of catalysts and adsorbates has been de-
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veloped. Using this method, the adverse effects of UV ra-
diation were minimized. This method should be applicable
to a wide variety of catalytic systems and it can be adapted
to perform in situ measurements under reaction conditions.
It may also be used in other types of spectroscopies where
sample damage due to the absorption of radiant energy is
a major concern.

Although UV Raman spectroscopy is very useful in many
instances, it will not replace visible Raman spectroscopy.
These two techniques and near-IR Raman spectroscopy are
complementary to one another. Depending on the experi-
mental conditions and the desired results, one method may
be preferred to the other two.
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