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Supercritical (sc) carbon dioxide (@Qprocess technologies are inherently interlinketh w
high pressure. Hence optical access to directlysarean situ the desired quantities is usually
restricted. But high pressure at moderate temp@sialso results in high molecular number
densities (number of molecules per volume). Esfigcihis fact makes high pressure
technology a promising field for optical in situadnostics. The low scattering cross section
(interaction probability between light and mattefthe Raman process is compensated by the
many molecules, from which the light can be potdiytiscattered according to the Raman
process. Raman spectroscopy is a powerful optiegsorement technique, which provides
guantitative information about the number density particular species, the mixture
composition or the mixture temperature.

Other optical measurement techniques, e.g. Shadphygs Interferometry and Foerster
Resonant Energy Transfer, are also useful measutetoels for in situ analysis of the
supercritical process technology.

The presentation reports several applications dfcalp measurement techniques to the
supercritical process technology and aims to ptefenpotential of such techniques for in
situ process studies. The measurement techniquesapplied to the supercritical antisolvent
precipitation (SAS), the supercritical extractiororh emulsions, high pressure phase
equilibria and supercritical fluids in micro chaise

INTRODUCTION

Quantitative in situ optical measurement technicaresreceiving increasing popularity in the
field of supercritical fluid process technology.€eltmcreasing demand in these measurement
techniques is justified in the motivation of resdears and chemical and biological engineers
to understand the mechanisms taking place insideniggh pressure equipment, which most
probably does not provide optical access to theqe® interior. Without the possibility to in
situ monitor the process taking place inside theasgtuses the development of a
comprehensive understanding of the functioning rchafi the respective process will be
hindered and most probably remain unknown. As balsed on a profound knowledge of the
process a targeted process optimization may beessitd, high pressure apparatuses can be
equipped with optical accesses and optical in mieasurement techniques can be adopted.
The application of optical in situ measurement méghes until know has contributed
significantly to a deeper understanding of the eetipe processes [1-13].

Regarding the application of optical measuremettirigjues some considerations have to be
made. Once the parameter, which is to be investigad identified, the therefore most



qgualifying optical measurement technique has tadbatified from a large pool of available
measurement techniques. Different measurement itpedsr —of course- qualify for the
investigation of different parameters. Some measarg techniques, such as shadography
techniques [1-14], qualify to observe phenomenalgigmechanisms, which do not request
for a further investigation, while other more coeipensive measurement technologies can
provide exact information about the state variablesh as pressure, temperature, density and
composition. Some measurement techniques, suchsaspion techniques, can provide the
desired information line in sight only, which mighe sufficient in a homogeneous system,
which might be considered a continuously stirredktaeactor. Sometimes, when the
composition inside the apparatus might not be cmmed homogeneous, such as in spray
processes, line in sight measurement provide agdragormation which has nothing to do
with the actual distribution of the desired quantih the process. Therefore, spatially
resolving measurement techniques exist as poird (@sl), line wise (1-d) [3] or imaging (2-

d) strategies [2]. In process with turbulence ongeral fluctuations it might be requested to
resolve the fluctuations temporally. Hence measergntechniques down to a temporal
resolution of few tens of femtoseconds ti)0exist. Sometimes transient mechanisms have to
be resolved to follow the consequences of an lretrant in the subsequent functioning chain.
Then measurement techniques with high repletiasrate requested [15].

For the investigation of mixing phenomena Ramaritegag is one of the most powerful
measurement techniques in high pressure proceBsgsan scattering is also frequently
applied in ambient pressure processes. Neverth#ledsigh pressure environment offers the
optimum environment to fully exploit the potentiaf Raman scattering. The two most
important advantages of Raman scattering in corspario other measurement techniques is
that

* Raman scattering is species specific and that

* Raman scattering is quantitative.

The most prominent disadvantage of Raman scattesintg small Raman scattering cross
section, which is quantifying the probability ofetloccurrence of a Raman scattered photon,
once a molecule interacts with an initial photos. iA high pressure systems the number of
molecules (potential Raman scatterers) is more thaa order of magnitude higher than
compared to ambient pressure processes, the smallaiR scattering cross sections are
compensated by the high molecular densities of Rasoatterers. Therefore Raman signals of
rather high intensity can be detected with reldyigmple optical setups. Therefore the two
above mentioned advantages of Raman scatteringudlgnby exploited in high pressure
processes.

Raman scattering is species specific

The energy of Raman scattered photons is shiftech fthe energy of the incident non
scattered photons by the energy of the intra médedwansition taking place during the
scattering process. In other words, the scattemodecule occupies two different energy
levels before and after the scattering process. diergy difference between these two
occupied energy levels is transferred onto the @hoAs the energy difference between two
energy levels is species specific (the energy wffee for two different species is never
identical, even for isotopes it is different), #rergy difference between the scattered and the
incident photons carries the information which kifda molecule has been involved in the
scattering process. The energy difference betwleenntcident and the scattered photon can
be computed from the wavelength shift of the scatkén comparison to the incident photon.



In mixtures composed of versatile substances, tingponents can be qualitatively detected.
According to the second advantage of Raman saaftethe mixture composition can be
guantified, too.

Raman scattering is quantitative

The intensity of the Raman scattering processrextly proportional to the number density of
scatterers in the probe volume. In other wordshé& amount of scatterers is doubled, the
amount of Raman scattered photons is doubled aogbyd Thus, once the Raman setup is
calibrated, changed in the mixture under invesbogatan be followed by monitoring the
intensity of a species specific Raman signal. liwhole spectrum, which carries the
information of all species present in the mixtur@éder investigation is analyzed
simultaneously, the mixture composition can be tjiad straight forward.

Based on these advantages partial densities oflesiagecies, mixture compositions,
supersaturations and the location of first partigdeecipitation could be quantified,
respectively analyzed. A comprehensive overviegiven elsewhere [7].

Here a Raman based measurement technique is pdypadéch provides quantitative
information about mixture compositions from mixtsir@side a capillary. Similar strategies
have been proposed by others for the quantificatioheating values of fuel gases before
combustion in turbines [16].

METHODS

A capillary of internal diameter of 1 mm, whichdsated highly reflective for the visible light
is considered as a high pressure phase equilibcelmThe Raman excitation laser is focused
through the capillary windows into the capillaryheve the excitation laser light travels along
the capillary. Hence along the capillary the inaitdexcitation photons pass many potential
scatterers. The Raman scattered photons, whicmalligare scattered into all directions, can
exit the capillary, which is coated highly refleeifor the visible spectrum, only through the
front and the back windows. Hence 50 % of “all” Raman scattered photons, which have
been generated along the capillary can be detéatedgh the front or the back window. This
increases the intensity of the Raman signals diaaiigt

RESULTS

By using a capillary, which is internally coatedyhily reflective for the visible spectrum,
Raman measurements for the analysis of phase letmitan be carried out with low power
excitation lasers. With increasing length of theilkary, the detectable Raman scattering
signals can be increased up to 15 times. For eapiéngth longer than 40 cm a stagnation of
the Raman signal intensity increase is observeds€@yuently species, which are present in a
mixture in minor species concentrations might beéectable with a setup like this. The
capillary allows for cheap construction of highgmere view cells. The test studies are still in
progress. More comprehensive results will be preseat the “The Hague” meeting.

CONCLUSION

Capillaries have the potential to become a sesobstitute for high pressure view cells, as
they can be produced cost effective and allow timptical access. Due to their elongated



design they promote Raman scattering applicatiwhgsh are first choice for phase equilibria
studies without the need for taking samples.
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