Injection of ethanol into supercritical CO2:
Determination of mole fraction and phase state
using linear Raman scattering
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Abstract: For the pulsed injection of liquid ethanol into supercritical CO2
inside an optically accessible chamber, for the first time to the best of our
knowledge the spatially and temporally resolving linear Raman scattering
technique was used to simultaneously determine the mole fraction and the
corresponding phase state in the ethanol jet. The mole fraction was
identified by calculating the ratio of the C-H band Raman signal (2950 cm-1)
of ethanol and the CO2 Raman signal. The magnitude of this ratio was found
to be phase state sensitive. Thus, the phase state of the mixture of ethanol
and CO2 could be classified as being homogeneous liquid, homogeneous
supercritical or not yet homogeneously mixed.
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1. Introduction
The provision of fine and uniform particles is essential for the development of products with
new and improved characteristics, enabling a targeted drug delivery but also in the field of
other pharmaceutical, medical or biological applications. Also, if heat and impact sensitive
materials are produced, special requirements during the particle generation process have to be
regarded [1]. To meet these demands, one well reputed method can be found in supercritical
high pressure precipitation processes. In the supercritical antisolvent process (SAS) a dilution
consisting of a solute (A) and a solvent (S) is injected into a supercritical antisolvent (AS).
Because of the unlimited solubility of S in AS and vice versa and the high diffusion potential
of supercritical fluids, there is a rapid mixture of all three components A, S, and AS. As the
solubility of A in AS is negligible small, the supersaturation of A is compensated by the rapid
start of particle precipitation. The potentials of the SAS process are reviewed by Knez and
Weidner in 2003 [2] and by Reverchon and Adami in 2006 [3].
Reverchon et al. [4] proved, that the characteristics of the resulting particle size
distribution and its morphology can be manipulated by adjusting the operation conditions of
the SAS process to certain regimes in the px phase diagram of solvent and antisolvent as given
in Fig. 1 for the ethanol/CO2 system at 313 K.
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Fig. 1. px phase diagram of a binary ethanol/CO2 system for 313 K. Discs from Suzuki et Saito
[5], squares from Day et al. [6].

Here, xCO2 represents the mole fraction of CO2 and is defined as (n is number of moles)
xCO 2 = nCO 2 (nCO 2 + n EtOH ) .

(1)

According to Gibbs law, at isothermal conditions the mixture phase state is only governed
by the pressure and by the mixture mole fraction. Below the mixture critical pressure (MCP) a
mixture of ethanol (EtOH) and CO2 can exist in the liquid phase, in the vapor phase, or in the
two phase region where the liquid and the vapor phase are coexistent. If for a certain pressure
below the MCP the overall mole fraction is within the two phase region, the solid symbols in
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Fig. 1 give the mole fraction of the liquid phase, whereas the open symbols in Fig. 1 give the
mole fraction of the coexistent vapor phase [5, 6]. Above the MCP, there is only one phase
existent which is either liquid or supercritical. As phase diagrams hold for thermodynamic
equilibrium conditions only, the exact mixing conditions during the highly turbulent mixing
process of the injected liquid solvent and the supercritical antisolvent cannot be extracted
from this strategy.
We introduce the application of the linear Raman scattering technique to detect the mole
fraction and the corresponding phase state during the highly turbulent mixing process at non
equilibrium conditions with a high temporal resolution of a few nanoseconds. As this
communication focuses on the capability of the linear Raman scattering technique to analyze
the process of mixture formation for supercritical precipitation processes, only pure ethanol
injection (pure solvent without solute) into supercritical CO2 is considered. The critical point
of CO2 is defined by a temperature of 304.12 K and a pressure of 7.374 MPa [7].
2. Experimental setup
The experimental setup of the Raman sensor is illustrated in Fig. 2.
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Fig. 2. Experimental Raman setup; L: Nd:YAG-laser, SL: spherical lens, M: mirror, BS: beam
splitter ,IS: imaging spectrograph, IC: ICCD camera, LPF: long pass filter

For the excitation of the Raman transitions a pulsed frequency tripled Nd:YAG-laser at
355 nm with a maximum single-pulse energy of 250 mJ and a pulse length of 10 ns (FWHM)
was used. 200 mJ pulse energy could be irradiated through the sapphire windows of the
optically accessible chamber, without exceeding the window damage threshold [8] because of
two arrangements. First, the laser pulse was expanded in time by a single loop pulse stretcher
to decrease the single shot energy flux. Second, the laser beam was expanded from its original
diameter of 9 mm to 45 mm by using a telescope (f1 = -100 mm, f2 =500 mm) to decrease the
energy density inside the sapphire windows. Then, the laser beam was focused in the middle
of the chamber downstream the injector’s nozzle exit by a f = 300 mm lens. The distance
between the two sapphire windows was 60 mm. The probe volume (beam waist along the
focus of the laser beam) was imaged with a magnification of 1.5 via two convex lenses onto
the slit (300 μm) of an imaging spectrometer. An intensified CCD-camera at the exit of the
spectrometer allowed the locally resolved acquisition of the Raman spectra. The detector
pixels of the camera were binned 8 times 2 to form superpixels. This resulted in 48 superpixel
rows (spatial axis), each of 288 superpixels in length (spectral axis). Thus, one line of 7 mm in
length is spatially resolved by only one single laser-shot in increments of 140 μm.
A detailed description of the SAS chamber is given elsewhere [9]. The injection duration
and the injection frequency of the piezoelectric actuated injector were constantly set at 1.5 ms
and 1 Hz, respectively. The injector’s nozzle is identical to a standard diesel injector nozzle
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but has only one capillary at the tip with a diameter of 100 µm and a length of 0.2 mm. The
solvent used for the calibration and the injection experiments was denatured EtOH (1 Vol %
petrol ether).
3. Calibration of the Raman setup for mixture analysis
Upon irradiation of laser light into a sample of molecules an interaction between the photons
and the molecules takes place in form of light scattering which can be elastical, with no
frequency shift between the incident and the scattered light (Rayleigh scattering), but also
inelastical with a molecule specific frequency shift between the incident laser frequency and
the scattered frequency (Raman scattering) (see e.g. Ref. [10]). Raman scattering can be used
for fluid temperature and gas species concentration measurements [11-13] covering a broad
field of applications (see e.g. for combustion diagnostics Refs. [1417]). In the field of particle
and process technology which is the main focus of application here, only few investigations
have been done [18]. As nearly all molecules are Raman active [10], from the Raman
spectrum a simultaneous detection of different species is possible. Fig. 3(a) shows the Raman
spectra of an EtOH/CO2 mixture for the liquid and the supercritical state for a mole fraction of
xCO2 = 0.68.
In Fig. 3(a) both spectra are normalized to the C-H Raman signal peak of EtOH at a
Raman shift of around 2950 cm-1. Between 500 and 1500 cm-1 it can clearly be seen that at
supercritical conditions the C-C and the C-H Raman signals of EtOH are overwhelmed by the
CO2 Raman signal (two peaks at 1388 and 1286 cm-1), whereas for liquid conditions for the
same mole fraction the EtOH C-H and C-C Raman signals can be detected simultaneously
with the CO2 Raman signal peaks. Similar behavior is known for hydrocarbons for a phase
change from liquid to gas [19]. The phase sensitive Raman scattering cross section for liquid
hydrocarbons is reported to be up to five times larger than for gaseous hydrocarbons. In Fig.
3(a) another phase state sensitive spectrum change can be identified which is related to the
spectral shape of the O-H Raman signal of EtOH. For liquid EtOH/CO2 mixtures the O-H
Raman signal of EtOH is broad while for supercritical conditions it is narrower with its
maximum at a different spectral position. This effect can be related to the density changes
which affect the interaction of hydrogen bonding and was previously used by Müller et al.
[14] to determine droplet temperatures in vaporizing sprays.
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Fig. 3. (a). Raman spectra of a homogeneous EtOH/CO2 mixture with a mole fraction of
xCO2 = 0.68 at two different temperatures above the MCP; supercritical (black line) and liquid
(gray line) (b). Mole fraction calibration of the peak intensity ratio of the C-H Raman signal
around 2950 cm-1 to the CO2 Raman signal for homogeneous liquid mixtures (squares) and
supercritical mixtures (discs)

In Fig. 3(a) two spectral regions are highlighted in red and blue. The blue region indicates
the spectral region which was evaluated to determine the C-H Raman signal intensity of
EtOH. The red region marks the spectral region which was evaluated to determine the CO2
Raman signal intensity. In the red region, especially for liquid mixtures, the C-C and the C-H
Raman signals of EtOH give a strong signal interference to the CO2 Raman signal intensity.
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Having calibrated the signal intensity ratio ICH/ICO2 of the blue (C-H Raman signal of EtOH)
and the red spectral region (CO2 Raman signal) for different mole fractions as shown in Fig.
3(b), one can use this calibration data to determine the mole fraction distribution along the
probe volume during the injection experiment. By considering the signal ratios only,
fluctuations of the laser energy do not have an impact on the measured results in the linear
Raman scattering regime. Nevertheless, the error bars in Fig. 3(b) indicate the standard
deviation of 50 single-shot measurements. For supercritical conditions the error bars cannot be
seen, as they are smaller than the data points (discs) themselves. The calibration was
conducted with the same experimental setup which was used for the injection experiments. To
guarantee homogeneous one phase mixture conditions during calibration the MCP had to be
exceeded. By increasing the temperature the supercritical area of EtOH/CO2 mixtures shifts to
higher MCP and smaller mole fractions than given for 313 K in Fig. 1 [5, 6]. Hence we were
able to create a mole fraction overlap for the liquid state and the supercritical state calibration
curves which were both assumed as straight lines. For mole fractions xCO2 > 0.98 the
calibration line may not be extrapolated, as the slope of the calibration data decreases to
intersect at ICH/ICO2 = 0 and xCO2 = 1. Thus, for the investigated experimental conditions of the
injection process, signal intensity ratios that correspond to mole fractions xCO2 > 0.98 were
evaluated as supercritical and set to xCO2 = 1. For not homogeneously mixed state conditions
during the injection experiments on a scale which is smaller than the spatial resolution of the
detection system, intensity ratios ICH/ICO2 between 0.24 and 2.63 will result, for which no
calibration data is available, see Fig. 3(b). Hence, according to the state sensitive Raman
scattering cross section of EtOH an evaluation of the mole fraction in this regime is not
possible. In this case the mole fraction was set to xCO2 = 0.5 and the mixture state was
assumed to be both, liquid and supercritical.
4. Results

1.2

1.2

1.0

1.0

0.8

0.8
State [-]

xCO2 [-]

During the injection experiments EtOH was injected with 35 MPa into the injection chamber
which was pressurized with CO2 to 12.5 MPa at 313 K. Fig. 4 represents the evaluated mole
fractions and the corresponding state 5 mm and 7 mm downstream the injector’s nozzle
0.5 ms after visible start of injection (see injection image in Fig. 4).
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Fig. 4. Mole fraction and corresponding phase state in dependence on the radial position 5 mm
and 7 mm downstream the nozzle exit for an injection pressure of 35 MPa and a chamber
pressure of 12.5 MPa at 313 K. A spray image by elastic light scattering is inserted into the
figure for orientation.

One single laser shot allowed to resolve 7 mm radial position inside the chamber in steps
of 0.280 mm (binning = 16x2) and 0.140 mm (binning = 8x2) for 7 mm and 5 mm
downstream the injector, respectively. In Fig. 4 only radial positions of the results within
4 mm are presented. The centre of the radial position indicates the position of the nozzle in the
chamber. The presented data are mean values of 50 single-shot measurements. The given error
bars indicate the corresponding standard deviation, which are shot-to-shot fluctuations of the
pulsed injection process. The mole fraction results are given in absolute numbers. For the
phase state of the mixture only values of 0 (supercritical mixture), 1 (liquid mixture) and 0.5
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(supercritical and liquid state coexistent in a scale smaller than the spatial resolution of the
detection system) are given. The interim state values of the mixture result from the averaging
of 50 single-shots.
In contrast to the measurement position at z = 7 mm the measurement position at z = 5 mm
shows no standard deviation for radial positions between -0.5 mm and +0.5 mm for both, the
mole fraction and the phase state. This indicates that for these operation conditions every 50
single-shot measurements could not be evaluated with the calibration data presented in Fig.
3(b), as the intensity ratio ICH/ICO2 was between 0.3 and 2.6. Thus, each of the 50 single-shot
measurements were set to a mole fraction of 0.5 and a phase state of 0.5. At the border area of
the EtOH jet between -2 mm and -1 mm and between 1 mm and 2 mm radial position the
mean mole fractions take values larger than 0.5 and the mean phase state takes values smaller
than 0.5. At measurement positions for which the phase state value is small or 0, the mole
fraction of the most or all 50 single-shot measurements was evaluated from the supercritical
calibration line. Then the standard deviation of the mole fraction dominantly results from the
shot-to-shot mole fraction fluctuation in a homogeneous supercritical mixture. If the mean
state value increases, an increasing amount of the 50 single-shot measurements was not
evaluated with the supercritical calibration line, as the intensity ratios ICH/ICO2 were larger than
0.3. Then, the standard deviation of the mole fraction is increasingly dominated by shot-toshot fluctuations of the occurrence of homogeneous liquid mixtures, homogeneous
supercritical mixtures or inhomogeneous mixtures where supercritical and liquid mixture
states are existent on a scale smaller than the spatial resolution of the detection system. Of all
results given in Fig. 4, no single measurement was evaluated to be of liquid state.
Summarizing the results, it can be emphasized that the mixture is more homogeneous the
further the spray has penetrated into the chamber. This can be seen at the center of the radial
position because of the smaller state values, its larger standard deviation, the larger mole
fractions, and their larger standard deviation.
5. Conclusion
In this work the one-dimensional linear Raman scattering technique was used to identify
different mixing regimes during the injection of liquid EtOH into supercritical CO2. In
addition to the mole faction we were able to simultaneously determine locally resolved the
phase state of the mixture. In the future the application of this measurement technique allows
the detailed investigation of supercritical antisolvent processes, which constitute a consistent
expanding field for fine and uniform particle generation in chemical engineering. The effects
of temperature, pressure and chemical composition of the solvent must no longer be
considered in a global approach via the px diagrams, but can be determined temporally and
spatially resolved. As the information of the phase state of the mixture can be evaluated from
the signal ratio ICH/ICO2 without regarding the shape of the O-H Raman signal even twodimensional measurements of the mole fraction and the corresponding phase state are possible
using the linear Raman scattering technique. Characteristic time scales of mixing can be
measured under real process conditions and will for the first time provide experimental data
for modelling the particle precipitation process in supercritical antisolvent technologies.
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