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a b s t r a c t

The use of supercritical CO2 as solvent for separation processes and chemical reactions is widespread.
Many industrial extraction processes using CO2 consume a huge amount of energy and hence are very
cost-intensive. In the past, the duration of extraction was often longer than required for an optimum
result. Therefore, an inline monitoring device for terminating CO2 extraction processes at the right time
has been desirable. In collaboration between KIT and SITEC-Sieber Engineering, Switzerland, a mobile near
infrared (NIR) inline monitoring device has been developed to close this gap and to offer an opportunity to
implement it into industrial extractions processes using CO2 and to use the data for process optimization.
NIR spectroscopy with fiber optics adaption has been proven to be a very good choice, because the CO2

bands are well separated from all other bands of interest caused by the extracts (organics and water). The
NIR inline monitoring device can easily be implemented into industrial plants to visualize the extraction
progress and to terminate the process at the right time in order to save energy and money. Measurements
on customer’s demand are available for extraction and reaction processes in supercritical CO2.

This paper will actually focus on two applications. Firstly, in collaboration with NATECO2, Germany, the
NIR inline monitoring device has been implemented into a plant for hops extraction with supercritical
CO2. Extractions have been performed and successfully monitored for the varieties Hallertauer Magnum,
Hallertauer Herkules, and French Strisselspalter at 60 ◦C and 25 MPa, 28 MPa, and 50 MPa, respectively.
The detectability was 0.1 wt% of hops in CO2.

Secondly, the applicability of this NIR inline monitoring method on processes for the production of
submicron particles in supercritical CO2 has been demonstrated in a feasibility study. For this purpose, a
RESS (Rapid Expansion of Supercritical Solution) high pressure plant (160 ml, max. 35 MPa, max. 120 ◦C)
was built and the NIR inline monitoring device integrated. Two syringe pumps were coupled for an almost
pulsation-free-feeding. Benzoic acid was used as a reference solid. In this feasibility study, the focus has
not been to perform an optimized RESS process, but rather to monitor the loading of the CO2 phase with
benzoic acid continuously, as this information is crucial for the optimization of a RESS process and has not
been available up to the present. The experiments have been carried out at 55 ◦C and 25 MPa as reference
conditions. The performed calibration resulted in a detection limit of 0.1 mg benzoic acid per g CO2. The
loading of the CO2 phase has been successfully and continuously monitored and can now be applied for

other systems.

A side effect of these investigations has been the finding that this NIR inline monitoring device can also
be used for very precise solubility measurements and to visualize the establishment of thermodynamic
phase equilibrium as a function of time, especially in cases of low solubility of a substance in CO2. The
NIR inline monitoring device can also be used for the inline monitoring of reactions producing data for
kinetic modeling and process optimization.

© 2013 Published by Elsevier B.V.
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1. Introduction

Supercritical CO2 is widely used as a solvent for separation pro-
cesses and also in some cases for chemical reactions in order to
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Fig. 1. NIR inline monitoring device SINASCO.

btain kinetic data for process optimization [1,2]. Industrial extrac-
ion processes using supercritical CO2 are state-of-the-art: several
housand tons of hops, coffee, tea, cocoa and seeds are refined
nnually and worldwide applying this technology. However, in
he operating procedures applied today, valuable processing time
ften gets lost by the lack of direct measurements inside the
igh pressure system in order to terminate the process at the
ight point. Consequently, the Karlsruhe Institute of Technology
KIT) and the company SITEC-Sieber Engineering AG, Switzerland,
ave developed a mobile system, SINASCO1 (Fig. 1), which enables
ear infrared (NIR) inline monitoring for extraction pressures up
o 100 MPa [3–6]. Previoulsy, according to the state-of-the-art,
nly high pressure visual cells have been available for either high
emperatures at low pressures (300 ◦C and 2.5 MPa) or for high
ressures at relatively low temperatures (50 ◦C and 30 MPa). The
eed for applications in extraction with supercritical CO2, how-
ver, was seen in the range of 40–80 ◦C up to 75 MPa (or higher),
nd for reactions up to 200 ◦C and 35 MPa (or higher). Since 2009,
his market gap is closed. The details concerning the construction
nd set-up of the NIR inline monitoring system SINASCO have been
ublished previously [7,8]. Fig. 1 shows the high pressure visual cell
ith heating and insulation, the fiber optic adaptation with trans-
ission probes outside the sapphire windows, thermocouple and

ressure transducer (which are in contact with the fluid), and the
ulkhead connectors.

IR and NIR spectroscopy for the quantitative analysis of flu-
ds at high pressures and temperatures has been a well-known

ethod for many years, e.g. by Buback et al. for basic structural
nvestigations of high pressure systems and kinetic studies of poly-

erizations as well [9,10]. A survey of all relevant activities and on
he instrumentation alternatives can be found elsewhere [7].

In the present case, the task has been to select the best method
or the monitoring of (industrial) extraction processes and reac-
ions in supercritical CO2. When extracting natural substances for
he food, cosmetics, and pharmaceutical industries as well as for
leaning processes with CO2, it has been impossible so far to
irectly observe these energy-intensive processes. Hence, the dura-
ion of extraction in the past was often longer than required for

n optimum result. Here, inline tools for monitoring concentra-
ions of chemical compounds indicating the progress of e.g. an
xtraction process, a chemical reaction, or for control of constant

1 Set-up for inline NIR spectroscopic analysis in supercritical carbon dioxide.
Fluids 79 (2013) 330–336 331

concentrations of substances prior to supercritical particle forma-
tion processes are often desired, but have not yet been readily
available. Fiber optics adapted NIR spectroscopy has proven to be
the best method for inline monitoring in processes using super-
critical and also liquid CO2, because the bands of CO2 and all other
substances relevant for this process (organics and H2O) are well
separated and can easily be quantified. Using the mobile NIR device
SINASCO, such processes can now be visually monitored inline con-
tinuously during the whole run, therefore enabling termination of
the run at the right point in time. The available NIR inline monitor-
ing device has several advantages: compact, mobile, flexible, and
easily and quickly integrated into industrial extraction plants. Due
to the reduced operation time for the individual processes, it is pos-
sible to run more extractions per day than before and to increase
production capacity. Finally, a considerable amount of money and
energy are also saved.

This NIR inline monitoring module SINASCO has already been
used for several applications. In this paper, two different examples
are addressed:

(i) a SINASCO module was installed in one of NATECO2’s extraction
plants and tested in real terms for hops extraction;

(ii) in a feasibility study, the applicability of this NIR inline mon-
itoring method on processes for the production of submicron
particles in supercritical CO2 was investigated.

A “side effect” of these investigations has been the finding that
this NIR inline monitoring device can also be used for very pre-
cise solubility measurements and to visualize the establishment of
thermodynamic phase equilibria as a function of time.

2. Application of NIR monitoring for hops extraction

2.1. Materials and methods

For the NIR inline monitoring experiments for hops extraction,
one of NATECO2’s lab scale plants designed for a maximum of 80 ◦C
and 100 MPa has been used (Fig. 2). It consists of a 3 L extraction
vessel and 2 separators. The optical cell for the NIR inline moni-
toring has been installed between the extractor and the separation
vessel of the extraction plant, as shown in Fig. 2. The mobile NIR
inline monitoring device has been calibrated for hops and water
in the solubility region from zero up to 7.5 wt% of hops (which is
generally taken as the solubility limit for the non-volatile compo-
nents of the hops extract) and up to the solubility limit of about
1 × 10−5 g water/gram CO2 at 60 ◦C and 25 MPa. The OPUS QUANT
integral method provided by the Bruker spectrometer software is
used with a detection limit of 0.1 wt% for hops. For every calibration
point, 10 spectra have been averaged. In general, the characteristic
spectra of hops extract are mainly caused by the bitter compounds
called “alpha-acids” and “beta-acids”, which have varying concen-
trations in different types of hops. Therefore, the first calibration
has been carried out with the hops variety French Strisselspal-
ter and has been supplemented by calibration data from the hops
varieties Hallertauer Magnum and Hallertauer Herkules. The cali-
bration for the NIR inline monitoring of hops extraction has been
performed at 60 ◦C and 25 MPa using hops extracts, which contain
the usual amount of water. Therefore, the calibration data have to
be corrected for the individual water content, which is also mea-
sured within the same run spectroscopically and then subtracted.
No pure substances have been used for the hops calibration.
The present NIR method can track the hops and the water con-
tent of the extraction fluid continuously. The water content is very
important for the quality of many extracts of natural substances.
Other own investigations, which have not yet been published, have



332 D. Böhm et al. / J. of Supercritical Fluids 79 (2013) 330–336

with

a
n

c
t
t
o
t
a
t
y
d
o

2

2
E
c
r
c
s
t

f
s
r

a

Fig. 2. Scheme of a CO2 extraction plant

lso shown that the use of a co-extract (like isopropanol) does not
egatively affect the quantitative data obtained.

For the hops extraction process, the extractor was filled with
ommon hop pellets and the extraction parameters were adjusted
o the conditions of 60 ◦C and 25 MPa, 28 MPa, and 50 MPa, respec-
ively. CO2 was recycled emission-free, starting with liquid CO2
ut of the storage tank, which was then compressed and heated
o supercritical conditions. The CO2 flows through the extractor
nd dissolves the extract, which is separated by decompression of
he CO2. The CO2 is condensed again and re-circulated. The extract
ield is determined by weight. These data are correlated with the
ata from the NIR inline monitoring in order to evaluate the quality
f the measurements.

.2. Results and discussion

The results for three representative experiments at 60 ◦C and
5 MPa, 28 MPa, and 50 MPa, respectively, are shown in Figs. 3–5.
very run has been carried out only once, because the extraction
urve as a function of time appeared as expected, and hence the
esults have been satisfactory. For the visualization of the extract
oncentration as a function of time, a method is implemented using
oftware called “Opus Process” (delivered by Bruker together with
he NIR spectrometer).

Fig. 3 shows the concentration of hops extract in the CO2 as a
unction of time for the extraction at 60 ◦C and 25 MPa on the left

ide. On the right side are the corresponding spectra for the whole
un.

Figs. 4 and 5 show the concentration of hops as a function of time
t 60 ◦C, 28 MPa and 50 MPa, respectively. In these figures, also the
integrated NIR inline monitoring device.

water content is shown (which is the lower curve in the left figure).
On the right side are the spectra at the corresponding conditions.

All extraction runs show the typical behavior with a fast
increase and a slow exponential decrease in concentration, as
expected. The maximum concentration of hops extract is about
12.2 wt% at 25 MPa, and about 18.4 wt% at 28 MPa, respectively,
which corresponds to the experiences from previous experi-
ments. But at 50 MPa, the hops concentration is about 38.1 wt%,
which is much too high according to previous extraction expe-
riences. Here, the data show two initial peaks, which result
from pressure inconsistencies during startup of the extraction.
They cause density fluctuations with changes in the solubil-
ity and can occur during pressurizing the extraction plant. The
graph shows that the NIR inline monitoring is a very sensitive
method.

These results show, that the present calibration can be
extrapolated from 25 MPa to 28 MPa at the same tempera-
ture, as the density difference is comparably low (0.0274 g/cm3).
Between 25 MPa and 50 MPa, however, the density difference is
0.12674 g/cm3. Here a separate calibration has to be performed
extending the pressure range up to 50 MPa in order to get quan-
titative data.

The solubility power of CO2 depends strongly on the density.
At higher densities, other components can be dissolved out of the
extraction matrix than at lower densities. A change in density due
to extraction of (several) components from a matrix can affect the

results, e.g. in order to produce hops extract for beer brewing, the
pressure is usually 25–30 MPa. At higher pressures up to 100 MPa
some polyphenols can be extracted, which are not soluble at the
lower pressures.
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Fig. 3. Result of inline monitoring for hops extraction at 60 ◦C und 25 MPa.
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In a feasibility study, the applicability of NIR inline monitoring
for measuring the loading of CO2 by benzoic acid for the produc-
Fig. 4. Result of inline monitoring

The first NIR inline monitoring measurements for hops extrac-
ion showed a discrepancy between the detected hops extract
oncentration and the quantity of extract in the separator. One
eason was the fact, that the calibration was performed with the
otal extract, which is a mixture of water and hops components.
ubsequently the water content was analyzed, a calibration with
ater was carried out, and the hops extract calibration was

orrected. Another influencing factor was identified as the high
mount of volatile hops oil components which are present in
he CO2, especially at the beginning of the extraction process.
he oil component peaks overlap with the other hops extract
eaks in the spectra. During the run, depletion is observed due
o deposition of the volatile components in the extract. Hence,
he final yield of extract correlated with the quantity indicated by

he inline concentration measurement sufficiently. It was verified,
hat inline measurements of extract concentration have been
erformed successfully with a detection limit of 0.001 g hops/g
O2 (or 0.1 wt% hops in CO2). The whole extraction runs have been
ps extraction at 60 ◦C und 28 MPa.

visualized quantitatively and are normally terminated far away
from the detection limit at around 1–2 wt%. Therefore, the NIR
inline monitoring is a useful tool for the right termination and pro-
cess optimization of hops extraction processes with CO2. Further
measurements should increase the know-how about application
and performance of the optical cell by extracting complex matrices.

3. Application of NIR inline monitoring for micronization
processes

3.1. Materials and methods
tion of submicron particles has been investigated. Benzoic acid2 has

2 Benzoic acid EMSURE® Reag.Ph.Eur. p.A. by Merck.
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pressure system and dissolved in CO2, up to the solubility limit,
Fig. 5. Result of inline monitoring

een used as reference material to measure the loading of the CO2
hase by NIR inline monitoring prior to a micronization process,
ince the solubility in CO2 in the relevant pressure and temperature
anges is reported in the literature [11,12].

A RESS process (Rapid Expansion of Supercritical Solution) is
fast depressurizing of a fluid, which contains a dissolved solid

ubstance, through a nozzle in order to produce micro size par-
icles. In this case study, a RESS process serves as background to

onitor the loading of the fluid phase with a solid. In the present
ase, carbon dioxide is used as fluid and benzoic acid as refer-
nce solid. They form a so-called asymmetric mixture, which is
xplained elsewhere in more detail [8]. Fig. 6 shows a combina-
ion of the generalized phase situation for the possible operation
onditions and the schematic sequence of the RESS process [13,14].
he lower boiling substance is CO2 (index “1”). The process must
e operated above the critical point of CO2 (CP1). The substance to
e micronized, in this case benzoic acid (index “2”), is dissolved in
upercritical CO2 and then rapidly expanded through a very narrow
ozzle of a 50 �m diameter. In order to avoid a melting of the solid

nd consequently a plugging of the nozzle, the applicable opera-
ion area is bounded by the S2LG line of the benzoic acid in order to
chieve the desired micron particles. Practically, the RESS process in
his system has to be performed at elevated temperatures between

Fig. 6. Scheme of RESS process with integrated NIR inline monitoring.
ps extraction at 60 ◦C und 50 MPa.

75 ◦C and 145 ◦C and pressures between 20 MPa and 30 MPa at the
nozzle.

For performing a RESS process run, liquid CO2 is pressurized,
heated, loaded with the substance to be micronized, in this case
benzoic acid, and then sprayed through a heated 50 �m nozzle
to produce submicron particles. In contrast to the extraction pro-
cesses, here no recirculation of the CO2 is normally provided. A
lab-scale apparatus for operation up to 120 ◦C and 30 MPa has been
developed, designed, built, and put into operation. The loading
experiments have been performed at 55 ◦C and 25 MPa, as refer-
ence conditions in this case study. The nozzle had been heated up
to 75 ◦C in order to avoid an early precipitation or plugging.

At these conditions, the calibration of the NIR inline monitoring
system for the mixture consisting of (benzoic acid + CO2) has been
performed in a different recirculation apparatus [7,8] in order to
assure full solubility, as shown in Fig. 7 [15].

For every calibration point (more than 50 in total), a corre-
sponding amount of benzoic acid has been weighed into the high
which is detected automatically by this procedure. Here, complete
solubilization has been achieved, when the spectra reach their max-
imum. The spectra have been measured in absorbance units (AU).

Fig. 7. PLS calibration for the system (benzoic acid + CO2), predicted versus true
values.
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ig. 8. Sample spectrum for the system (benzoic acid + CO2), 55 ◦C, 25 MPa, 0.009 mg
enzoic acid/g CO2.

he grams of benzoic acid (BA) loaded into the vessel and also the
rams of CO2 in the vessel and hence also the real concentrations
f benzoic acid in CO2 are known.

For every single point, 10 individual spectra have been taken
nd averaged. These results have been used to calculate a so-called
artial least squares (PLS) calibration. Details on the application
f this PLS method for extraction processes with supercritical CO2
ave been published earlier [7,8].

The PLS calibration results are shown in Fig. 7 with the real
alues versus the predicted values. Therefore, the best result is
btained, when the real value is equal to the predicted value, the
iagonal in the graph. The detection limit for this method is 0.1 mg
enzoic acid/g CO2 (corresponding to 0.01 wt%). The error bars are
o small that they are within the range of the markers. This proves
hat the calibration is a very precise method for solubility measure-

ents and NIR inline monitoring of a micronization process as well.
ther studies have shown that a deviation from the diagonal may
ccur at high concentration of dissolved substances in CO2 [8].

A sample of the spectra used for the calibration is shown in Fig. 8.
he peaks caused by CO2 and benzoic acid are indicated and show
hat they are well separated. Therefore, the automatic identification
nd quantification of benzoic acid is working well.

For performing the inline monitoring experiments, the mobile
IR device SINASCO has been implemented easily and rapidly into

he RESS lab-scale high pressure apparatus, as shown in Fig. 6.
or every run, benzoic acid has been weighed into the “extrac-
ion vessel” which is used here as a sample reservoir to perform

micronization process of about 45–60 min of duration. CO2 is
umped through and loaded with benzoic acid. Two syringe pumps
ave been coupled to allow a continuous flow-through mode with-
ut any pulsation. Finally, the CO2 phase containing benzoic acid is
apidly expanded through a 50 �m nozzle resulting in micronized
enzoic acid without any recirculation, as the NIR inline monitoring
f the CO2 phase loaded with benzoic acid is the matter of inter-
st. Here, it is very important to work within the right temperature
egime, as otherwise the nozzle will plug. The process is run until all
he benzoic acid has been dissolved and sprayed, which is clearly
ndicated by zero spectra. Between the extraction vessel and the
pray nozzle, the NIR device is implemented and measures inline
he concentration of benzoic acid loaded into the CO2 phase (Fig. 6).

.2. Results and discussion
The results for the NIR inline monitoring applied for the
icronization of benzoic acid out of a supercritical CO2 phase

re shown in Fig. 9. All loading curves of benzoic acid in CO2
ook similar. On the basis of the NIR calibration data (Fig. 7),
Fig. 9. Example for NIR inline monitoring curve.

all concentrations for the whole micronization run have been
monitored quantitatively and visualized continuously. A fast
loading in the beginning is followed by a slow decay down to zero.
From the NIR calibration data, which have been obtained from the
spectral measurements described above, a method with the Bruker
Software called “Opus Process” has been implemented. It allows
measuring the concentration of benzoic acid in the continuous
CO2 stream quantitatively, as performed within the micronization
apparatus used for the experiments. It should be kept in mind,
that this lab-scale apparatus has been designed for processing a
continuous CO2 stream loaded with a dissolved solid, which has
to be quantified by inline monitoring at every stage of the process.
Its task is not to perform an optimized micronization process, just
to demonstrate the successful NIR inline monitoring of the CO2
phase loading for micronization processes.

4. Conclusion

It has been proven that the NIR inline monitoring device
SINASCO has been integrated successfully into a hops extraction
[16] and a micronization plant [17] as a useful tool to visualize and
to optimize the respective process. The spectral measurements can
be performed with a detectability of 0.1 wt% hops extract in CO2,
and 0.01 wt% benzoic acid in CO2, respectively.

A “side-effect” of this NIR method is a very precise detection of
the solubility of benzoic acid in CO2, as demonstrated with the cali-
bration measurements. At 25 MPa and 55 ◦C, a solubility maximum
of 9.82 mg benzoic acid/g CO2 (corresponding to 0.98 wt%) has been
found. This is higher than the so far reported maximum solubil-
ity of benzoic acid in CO2 (0.56 wt%) [11,12] and therefore subject
to further investigation. The measurements will be extended to
different temperatures and pressures. Also further experimental
research with natural substances of interest for micronization will

be performed.

Furthermore, it has been shown that the NIR device SINASCO
is not only valid for the inline monitoring of industrial extraction
processes (e.g., hops extract production for brewing beer [16]), but
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lso for cleaning processes for precision parts or abrasive slurries
r reactions in supercritical CO2 as the solvent (e.g., the oxidation
f hexanal to hexanoic acid [1,2]). Also a big application potential is
een for the monitoring of micronization processes in CO2 phases
17]. The NIR inline monitoring device SINASCO is ready now for
ests in industrial processes. The data gained by this method will
ive a clear insight into the loading of the CO2 phase. This knowl-
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espect to the desired narrow size distribution of the produced
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