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Plants are a desirable source for molecules of all kinds and for every purpose. Besides
traditional techniques for extraction, plants are challenging for modern process engi-
neering due to great variations because of their natural origin. One way to ensure high
quality and low costs, as well as highly resource-efficient extraction, is in-line monitoring
and process control. This study demonstrates the use of in-line Raman spectroscopy for
monitoring the extraction of anethole and fenchone from fennel seed as a typical example.
A partial least square calibration model with high accuracy was created. (Anethole:
R2¼ 0.99, root mean square error of calibration (RMSEC)¼ 0.01256 g/L, root mean square
error of validation (RMSEV)¼ 0.02608 g/L, and calibration range up to 2 g/L. Fenchone:
R2¼ 0.98, RMSEC¼ 0.01188 g/L, RMSEV¼ 0.01945 g/L, and calibration up to 0.75 g/L.)
These data are directly linked to a physicochemical process model to control the extraction
process in real time and to perform predictive simulations while processing. The added
value of this approach for modern phytoextraction is highlighted and exemplified as a
major step toward sustainable Green Extraction processes.

© 2017 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

Cost and resource-efficient extraction of natural prod-
ucts alongside high-quality aspects are the key elements
for successful manufacturing. A lot of work was published
in this field from at-line analytics [1] to rigorous model-
based optimization of conventional solvent extraction [2
e7] to applying alternative solvent and extraction con-
cepts, such as pressurized hot water extraction [8e10],
scCO2 [11], ultrasonic and microwaveeassisted extraction,
or pulsed electrical field [12e14]. In this study, the focus is
on conventional solvent extraction of anethole and fen-
chone from fennel (Foeniculum vulgare L.) as a typical
ube).

d by Elsevier Masson SAS. A
example system for natural derived molecules. Irre-
spective of rigorous modeling and optimization of
extraction processes, plant-based substances are derived
from natural resources that are subject to heavy fluctua-
tions due to weather, watering conditions, fertilization,
and so on, which have to be taken into account. For fennel,
contents of the volatile fractions ranging from 1.3% to
12.5% are reported [15]. In this study, these effects will be
included during extraction by applying quantitative in-
line measurements with Raman spectroscopy. Because of
the low measurement time and easy or in the case of in-
line spectroscopy, no sample preparation, these methods
are real time capable for extraction with commonly much
larger time constants. The in-line measurements will serve
as a database for a model-based optimization alongside
predetermined model parameters and characteristics of
ll rights reserved.
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the applied plant material. The aim was to develop a tool
for advanced process control during extraction to

� take a fluctuating feedstock into account,
� detect the ideal end point of extraction, and
� be able to simulate perturbations during extraction like,

for example, a skipping solvent pump.

2. Modeling and model parameter determination

In general, solideliquid extraction is describedbyseveral
partial models. The corresponding equations and assump-
tions can be found in detail elsewhere [4,6,16]. Thus, only a
brief overview of the percolation model is given.

The mass balance in the liquid phase is described by the
so-called distributed plug flow model. It serves for
modeling the macroscopic mass transport in the percola-
tion column. For the solid phase, a pore diffusion model
describes the mass transport in the pores of the plant
material. The raw material residual load of target compo-
nents and the corresponding extract concentration are
accounted for by equilibrium curves.

The target component mass balance in the fluid phase
(Eq. (1)) considers accumulation, axial dispersion, convec-
tive mass transport, andmass transfer from the pores of the
plant material into the bulk phase.

vcLðz; tÞ
vt

¼ Dax
v2cLðz; tÞ

vz2
� uz

ε

vcLðz; tÞ
vz

� 1� ε

ε

kf aP ½cLðz; tÞ � cPðr; z; tÞ� (1)

The axial dispersion coefficient Dax describes the non-
ideality of the flux in the tubular extraction vessel and is
derived by correlations using the Reynolds and P�eclet
numbers.

Re ¼ uz dP rL
hε

(2)

For the calculation of the Reynolds number the empty
tube velocity uz has to be calculated with regard to the
continuity condition. The mean particle diameter dP is
measured by sieve analysis. The solvent density and the
viscosity can be found in common table values [17,18]. The
porosity of the packed bed can be measured by tracer
experiments, which are routine engineering practice, for
example, in chromatography [19].

Pe ¼ 0:2
ε

þ 0:011
ε

ðεReÞ0:48 (3)

Thereafter, the P�eclet number is calculated by the corre-
lation of Chung and Wen [20]. Finally Eq. (4) provides the
value of Dax:

Dax ¼ dP uz

ε Pe
(4)

Mass transfer from the particle into the bulk phase is
calculated using the mass transfer coefficient kf and the
specific particle surface aP. The specific surface area aP is
calculated as (Eq. (5))

aP ¼ 6
dP

(5)
The mass transfer coefficient kf is derived by correla-
tions that are widely used in chromatography and were
already applied successfully for solideliquid extraction [2].

Sc ¼ h

rL D12
(6)

Sh ¼ kf dP

D12
(7)

Sh ¼ 2 þ 1:1 Sc0:33Re0:6 (8)

Under the assumption of spherical particulates, the
following equation can be derived as a mass balance for the
target component in the plant material. The effective
diffusion coefficient Deff has to be measured by real
extraction experiments.
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The adsorption/desorption equilibrium inside the pores
is described through equilibrium curves. Herein q is the
plant material residual load linking the equilibrium curve
to the pore diffusion model. A well-known approach is, for
example, the Langmuir equilibrium. The parameters KL and
qmax can be derived from measurements. The maximum
load qmax is the total amount of anethole and fenchone. The
equilibrium curves are measured with multistep macera-
tions. The approach is described in detail elsewhere [4,6].

q ¼ qmax
KL c

1 þ KL c
(10)

3. Materials and methods

3.1. Plant material

Dried whole fennel seeds (F. vulgare L.) were ordered
from CfM Oskar Tropitzsch GmbH, Marktredwitz, and
stored at 4 �C. Anethole and fenchone of analytical quality
were bought from Sigma Aldrich. The ethanol for extraction
was from VWR, purity was >99.5%. The fennel seeds were
ground to a mean diameter of 1 mm with a Knife Mill
Grindomix GM 200 from Retsch before extraction.

3.2. Extraction equipment

For extraction experiments, an already established
setup was extended with a flow cell from Helma and a
Raman spectroscope QEPRO from Ocean Optics equipped
with a 785 nm diode laser. The solvent pump is a P110
preparative high-performance liquid chromatography
(HPLC) pump from VWR and the collector is a Foxy Jr. The
pump and the collector are controlled with the EZChrom
Elite HPLC software. The percolation column itself consists
of stainless steel and is equipped with frits to ensure proper
solid retention during extraction. The inner diameter (i.d.)
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is 2.4 cm and the length is 10 cm. Spectra processing is
performedwith The Unscrambler X 10.5. During extraction,
samples are taken with the collector to gain reference data
for the partial least square (PLS) calibrations. The experi-
mental setup is shown in Fig. 1.

3.3. Analytics

To obtain reference data for partial least square regres-
sion (PLS-R) calibration the collected extract is analyzed by
an Agilent SCION 436-GC gas chromatography (GC) using
anethole and fenchone as external standards. The chro-
matographic conditions are as follows: injector tempera-
ture 250 �C, detector temperature 280 �C, split ratio 1:120,
column: Agilent DB-5 30 m � 0.32 mm i.d., 0.25 mm film,
column temperature: 80 �C for 3 min, 8 �C/min for 15 min,
200 �C for 3 min, carrier gas hydrogen, injection volume
1 mL.

The samples were filtered through a 0.2 mm syringe
filter before analysis and injected undiluted into the gas
chromatograph after the experiments to avoid influence of
storage.

4. Results and discussion

Note: In the following a physicochemical (rigorous) pro-
cess model serves for predictive simulation of the extraction. A
statistical PLS-R model was used to measure the concentra-
tions of anethole and fenchone by Raman spectroscopy. Both
Fig. 1. Setup for in-line measuring a
are models in the linguistic usage but the underlying theory
and scope of application are totally different.

With its very short measuring time (ranging from a few
milliseconds to a few seconds) and a fully automatable data
processing, spectroscopy provides the possibility to
monitor extraction processes in real time. Furthermore, it is
possible to adjust a rigorous process model to control the
process (advanced process control). Moreover, this tech-
nology is rather cheap as compared to HPLC or GC, because
no chemicals or movable parts are used.

As depicted, fennel seeds serve as an example system
because the target component anethole has significant
Raman bands at 1651 cm�1 (vinylic C]C stretching vibra-
tion) and 1604 cm�1 (C]C aromatic stretching vibration)
[21]. A corresponding spectrum is shown in Fig. 2. There is
an obvious incline of the baseline toward lower Raman
shifts due to fluorescence of the sample [22]. Besides for
anethole, a PLS-R was made for the side component fen-
chone. Because there are no obvious bands in the spectrum
that can be matched to fenchone, this is more challenging
than in case of anethole.

To obtain the PLS-R models, a total of four extraction
experiments with the equipment shown in Section 3.2
were carried out. Two of the data sets serve for calibra-
tion (number of samples¼ 94) and the other two for model
validation (number of samples¼ 77). To achieve a robust
and reliable model no cross validation was applied in this
work. The measuring time for each spectrum was fixed to
500 ms and five spectra were averaged to one single
nd advanced process control.



Fig. 2. Spectrum of an ethanolic fennel extract.
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spectrum to raise the signal-to-noise ratio. No data pre-
treatment was used before PLS-R to assess the opportu-
nities and limits of the PLS-R with raw data. Calibration of
anethole was performed using the two significant bands at
1604 and 1651 cm�1. Fenchonewas calibrated using the full
spectrum. Reference data were obtained by GC. The PLS
model for anethole has an error of calibration of 0.0125 g/L
(root mean square error of calibration [RMSEC]¼ 0.0126 g/
L, R2¼ 0.99), which is a deviation of approximately ±1.26%
with regard to the mean value of about 1 g/L. The error of
calibration for fenchone is 0.01188 g/L (RMSEC¼ 0.01188 g/
L, R2¼ 0.98) resulting in an error percentage of ±3.39%with
regard to the mean value of 0.35 g/L. The root mean square
errors of validation (RMSEVs) for anethole and fenchone
Fig. 3. PLS-R models for anethole (left) and fen
are 0.02608 g/L (±2.6%) and 0.01945 g/L (±5.55%), respec-
tively. This means, for the given data the anethole model
has a minimum deviation of ±1.26% and a maximum de-
viation of ±2.6%. The deviations for the fenchone model are
between ±3.39% and ±5.55%. The models are shown in
Fig. 3.

Because of its distinctive spectrum, the anethole model
achieves higher accuracy because the calibration was per-
formed using only two bands (error of validation is only
half the value of fenchone). Thus useless parts of the
spectrum were excluded and do not influence the model.
The lack of significant bands results in a higher model error
for fenchone because noise has to be processed as well, or
rather, the relevant information is not isolated sufficiently
from the data or is not present at all, in the first place.

In the PLS models discussed above, no data pretreat-
ment was used to see how good the models are when only
raw data are used. To find the best model an overview of
different calibrations using common pretreatment
methods is given in Table 1. The best results are highlighted.
For completeness, a calibration for anethole using the full
spectrum was done as well.

When calibrating anethole using the two bands at 1651
and 1604 cm�1, no improvement can be seen by applying
common pretreatment methods. The information content
is sufficient for proper PLS-R. When calibrating anethole
using the two significant bands, an improvement in the
validation error of about 11% can be achieved by smoothing
the spectra with the SavitzkyeGolay algorithm using seven
grid points. This model is preferred, despite a rising error of
calibration. By selecting the two bands for model calcula-
tion only two factors have to be used, whereas five factors
are needed when the full spectrum is considered. The
model for fenchone shows a decreasing error of calibration
(�44%) by applying the same smoothing algorithm,
because the signal-to-noise ratio improves. The error of
validation decreases by 27%.
chone (right) in ethanolic fennel extract.



Table 1
PLS-R models for anethole and fenchone using common pretreatment methods.

Model Pretreatment Factors RMSEC (g/L) RMSEV (g/L) R2 (cal.)/R2 (val.)

Anethole, full spectrum None 5 0.00936 0.03143 0.99/0.99
Standard normal variate (SNV) transformation 5 0.09619 0.13433 0.87/0.91
Multiplicative signal correction (MSC) 4 0.10023 0.13957 0.86/0.90
1. Derivative, 3 grid points (SavitzkyeGolay) 4 0.01343 0.03552 0.99/0.99
1. Derivative, 7 grid points (SavitzkyeGolay) 4 0.00942 0.03876 0.99/0.99
2. Derivative, 3 grid points (SavitzkyeGolay) 4 0.01541 0.0860* 0.99/0.96
2. Derivative, 7 grid points (SavitzkyeGolay) 3 0.01619 0.04217 0.99/0.99
Smoothing, 3 grid points (SavitzkyeGolay) 5 0.00971 0.03146 0.99/0.99
Smoothing, 7 grid points (SavitzkyeGolay) 5 0.01036 0.03026 0.99/0.99

Anethole, 1604 and 1651 cm�1 None 2 0.01256 002608 0.99/0.99
SNV transformation 4 0.12179 0.17320 0.79/0.85
MSC 4 0.12049 0.17303 0.30/0.85
1. Derivative, 3 grid points (SavitzkyeGolay) 1 0.01646 0.03041 0.99/0.99
1. Derivative, 3 grid points (SavitzkyeGolay) 1 0.02210 0.04587 0.99/0.99
2. Derivative, 7 grid points (SavitzkyeGolay) 1 0.01421 0.03444 0.99/0.99
2. Derivative, 7 grid points (SavitzkyeGolay) 1 0.01412 0.03835 0.99/0.99
Smoothing, 3 grid points (SavitzkyeGolay) 2 0.01463 0.027079 0.99/0.99
Smoothing, 7 grid points (SavitzkyeGolay) 2 0.01608 0.02306 0.99/0.99

Fenchone, full spectrum None 4 0.01188 0.01945 0.98/0.98
SNV transformation 5 0.03958 0.05229 0.36/0.90
MSC 4 0.04123 0.05401 0.35/0.89
1. Derivative, 3 grid points (SavitzkyeGolay) 3 0.01254 0.02268 0.98/0.98
1. Derivative, 7 grid points (SavitzkyeGolay) 4 0.00616 002166 0.99/0.98
2. Derivative, 3 grid points (SavitzkyeGolay) 2 0.01514 003677 0.98/0.95
2. Derivative, 7 grid points (SavitzkyeGolay) 3 0.00737 0.01559 0.99/0.99
Smoothing, 3 grid points (SavitzkyeGolay) 4 0.00955 0.01785 0.99/0.98
Smoothing, 7 grid points (SavitzkyeGolay) 4 0.00665 0.01420 0.99/0.99
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The two valid PLS models (anethole: 1651 and
1604 cm�1, smoothing; fenchone: full spectrum, smooth-
ing) allow to monitor the extraction process in real time, as
shown in Fig. 4 for an independent experiment. Moreover,
it is now possible to adjust parameters of the physico-
chemical process model, such as the effective diffusion
coefficient or the content of the regarded target and side
components of the used plant material. The equilibrium
data were measured before the in-line experiments by
multistep maceration [4,6,23]. In Fig. 4, the black lines are
Fig. 4. Concentration profile and simulation results.
the simulation results; the data cloud represents the con-
centrations determined by Raman spectroscopy. The data
cloud surrounding the mean values is the confidence in-
terval of the PLS-R. The rhombs are concentrations
measured by off-line GC after the extraction has taken
place. For this experiment, 20 g of ground fennel seeds
were extracted with pure ethanol at 1 mL/min for 150 min
at room temperature. The good agreement between the
concentrations measured by GC and Raman spectroscopy
indicates the usability of the method. The GC data are
underestimated by the PLS models systematically, but they
are still in the range of the confidence interval.

The extraction curves shown in Fig. 5 result in con-
verting the concentrations into accumulated masses. The
black lines are again the simulation results. The gray lines
in the middle of its surroundings are the values from
Raman spectroscopy including the confidence interval. The
rhombs represent the GC data comparison. It is not sur-
prising that the extraction curves show a high conformity,
as they are directly derived from the concentrations in
Fig. 4. This figure repeats the underestimation of the con-
centrations, resulting in a deviation of the accumulated
mass of about 5% for anethole and 20% for fenchone.

The demonstrated approach makes data-driven de-
cisions during extraction of valuable compounds from
plants possible. Despite a systematic prediction error, this
method is a suitable way tomonitor the process in real time
in combination without additional operating costs. By
applying a rigorous process model, the impact of decisions
can be assessed and operation parameters can be read-
justed if necessary. This advanced process control strategy
is a real added value for phytoextraction. Common sce-
narios occurring during processing can now be evaluated
by predictive process simulation, such as the following:



Fig. 5. Extraction curves and simulation results. Fig. 6. Concentration profile and simulation results for a random fault
(skipping pump).
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� A changing load of target and side components from
harvest to harvest leads to an adjustment of the solvent
amount and the extraction time. Thus blending and
storing of various batches of the same plant material can
be reduced or even avoided. The overall amount is a
model parameter, which can be measured experimen-
tally a priori withminimal effort in laboratory scale to be
set in the simulations. Moreover, there are possibilities
for its determination by means of spectroscopy [15,24].

� While extracting several batches of one homogeneous
harvest of the same plant material, the extraction takes
longer. This may be traced to larger particles due towear
in the shredder.

� A major failure (e.g., wrong solvent or composition,
wrong plant material) is recognized immediately and
the process is stopped so that damage occurring can be
limited.

� Random changes in the standard procedure, such as a
skipping solvent pump (demonstrated in this example
at 12 min of extraction time, notably buckling in the
concentration profile in Fig. 6), are recognized and the
effects on the process can be evaluated with the physi-
cochemical process model. Actions for compensation
can be initiated early.

� The process is based on a lead structure and controlled
by a rigorous process model. A high level of process
knowledge is therefore generated, which is the key
element for modern concepts of quality assurance like
quality-by-design [25,26] and modern manufacturing
concepts like “Industrie 4.0” [27].

The approach shows the high additional value of in-line
spectroscopy for extraction. This example relies mainly on
the two strong bands of anethole at 1604 and 1651 cm�1

and that there are no solvent bands in this range to overlap
them. The calibration for fenchone using the full spectrum
delivers accurate predictions as well. Other typical chal-
lenges for phytoextraction like the extraction of the anti-
malaria drug artemisinin from Artemisia annua L. cannot
rely on such strong and unobstructed bands [28]. This re-
sults in reduced prediction accuracy and lower robustness
of the model. Furthermore, the manifold of different com-
ponents in complex mixtures contributes to the spectrum.
Therefore, the relevant information of the target compo-
nent is hidden, and in some cases cannot be isolated at all.
In such cases, other techniques, like NMR spectroscopy
have to be used, which is becoming more and more
affordable due to upcoming low-field equipment [29]. Even
a combination of two orthogonal methods at once like
Raman and NMR is possible and realistic.

5. Conclusion

The study showed that in-line spectroscopy and
advanced process control with a rigorous process model for
phytoextraction processes is ready to use. Even if tech-
niques like Raman spectroscopy cannot be applied to any
plant material or extracts, there is an emerging field of
various other methods, like NMR, UVevis, and so on. Due to
the high performance of modern computers, real-time data
processing and predictive simulation are possible and
should be further industrialized avoiding batch failures,
increasing process robustness, and product quality, as well
as optimal resource utilization toward sustainable Green
Extraction processes. Furthermore, extraction processes
can be controlled in real time to meet an optimized oper-
ating point with regard to solvent consumption, energy
demand, resource efficiency, and productivity. A reduction
in process time and solvent amount by a factor of 2 is easily
possible, due to the exponential shape of the extraction
curve, if the desired yield should only be 80% instead of
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95%. Therefore, real-time measurements are necessary for
accurate end point detection. By applying innovative and
mass transporteenhancing methods like ultrasound or
microwaveeassisted extraction [13,14,30], the extraction
processes are much faster, thus rapid in-line measurement
techniques are needed for a proper process monitoring and
therefore contribute especially well in terms of Green
Extraction.
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Nomenclature

Symbols
aP specific surface area, 1/m
cL concentration in the liquid phase, kg/m3

cP concentration in the porous particle, kg/m3

Dax axial dispersion coefficient, m/s2

Deff effective diffusion coefficient, m2/s
KL equilibrium constant, m3/kg
kf mass transport coefficient, m/s
Pe P�eclet number
Q loading, kg/m3

qmax maximum loading, kg/m3

Re Reynolds number
R radius, m
Sc Schmidt number
Sh Sherwood number
T time, s
uz superficial velocity, m/s
z coordinate in axial direction, m
ε voids fraction
r density, kg/m3

Abbreviations
GC gas chromatography
i.d. inner diameter
PLS-R partial least square regression
RMSEC root mean square error of calibration
RMSEV root mean square error of validation
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