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In this study a systematic and model-based approach for a process development focusing on pressur-
ized hot water extraction (PHWE) is investigated, considering potential thermal degradation of high-
value compounds. For extraction of 10-deacetylbaccatin III (10-DAB) from yew as a representative test
system, water at 120°C provided the best compromise between extraction yield and thermal degrada-
tion. A yield of almost 100% with regard to the overall amount of 10-DAB was reached in only 20 min.
Each experiment for model parameter determination was carried out with 1.9g of plant material at
a flowrate of 1mL/min and an applied pressure of 11bar. All experimental values are assessed by a
physico-chemical (rigorous) extraction model with experimental values and simulation results showing
high conformity. In order to demonstrate the usability of the extraction model and model parameter de-
termination a scale-up prediction was calculated. The scale-up experiments were predicted precisely and
thus the model validated. The experiments and the simulation results for a column with a volume of
104 mL and a mass of 22 g yew needles were consistent with the milli-scale used for model parameter

determination.

© 2017 Tomsk Polytechnic University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
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1. Introduction

The extraction of valuable compounds from plant material is
mainly performed with conventional organic solvents. Many of
these solvents have unwanted aspects like flammability, volatil-
ity, toxicity, and jointly contribute to environmental pollution and
the greenhouse effect. Moreover, it must be proven that residuals
of these solvents in the extracts cause no health risk when con-
sumed, for example as pharmaceuticals [1]. These drawbacks call
for alternative solvents and processes. Various methods have been
published in terms of “Green Extraction” [1] to reduce or even
avoid conventional solvents. Both et al. described the extraction of
polyphenols from black tea with the aid of ultrasound [2]. Another
alternative solvent is supercritical CO, which is already state of the
art for the extraction of hop and coffee [3]. Further alternative sol-
vents, like &-limonene, ionic liquids or agro-solvents like ethanol
can be found in recent publications [4-7].
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Another alternative green solvent is water, which will be the fo-
cus of this work. Its window of polarity and thereby its solubiliza-
tion potential can be substantially increased, if water is used under
high temperature and pressure as a solvent for phytoextraction.

2. Materials and methods
2.1. General principles

In pressurized hot water extraction (PHWE), the extraction of
valuable compounds from plants is carried out with water in the
temperature range above its atmospheric boiling point but below
the critical point. Water’s polarity is typically quantified by the di-
electric constant &, which however can be changed over an ex-
tremely wide range by varying temperature. Under ambient con-
ditions & of water has a value of roughly 80, decreasing to 34.8 at
200°C, thus being close to the value of methanol (32.7) at ambient
conditions [8,9]. The corresponding dielectric constant of various
organic solvents under normal conditions and the data for water
are given in Fig. 1.

The dielectric constant of water can be calculated by equation
(1) [10].
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Nomenclature

A parameter for equation (1), m3/kg

ap specific surface area, 1/m

B parameter for equation (1), m®/kg?

C parameter for equation (1), m®/kg?

a concentration in the liquid phase, kg/m?
Cp concentration in the porous particle, kg/m3
Cy concentration in a specific vessel, kg/m3
D parameter for equation (1), m®/kg?

Dax axial dispersion coefficient, m/s?

Defr effective diffusion coefficient, m?/s

E parameter for equation (1), m®/kg3
F parameter for equation (1), m®/kg3
@ parameter for equation (1), m®/kg3
H parameter for equation (1), m8/kg*
I parameter for equation (1), m8/kg*
K parameter for equation (1), m8/kg*
k reaction rate coefficient, depending on order of

reaction

Ky equilibrium constant, m3/kg

Kgc rate coefficient in the extraction column, depending
on order of reaction

k¢ mass transport coefficient, m/s

Ksy rate coefficient in the storage vessel, depending on
order of reaction

n order of reaction, -

Pe Péclet number

q loading, kg/m?3

Qmax maximum loading, kg/m3

Re Reynolds number

r radius, m

Sc Schmidt number

Sh Sherwood number

T temperature, K

t time, s

T* normalized temperature for equation (1), -

u superficial velocity, m/s

v volume, m?3

\Y volume flow, m3/s

z coordinate in axial direction, m

e dielectric constant, -

e voids fraction, -

0 density, kg/m?3

p* normalized density for equation (1), -

TEC residence time in the extraction vessel, s

Toy residence time in the storage vessel, s

Abbreviations

10-DAB  10-deacetylbaccatin III

RP-HPLC reversed phase high performance liquid
chromatography

DAD diode array detector

DPF distributed plug flow

i.d. inner diameter

PEEK polyether ether ketone

PHWE  pressurized hot water extraction
rpm revolutions per minute

e=1+ A ,0*+(E+C+DT*),O*2
Tx Tx

E H 1
+(ﬁ+FT*+GT*2>p*3+(T?+ﬁ+l(>,o*4 (1)

Tx = ﬁ
A= +7.62571
B =4244.003
C = -140.569
D = +27.7841
E = —-96.2805
F = +41.7907

G =-10.2099
H = —-45.2059
I = +84.6395

K = —-35.8644

Besides the dielectric constant of water, some other parameters
are affected by temperature increase. For example the pH, which is
7 at normal conditions, changes to a value of 5.5 at 250°C. Some
other highly temperature-sensitive parameters are the surface ten-
sion, self-diffusivity and viscosity [9].

In recent publications the pressurized hot water extraction was
investigated for the extraction of phenolic compounds, lignans,
carotenoids, oils, lipids, essential oils and other bioactive com-
pounds [11]. Rodriguez-Meizoso et al. [12] described the extrac-
tion of nutraceuticals from oregano leaves. The highest antioxidant
activity and yield were achieved at a temperature of 200°C. Opti-
mized extraction conditions using water at 200 °C and 200 bar with
an overall extraction time of 30 min were found by Bajer et al. for
extraction of capsaicinoids from chilies [13]. The results showed a
higher yield and productivity compared to Soxhlet extraction with
pure methanol. Vizquez et al. [14] optimized the extraction con-
ditions for anthraquinones from cegadera, which show antibacte-
rial, antiviral, and anticancer activity. A temperature of 170°C was
found to give the best results. At higher temperatures the yield de-
creases due to thermal decomposition. Different areas of applica-
tion for PHWE like the extraction of plants and food materials, the
analysis of organic contaminants in food, extraction of pesticides
and herbicides in soils and the treatment of environmental sam-
ples for analytical purpose like brominated flame retardants are
listed by Teo [15].

2.2. Experimental setup

2.2.1. Milli-scale device for extraction experiments

The flow diagram of the PHWE equipment for batch extrac-
tion experiments is shown in Fig. 2. The water is pumped from
a storage vessel with a HPLC pump P130 from VWR® to the ex-
traction column filled with ground plant material. The extraction
column is made from stainless steel with 10 mm i.d. x 100 mm (ap-
prox. 7.85mL). The column itself and a coil made of a steel capil-
lary (length=3m, i.d. = 1mm) are placed in a GC oven HP 5890
Series II Plus serving as heating device. The water is preheated in
the coil before reaching the extraction column. The extract leaves
the extraction column at the back-end where a filter frit serves for
solid-liquid separation. The extract is transferred into a second coil
for effective cooling (length = 3m, i.d. = 1 mm). The pressure drop
is adjusted to 11 bar with a valve to keep the water in the liquid
state.
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Fig. 1. Dielectric constant chart, values from Ref. [8] and equation (1).
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Fig. 2. Flow diagram of the milli-scale PHWE equipment for batch extraction experiments.

2.2.2. Milli-scale device for determination of thermal degradation

To determine the thermal degradation of the investigated com-
ponents during extraction, the milli-scale device is modified to op-
erate in recycling mode. This setup is shown in Fig. 3. The extract
is transferred into the storage vessel (max. 100 mL) and is recycled
during the whole process. Thus the target component accumulates
in the system and occurring degradation effects can be studied.
The storage vessel itself is located in an ultrasonic bath for mix-

ing and avoiding possible agglomerates as well as concentration
gradients inside the vessel.

2.2.3. Lab-scale device

The flow diagram of the lab-scale device is shown in Fig. 4. The
water is pumped with a HPLC Pump P130 from VWR into a heater.
The heater consists of a coiled steel capillary with a length of 6 m
and an inner diameter of 1 mm. This coil is located in an oil-bath
heated by an IKA® Ret basic heating plate. The water’s tempera-
ture leaving the heater is measured and monitored. Following the
heater the water stream can be split by a two-way valve. One flow
leads directly into a cooler and through a valve into waste. This
option serves as a bypass while adjusting the heater in order to
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Fig. 3. Flow diagram of the milli-scale PHWE equipment in recycling mode.
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Fig. 4. Flow diagram of the lab-scale PHWE equipment.

ensure a constant temperature of the water at the desired flow.
Once the water temperature is constant, the two-way valve is
switched to the extraction column. The column is made of stain-
less steel with 24 mm i.d. x 230 mm (approx. 104 mL). Just like in
the milli-scale device, filter frits provide the solid-liquid separa-
tion. Through a double jacket the column is heated by an oil-filled
cryostat from Lauda®. The extract leaving the column is cooled
by a coiled steel capillary (length=6m, i.d. = 1mm) and passes
a valve to reach a pressure drop comparable to the milli-scale de-
vice. The processed extract is stored in a vessel.

2.3. Plant material

In this work yew needles serve as a representative test system
which is commonly used in the institute [16]. The needles were
ordered from CfM Oskar Tropitzsch, Marktredwitz Germany. From
yew, 10-deacetylbaccatin IIl can be obtained, serving as a precur-

sor for the anti-cancer drug Paclitaxel® [17]. The yew needles are
air dried and have a residual moisture of about 8 wt.-% and are
stored in a cooling chamber at 8°C prior to extraction. To maxi-
mize the mass transfer area during PHWE the needles are grinded
in a knife mill Retsch® Grindomix GM 200 for 4s at 4000 rpm. The
particulates are classified with sieves to determine the mean parti-
cle diameter (x59 =1 mm) needed for proper modeling and also to
avoid dust formation which could block the frits of the extraction
columns and increase back pressure.

To calculate the yield of extraction the total amount of 10-DAB
MyopaB, total iN the yew needles was determined a priori by con-
ventional exhaustive solvent extraction in percolation mode. The
procedure is described in detail in [16,18].

. m
Yield = 10DAB, extracted (2)
M10pAB. total

The total amount of 10-DAB referred to dry mass was
0.183% 4 0.013% (standard deviation).
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2.4. Analytics

The 10-DAB in the liquid extract is analyzed with an Elite La
Chrom® HPLC using a diode array detector DAD-L 2455 from Hi-
tachi® and a Merck® PharmPrep P100 RP-18 250 x 4 mm analyti-
cal column. The samples are filtered through a 0.2pm syringe fil-
ter and injected undiluted into the HPLC. The calibration is carried
out with an external standard. The pure 10-DAB is ordered from
Sigma-Aldrich. The samples were analyzed right after extraction to
avoid any influence of storage. The method for analysis was already
published by the authors [16,18,19].

3. Theory and calculations

In general, solid-liquid extraction is described by several par-
tial models. The corresponding equations and assumptions can be
found in detail in the literature. The simplest models are black-
box/statistical models followed by short-cut models including sep-
aration factors and stage efficiency as a lumped factor of all non-
idealities. Both approaches are not predictive and therefore not
scale-able. Rigorous (or physico-chemical) models separate the dif-
ferent effects of the mass balance including fluid dynamics, phase
equilibrium, mass transfer, as well as an energy balance. This al-
lows prediction, even in scale, because according to theory only
fluid dynamics and energy balance should differ in scale. Moreover,
it allows in laboratory scale with minimal material amounts the
experimental determination of the phase equilibrium which is not
available for complex molecules and mixtures in data bases and of
the relevant mass transfer coefficients if the fluid dynamics (and
energy balance) of the scaled-down equipment is well described
and taken into account [18,20,21].

In the following, only a brief overview of the model is given.
In addition, relevant adaptations to predict PHWE are highlighted.
The parameter determination will be shown in detail in this paper.

Because all devices used in this study were operated in perco-
lation mode, the mass balance in the liquid phase is described by
the distributed plug flow model (DPF). It serves for modeling the
macroscopic mass transport in the extraction column. For the solid
phase a pore diffusion model describes the mass transport in the
plant material’s pores. The raw material’s residual load of target
components and the corresponding extract’s concentration are ac-
counted for by equilibrium curves.

The target component’s mass balance in the fluid phase (eq. (3))
considers accumulation, axial dispersion, convective mass transport
and mass transfer from the plant material’s pores into the bulk
phase.

o (z,t) 92ci(z, 1) U, (z,0)
at ¥ 922 e 0z

1-¢

‘ke-ap-[c(z,t) —cp (1,2, t)] — k- (3)

The axial dispersion coefficient D,x describes the non-ideality
of the flux in the tubular extraction vessel and is derived by corre-
lations using the Reynolds and Péclet number.

_ udppr
= e
For the calculation of the Reynolds number the empty tube ve-
locity u; has to be calculated with regard to the continuity con-
dition. The mean particle diameter dp is measured by sieve anal-
ysis. The solvent density as well as the viscosity can be found in
common table values [22,23]. The porosity of the packed bed can
be measured by tracer experiments, which are routine engineering
practice, e.g. in chromatography.

pe = 22 oo (eRe)048
) P

Re (4)

(5)

Thereafter, the Péclet number is calculated by the correlation of
Chung [24]. Finally equation (6) provides the value of Da.
dpuz
Dax = — 6
= o (6)
Mass transfer from the particle into the bulk phase is calcu-
lated using the mass transfer coefficient k¢ and the specific par-
ticle surface ap. The specific surface area ap is calculated with
equation (7).

6
dp = a (7)

The mass transfer coefficient k¢ is derived by correlations that
are widely used in chromatography and were already applied suc-
cessfully for solid-liquid extraction [16].

_n
S¢= pL- D12 (8)
Sh= kgl‘j" ©)
Sh=2+1.1-5c%%.Re%® (10)

In addition to the distributed plug flow model, a degradation
kinetic is introduced to describe the thermal decomposition of the
investigated components. The rate constant k and the exponent
n are measured by recycling the extract continuously which will
be described in detail in the ongoing sections of this article. Typi-
cally an Arrhenius equation takes into account the dependency on
temperature.

Under the assumption of spherical particulates, the following
equation can be derived as a mass balance for the target compo-
nent in the plant material. The effective diffusion coefficient D¢
has to be measured by real extraction experiments.

dqzrt _ o (D) (ach @ro 2 dcp (21, t))

Jat or? r or
0D (1) dCp (2,1, t)
ar ar ()

The adsorption/desorption equilibrium inside the pores is de-
scribed through equilibrium curves. Herein q is the plant material’s
residual load linking the equilibrium curve with the pore diffusion
model. A well-known approach is e.g. the Langmuir-equilibrium.
The parameters K; and qmax can be derived from measurements.
The maximum load qmax is the total amount of 10-DAB introduced
in section 2.3.

Ky -c

q = Qmax -

In recycling mode, equation (13) is used to describe the mass
balance for the storage vessel. In equation (13) V is the vessel’s
volume, V the flux, ¢, the concentration at the extraction column
outlet and cy the concentration of the target component inside the
vessel itself.

v.aﬂ:v.(q—cv) (13)
ot
The equation is needed, because in recycling mode the concen-
tration ¢ of the target component in the fluid entering the extrac-
tion column is not zero as in the case in the normal extraction
mode, because the fluid is pre-loaded. For batch extraction, equa-
tion (13) is not taken into account because fresh solvent is applied.

4. Results
The aim of this work is to perform the model parameter de-

termination in the milli-scale device with the smallest amount
of plant material possible. Subsequently, the degradation kinetic
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needs to be adapted from the recycling mode to the simulation
of the actual extraction. To show the usefulness of the model and
the parameter determination, scale-up experiments are performed
and simulated. The experimental pathway is as follows:

1 Run a screening of temperature in batch extraction experiments
using the milli-scale device.

2 Measuring and calculation of the degradation kinetics in the re-
cycling mode of the milli-scale device.

3 Simulation of the extraction curves based on batch extractions
performed in milli-scale.

4 Simulation and experimental validation of the scale-up with the
lab-scale device.

4.1. Experiments

Several experiments were carried out to investigate the effect
of temperature increase on degradation of the target component
and the overall extraction kinetics. The investigated temperature
levels for determining the degradation kinetics were ambient tem-
perature, 120 °C, 140°C and 180°C. The scale-up experiments were
carried out by keeping the residence time in the extraction column
constant. Thus 22 g of yew needles are used, the flux is 15 mL/min
at ambient temperature and 120°C. Because 10-DAB is a precur-
sor for the semi-synthesis of cancer drugs, a purification pathway
follows the extraction anyway, thus the extraction itself only has
to be optimized to highest possible yield and productivity for a
cost- and resource-efficient overall process design [16]. Purification
is achieved during the following process steps such as liquid-liquid
extraction and chromatography. Therefore only yields are consid-
ered as optimization criteria in this paper.

Remark. Every experiment is performed in triplicates. In the fol-
lowing the graphs show the mean values as data points. The drawn
lines only serve for a better visualization! The error bars repre-
sent the standard deviation of the measurements. If no error bars
are visible they are within the symbol size of the individual data
points.

4.1.1. Extraction

The basic influence of temperature during PHWE is investigated
by batch extraction experiments at ambient temperature, 120 °C,
and 180°C in milli-scale. The results are plotted in Fig. 5.

10-DAB was almost completely extracted after 55 min. at ambi-
ent temperature. It is remarkable that the predominant non-polar
molecule 10-DAB can be extracted with polar water. Similar re-
sults are already described in literature and can be traced to nat-
ural solubilizers contained in the yew needles [16]. By increas-
ing the temperature to 120°C an almost complete leaching was
achieved within 15 min. Thus the productivity of the extraction is
more than three times higher. A further increase in temperature
leads to a yield of only about 78%. Obviously, thermal degradation
takes place, which will be investigated in detail in the following.
Please note that in this case extraction takes place in the percola-
tion mode by applying fresh solvent, so there are no equilibrium
limitations, and 100% yield is possible.

4.1.2. Thermal degradation

Thermal degradation of the target compound is investigated
with the milli-scale device in recycling mode. Samples are taken
directly from the storage vessel. The results are shown in Fig. 6.

At ambient temperature an equilibrium yield of about 77% is
reached after 120 min. An equilibrium is reached, because in com-
parison with the experiments depicted in Fig. 5 the extract is con-
tinuously recycled, thus no fresh solvent is supplied, and no ex-
haustive extraction is possible. By applying higher temperature, the
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Fig. 5. Results of batch extraction with different temperatures.
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Fig. 6. Results of thermal degradation experiments at different temperature levels.

Table 1
Rate constants and orders of reaction (h=hour, g=gram, L=liter).
120°C 140°C 180°C
1 /L0627 1 /g)008%6 1 /g\0349
k =0.8928 - H(g) l<:0,6624»ﬁ- i k:0'3290'ﬁ' i
n= 11627 n=0.9144 n=0.6506

extraction kinetics become significantly faster. At 120°C an equi-
librium yield of about 77% is reached after 20 min, thus being 6
times faster compared to extractions carried out at ambient tem-
perature. After about 20 min however, obviously degradation oc-
curs and yield drops to 20% after 240 min of extraction time. This
trend amplifies with higher temperature. At 180°C almost no tar-
get component can be detected after only 120 min. The degradation
kinetics are linearized to derive the rate constant and the order of
the reaction for proper modeling. The resulting values are shown
in Table 1.
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Table 2
Converted rate constants and orders of reaction (h=hour, g=gram, L=liter).
120°C 140°C 180°C
1 L 0.1627 1 g 0.0856 1 g 0.3495
k=6‘1908-E»(—) k=5.0627<H<(I k=22813 . I)
n= 11627 n=0.9144 n=0.6506
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w0 el
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Fig. 7. Results of scale-up experiments in comparison to the milli-scale device.

Because the samples are taken from the storage vessel and not
from the extraction tube itself, stirred-tank-reactor-like pseudo-
kinetics are measured, which have to be converted according to
reaction technology fundamentals [23,25]. On one hand, there are
relatively low concentrations of the target compound in the vessel,
being the basis for the calculation of the kinetic parameters. On
the other hand, the fluid’s and therefore the target component’s
residence time is significantly longer in the storage tank compared
to the extraction column, where the reaction takes place. Conse-
quently, the measured rate constants have to be higher and thus
are converted, correlating the specific residence time in the stor-
age vessel and the extraction column by equation (14). The rate
constant in the extraction column is kgc, in the storage vessel Kgy.
Tgc and Ty represent the corresponding residence times.

kgc = Ky - I (14)
TeC

The resulting rate constants are shown in Table 2. The order of
reaction remains the same for all temperatures.

A standard description for temperature dependency is the im-
plementation of the Arrhenius equation. This approach has been
discarded because of the change of reaction kinetics order with
temperature.

4.1.3. Scale-up

By evaluating the results of the extraction experiments and the
degradation kinetics, operating at 120 °C seems to be the most pro-
ductive way for a complete extraction of 10-DAB from the yew
needles in the examined temperature field. To show the validity of
the method, scale-up experiments are carried out at this tempera-
ture with a 13 times larger column volume. The residence time is
kept constant when scaling-up from the milli-scale device to the
lab-scale device. The results are plotted in Fig. 7.

The data indicate the strong conformity between the results ob-
tained from the milli-scale device and the lab-scale device.
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Fig. 8. Simulation results of the degradation kinetics.

4.2. Modeling and simulation

Modeling and simulation are beneficial tools for an efficient
and cost saving optimization of pressurized hot water extraction.
Therefore, the experimental results, as shown above, serve as a
data basis for the simulation shown in this chapter.

Remark. In all of the following charts the data points represent
the measurement data whereas drawn lines show simulated re-
sults. The error bars represent the standard deviation of the mea-
surements. If there are no error bars visible they are within the
symbol size of the individual data points.

4.2.1. Modeling of the degradation kinetics

Degradation is one of the most relevant parameters concerning
pressurized hot water extraction. For that reason, it is crucial for
process development and therefore has to be incorporated into the
model. The simulation results are shown in Fig. 8. The Langmuir
constant K; is derived from the equilibrium data at ambient tem-
perature and is assumed to be constant over temperature. More-
over, due to thermal degradation, equilibrium effects will not affect
the system.

The simulation showed high sensitivity toward the order of re-
action with temperature. By applying the converted reaction rate
coefficients of Table 2 the order of reaction had to be adjusted by
about 26% for 180°C, only 0.1% for 140°C and 10% for 120°C in or-
der to meet the experimental data best. The coefficient of determi-
nation (R?) between simulation and experiment is 0.973 for 120 °C,
0.969 for 140°C and 0.892 for 180°C. The different data sets of the
orders of reaction as measured and as applied in the simulation
are shown in Fig. 9.

The accuracy of the determination of the kinetics parameters is
absolutely sufficient, because it is only the adaption of the recy-
cling experiments. The batch extraction curves, being the crucial
point, can be simulated predictively by applying that data sets, as
depicted in the following.

4.2.2. Modeling of extraction

For an industrial application the extraction curves are the pri-
mary data basis for process development and optimization. There-
fore the degradation kinetics from the previous chapter are imple-
mented and the extraction is predictively simulated. The results
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Fig. 10. Simulation results of the extraction experiments.

are shown in Fig. 10. For ambient temperature the simulation pre-
dicts the measurements well (RZ=0.958). At 120°C the simula-
tion slightly overestimates the degradation (RZ=0.943), resulting
in lower yield. At 180°C the degradation is somewhat underesti-
mated (R? =0.909) and therefore a higher yield is predicted by the
simulation.

4.2.3. Modeling of scale-up experiments

A temperature of 120°C gave the best results in the milli-
scale experiments. Therefore this temperature was used for an ex-
emplary scale-up study. The simulation results for the milli-scale
and the lab-scale devices are compared in Fig. 11. Parameters for
degradation kinetics are taken from initial degradation simulations
shown in Fig. 8. Other parameters like the column dimension, flux
and mass of plant material are adjusted to the milli-scale. The re-
sults for the milli-scale device and the lab-scale device at the same
temperature level are shown in Fig. 11. Consequently, the already
mentioned overestimation of the degradation kinetics at 120°C
appears in the scale-up calculation as well. Nevertheless, there
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Fig. 11. Simulation results of scale-up experiments in comparison to the milli-scale
device.
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Fig. 12. Enveloping curves for the simulation at 120°C.

is a remarkable consistency of the two extraction curves prov-
ing the practical usefulness of the model for predictive scale-up
calculations.

4.2.4. Model parameter sensitivity analysis

Process robustness is of major significance for manufacturing.
The recycling experiments serve as a data basis for extraction and
scale-up, thus a parameter study is performed to show the effect
of inaccuracy of the model parameter determination. The parame-
ters order of reaction, porosity of the plant material, and applied
mass are changed by +1%. Flow, initial loading of the plant mate-
rial, temperature and reaction rate coefficient are changed by +5%.
The resulting enveloping curves for the experiment at 120°C are
shown in Fig. 12.

One can clearly see that the resulting curves meet the experi-
mental data quite well even if the underlying data is distorted by
measurement errors or natural fluctuations. Thus, a robust process
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design is possible and deviations can be described by predictive
simulations.

5. Discussion

The pressurized hot water extraction shows great potential for
rapid extraction of 10-DAB from yew as an example system. PHWE
by definition operates in a temperature regime above 100°C due
to the high pressure range. By operating at 120°C the productiv-
ity can easily be increased by a factor of 3 compared to extrac-
tion at ambient temperature thus the concentration of 10-DAB is
increased and there is a first bacteria count reduction in the ex-
tract. Under manufacturing aspects, of course a lower temperature
of 90°C may be an option as well, if mass transfer or solubility is
efficient enough due to the higher polarity in this range.

Productivity is a sufficient key performance parameter in the
process evaluation of the solid-liquid extraction step of a natural
drug when operating under optimized yield conditions and within
an optimized space-time-window. Final purity is reached in the
subsequent purification unit operations such as liquid-liquid ex-
traction and chromatography [16].

The calculated degradation kinetic allows predictive simulations
for every investigated mode of operation including scale-up. This
underlines the applicability of the developed approach. Neverthe-
less, the orders of reaction have to be adjusted to meet the ex-
perimental data best. The transfer of the simulation from recy-
cling mode to real extraction shows a slight overestimation of the
degradation kinetics by 2% at 120°C, but an acceptable underes-
timation by 8% at 180°C. Moreover, the order of reaction shows
significant impact on the simulation result. An Arrhenius temper-
ature dependency is not used on purpose, because of the change
of the reaction kinetics order. Measurements over a wider temper-
ature range are therefore necessary to determine this parameter
more precisely in the future and control it with mass spectroscopy
studies for a more fundamental comprehension [26]. At the current
state of knowledge there is no satisfying explanation, since com-
mon degradation kinetics follows a reaction order of one [27]. One
possible explanation could be the occurrence of equilibrium reac-
tions which will be a focus of research with partners in the future,
and their control by mass spectroscopy [26] for fundamental com-
prehension. The pH shift during extraction could also be a reason
for the presented investigations [28,29]. For a fast and knowledge-
driven process design, the developed approach is nevertheless suf-
ficient, as shown.

All experiments, except on lab-scale, were carried out with the
milli-scale device using only 1.9g of plant material for each ex-
periment. The small error bars shown in the charts and the good
correlation between milli-scale and lab-scale device show that
with minimal amounts of plant material a sufficient reproducibil-
ity and accuracy for model parameter determination is possible.
Especially, in early stage of research and screening for new ac-
tive pharmaceutical ingredients, with only small amounts of plants
from wild collection available, this experimental set up in com-
bination with physico-chemical (rigorous) process modeling pro-
vides a suitable tool for cost- and resource-efficient process de-
velopment and scale-up studies. The relatively low operating pres-
sure of only 11 bar compared to reports from other working groups
[30,31] allows an easy and cost efficient application even in indus-
trial, large scale operation. At the same time high yields can be
achieved while using a green solvent.

6. Conclusion
The study shows the significant potential of pressurized hot

water extraction, especially in the combination of experimen-
tal model parameter determination in miniaturized scale with a

physico-chemical process model. The different modes of opera-
tion are simulated with slight adjustment of the parameters and
meet the experimental values sufficiently well. The systematic ap-
proach shown, in combination with rigorous modeling, is suitable
for scale-up studies, and therefore applicable in an industrial envi-
ronment. Ongoing research is dedicated to additional applications
and detailed chemical comprehension by mass spectroscopy stud-
ies. This novel process model for the description of PHWE pro-
cess design and scale-up enables total process simulation studies
in combination with already existing purification unit operation
models [16,18-21,32,33]. Process design of natural product man-
ufacturing processes is therefore possible also for complex mix-
tures with the aid of typical chemical engineering methods. Such
approaches so far have been standardly applied only for smaller
molecules. First industrial scale equipment for PHWE is available
[34-36]. In combination with the concepts, data, and results pre-
sented this indicates the industrial potential of this new method,
besides its prejudices of being complex or costly due to high tem-
perature and pressure.
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