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Abstract: Traditional extraction processes of natural product are widespread, especially in
regulated industries. Possibilities of extraction development and manufacturing optimization
in regulated industries is limited. Regulatory approvals are often based on traditional preparations
of phyto-pharmaceuticals. The dependence on traditional processes can result in sub-optimal
extraction parameters causing unnecessary costs and product variability. Innovative methods like
Quality-by-Design (QbD), including process analytical technology (PAT), open opportunities for
manufacturers to cope with regulatory demanded, narrow batch-to-batch variability. In addition,
such validated process models represent perfect digital twins which could be utilized for advanced
process control and life cycle analysis.

Keywords: green extraction; natural products; phytochemicals; process modeling; digital twin

1. Introduction

Plant-based products represent a growing market and industry is an important supplier of
versatile products. The applications range from the pharmaceutical sector, food and nutrition, as well
as plant protection to construction material, basic chemicals and energy resources [1–6].

The naturally occurring variability of plant material, stemming from cultivation conditions and
harvest processing, requires quality assurance, especially for pharmaceutical products and other
regulated industries, which are controlled by competent regulatory agencies [7,8].

Traditional processes have developed over centuries. In addition, the current regulatory policy
defines product quality of plant-based preparations using the traditional production processes. Most
traditional herbal products are not defined by a specific active ingredient, but are comprised of a
mixture of different substance classes [9,10]. In addition, traditional processes have to be established
for at least 30 years to be recognized as “well established”. These processes have not been designed for
modern industrial process solutions and production on industrial scale [8]. The preparation of small
product batches using predefined processing methods is problematic for a seamless quality assurance,
as is standard for pharmaceutical preparations. Increasing value is possible by optimized usage of
biomass [11,12].

To improve process robustness and increase biomass valorization, the Quality-by-Design (QbD)
approach can be used to understand the impact of batch variability of the plant material on the
extraction results. In previous works, the variability of different batches of plant material as well
as QbD-based process design for plant-based processes is shown and researched [13–15]. Therefore,
Design of Experiments (DoE) was used to identify the impact of the variation of different process
parameters and to create design spaces [14]. In this work, the possibility to use a digital twin instead of
experimental DoE for QbD-based process design, including an in silico DoE and the creation of design
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spaces, is shown. Furthermore, the digital twin can be used to investigate different process alternatives
to assess the possible improvement on biomass valorization, value creation and productivity increase
by adapting the extraction process to the behavior of the extracted components.

Model-based process design shortens time-to-market and enables comparison of many different
process types for optimization. The complexity of the developed model is strongly dependent on the
application of the model. Common modeling depths are shown in Figure 1. Less complex models, i.e.,
Black box or short cut models, are well established for early estimates of equipment dimensions during
theoretical feasibility studies. The models utilized heuristic correlations and idealized assumptions
regarding equilibria. The next level in detail consists of stage models, which allow for the description
of equilibrium stages. Correction factors are used to describe deviations from the ideal conditions.

The distributed plug flow model (DPF) can be used to consider the effects of axial dispersion in
the bulk phase and can be extended to include effects, such as pore diffusion, pore swelling, particle
degradation or particle size distribution for the modeling of solid-liquid extraction processes. Further,
equations for complex equilibrium conditions can be implemented.

Higher degrees of modeling depths can be found in Computational Fluid Dynamics simulations.
Based on numerical solutions of the Navier–Stokes equations, fluid behavior can be simulated.
Molecular dynamics can be used to describe the movement and interaction of multiple molecules,
using Newton’s equation for motion and interatomic potentials. Nevertheless, due to moderate flow
rates, appropriate flow distribution is not the challenge in plant-based extraction processing [13,16,17].
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Higher model depth requires additional computing power and/or time. The definition of modeling
depths is important to balance application of the model and modeling effort.

Model results have to be validated to confirm appropriate implementation of the theoretical
approach and applicability of the model parameters required for solving the model. The accuracy
and precision of a model and the possibility of experimental validation also depend on the modeling
depth. The highest profit can be generated from models with comparable accuracy and precision to
laboratory experiments with a validated range of parameters. In this case, a model can be used to
replace experiments, saving time and resources.

For the application of solid-liquid extraction, the distributed plug flow model has proven versatile
and sufficiently detailed and requires manageable computing power. The high natural variability of
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raw materials and the various properties of applied solvents may require a high level of detail, which
can be introduced into the DPF model [19–21].

The required parameters of models depend on the type of model and the implemented effects.
Especially, the description of fluid dynamics, phase equilibria and pore diffusion have been vital for an
appropriate model of solid-liquid extraction. The modeling approach is summarized in Figure 2. This
separation of the main effects influencing mass transport is a valuable tool for process understanding
and can be applied to different types of plant material. The definition of model parameters and
the development of a standardized model parameter determination concept allows for rapid and
comparable characterization of previously unknown plant materials.
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1.1. Separation of Effects in DPF Models: Dispersion

Dispersion allows the description of back mixing in a bulk flow, which is superimposed by
diffusion. The core concept of the DPF model is shown in the following Equation (1):

∂cL,i

∂t
= Dax ·

∂2cL,i

∂z2 −
uz

ε
·
∂cL,i

∂z
−

1 − ε
ε
· kf ·

6
dp
· [cL,i − cP,i] (1)

The first term describes the accumulation of component i, expressed by change of concentration
cL over time t. The second term represents the axial dispersion, with the axial dispersion coefficient
Dax of component i along the column coordinate z. Convective mass transport is expressed using the
solvent velocity uz and bed porosity ε. Mass transfer is specified by the mass transfer coefficient kf, the
particle diameter dp and the difference in concentration between liquid phase cL and solid phase cp.

The dispersion coefficient is an important characteristic of extraction equipment and is important
for either appropriate scale-down of production scale into laboratory scale, or efficient scale-up from
lab-scale experiments. The residence time distribution, which has to be derived from equipment
characterization experiments, can be used to determine the axial dispersion coefficient using the
characteristic Bodenstein number.

The mean residence time, which can be derived from Equation (2), together with the variance of
the mean residence time in Equation (3), can be used to calculate the Bodenstein number.

t =
∑

ti·Ci∑
Ci

(2)
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σ2 =

∑
t2
i ·Ci∑
Ci
− t

2
(3)

The relation between axial dispersion and residence time and variance is expressed in Equation
(4).

σ2

t
2 = 2

(Dax

u·L

)
− 2

(Dax

u·L

)2
(4)

The Bodenstein number itself can be expressed by the following Equation (5):

Bo =
u·L
Dax

(5)

1.2. Separation of Effects in DPF Models: Pore Diffusion

Pore diffusion is relevant for the description of mass transfer in porous particles. In solid-liquid
extraction applications for the production of valuable products from plant material, pore diffusion
is important.

εp,i
∂cp,i

∂t
+

(
1 − εp,i

)∂qi

∂t
= Deff,i ·

(
∂2cP,i

∂r2 +
2
r
·
∂cP,i

∂r

)
+
∂Deff,i

∂r
·
∂cP,i

∂r
(6)

The pore diffusion model can be derived from Fick’s laws and is used to show the dependency of
the loading q over time t, radius of the plant particle r and column coordinate z, from the effective
diffusion coefficient and concentration inside the pores cP.

1.3. Separation of Effects in DPF Models: Solid-Liquid Equilibria

The relation between remaining load on the solid matrix and concentration in the liquid phase is
described by the solid-liquid equilibrium. There are different approaches to the description of this
relation [22,23]. The most common types of equilibria are shown in Figure 3 below.
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Figure 3. Solid-liquid equilibria according to Henry (A), Freundlich (B), Langmuir (C), and Langmuir
with saturation concentration (D).
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Efficient solid-liquid extraction requires high solvent utilization and is limited by the total load
of target component on the matrix. The maximum load qmax is considered in Langmuir-Isotherm.
The saturation concentration of the target component in the extraction solvent can be limiting, with
high solvent utilization. This limitation occurs if an unsuitable solvent is chosen or solvent choice is
limited, i.e., for regulatory reasons, and needs to be considered. The occurring mass transfer effects are
dependent on different parameters, which can be assigned to three different categories, i.e., solvent,
process and material parameters. The parameters, which affect solid-liquid extraction, are shown in
Figure 4.
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1.4. Quality-by-Design Approach for Process Development

Quality-by-Design (QbD) is a generally acknowledged and widespread tool for quality assurance
in the pharmaceutical industry. The core concept of the QbD approach is the assurance of high
and consistent product quality by deep understanding of the interactions of process parameters
within the manufacturing process and how they affect the product quality. Within the scope of a
QbD-based product development, at first, a quality target product profile (QTPP) is defined. For
pharmaceuticals, this QTPP is based on pharmacokinetics, pharmacodynamics and toxicology studies.
On the basis of the QTPP, critical quality attributes (CQA) are determined for the product. Applied
to phytopharmaceutical extracts, this can be the purity of a target component or an overall extracted
dry mass.

After the definition of CQAs, risk identification and assessment are carried out to determine the
impact of different parameters within the process on product quality. A commonly used tool within
risk identification is the Ishikawa method. This method is based on the cause and effect relation
between quality and risk factors and is used to provide a general overview [14,24–26]. An Ishikawa
diagram for the characterization of a solid-liquid extraction process is shown in Figure 5, including
transfer between laboratory and production scale and common material and production parameters.

Further, risk evaluation and ranking are necessary for the development of a suitable control
strategy. One popular method for risk evaluation with a higher degree of detail is the failure mode effect
analysis (FMEA). All risks determined during the risk identification phase, which are summarized
in the Ishikawa diagram, are rated according to their occurrence and impact. Other risk scores, e.g.,
risk detectability, can be used for risk evaluation and should be chosen based on the application. The
risk scores of the FMEA, shown in Figure 6, need to be based on sufficient data. This data can be
generated during experimental process characterization, utilizing common methods, such as statistical
Design of Experiments (DoE). Additionally, validated phyisco-chemical models can be applied to
demonstrate the interaction of material and process parameters and their impact on product quality.
This data-based risk assessment enables the development of a design space, which allows to define an
acceptable variability of different process parameters, while maintaining a defined quality profile. The
development of a design space for the considered extraction process is discussed in Section 3.3.1.
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1.5. Application Opportunities for Solid Liquid Extraction Models

The presented model approach can be applied to different industrial applications of solid-liquid
extraction processes. The considered model parameters for solvent and material are independent from
the scale and type of the solid-liquid extractor modeled.

1.5.1. Batch Applications

Traditional, batch-wise maceration and temperature-elevated digestion of plant material is a
common application [27]. Relevant mass transfer limitations are pore diffusion and solid-liquid
equilibrium. Additional variants of this method can include the active mixing of the extraction
batch, which affects mass transfer, as considered in Equation (1). Axial dispersion is less relevant for
traditional maceration.
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1.5.2. Exhaustive Flow-Through Applications

Continuous flow of fresh solvent through a fixed bed of plant material can also be used for
extraction. The continuous supply of fresh solvent allows the exhaustive extraction of the raw material,
circumventing equilibrium limitations. There are several applications for exhaustive extraction,
which differ mostly in the solvent properties. Percolation is used as a general term for flow-through
extraction application.

With rising interest in organic solvent-free extraction methods, which abandon traditional
solvents, i.e., heptane, ethyl acetate or even ethanol, water extraction has been utilized for extraction of
plant material. This pressurized hot water extraction (PHWE) utilizes pressure to keep water with
temperatures above 100 ◦C in the liquid state. The adjustment of process temperature can be used to
adapt different solvent properties. Supercritical solvent extraction utilizes pressurized carbon dioxide
as an extraction solvent. The main benefit of this method is the easy separation of solvent from plant
material and extracted components, which can be recovered by pressure reduction. Steam treatment of
plant material can also be used as an exhaustive extraction method, which is especially useful for the
separation of water insoluble components, e.g., essential oils.

Both extraction methods, batch-wise and flow-through, can be adapted to include reactive
conversion of target components, e.g., the degradation of hardwood for the production of small
molecules, or include specialized phase separation.

1.6. Model Validation Strategy

The application of models for process development and optimization requires a model validation
strategy. This strategy has to cover the definition of the model task, check for correct implementation of
the models and include the design of a model parameter determination concept. This method has been
established for different unit operations, i.e., solid-liquid extraction, liquid-liquid extraction, filtration
and chromatography [12,28–31].

The separation of model effects allows for the adaption of the models to different applications
and boundary conditions. One example is the implementation of systems with limited solubility
of the target component in the extraction solvent. The limited solubility can be addressed by the
implementation of a saturation concentration, as seen in Figure 3.

Many laboratory methods show shortcomings for a direct transfer of the developed laboratory
methods into production scale. Soxhlet extraction, as one example, can be employed for exhaustive
extraction, but can hardly be employed in production. Consequently, it is beneficiary to design
processes based on production processes, as shown in Figure 7, which have been scaled down to
laboratory scale.

Process automation should be considered for increased sample throughput and better
characterization of the process. The possibilities of automated sampling and sample preparation save
time and are required to maintain cost-effective process development in the lab-scale.
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2. Materials and Methods

2.1. Plant Material and Method of Extraction

Plant material of Baptisia tinctoria (L.) Vent, Echinacea purpurea (L.) Moench, Echinacea pallida (Nutt.)
Nutt. and Thuja occidentalis L. for extraction was supplied by Schaper & Brümmer GmbH & Co.
KG, 38259 Salzgitter, Germany. As solvent, 30% ethanol (v/v) was used for extraction. The ethanol
was purchased at technical grade from VWR International GmbH, 30163 Hannover, Germany. The
deionized water was taken from the in-house deionization plant.

The researched reference process consists of different extraction phases. The extraction process
starts with a several-days lasting maceration phase, followed two times by a combination of solvent
renewal by percolation and a one-day lasting maceration phase. The extraction process ends with a
third percolation phase. The process alternatives that are shown in this work are processed exclusively
in silico.

2.2. Extraction Apparatus

Extractions were performed in a custom-made 4-column extractor with data acquisition and process
control, using Siemens S7 SPS. Solvent was pumped by a ISMATEC IPC microprocessor-controlled
dosing pump with a planetary drive. Mass flow and solvent density were monitored with a Bronkhorst
M15 mass flow meter. A pressure sensor from Wika monitored the solvent pressure before and after
the column. The flowsheet for the extraction apparatus is shown in Figure 8.

Level detection sensors are included at the top of the extraction column. The level detection is
used to detect the end of the first solvent loading step. Every extraction line includes two magnet
valves. The first is located after the pump and used to redirect solvent flow back into the solvent tank.
This enables the conduction of unstirred maceration experiments in the extraction column.

The sampling valve is located in front of the extract collection tank. This valve is connected to the
automated sampling mechanism. In Figure 9, the automated sampling mechanism is shown. Therefore,
a 3/2-way valve is installed above the sample vessel, which is opened automatically to collect extract
samples at distinct times. After the sample vessel is filled, the sampling mechanism switches to the
next position.
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The pump, sensors and the automated sampler are connected to a Siemens S7 1200 programmable
logic controller, running a scada system (WinCC) on a windows PC. All measured data was stored
in .csv data type and later retrieved from excel 2016. The automated sampling was controlled by a
microcontroller (Arduino MEGA 2560R3), controlling a ACT 17HS4417 electric drive.Processes 2020, 8, x FOR PEER REVIEW 9 of 27 
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Figure 9. Automated sampling reel for sample collection.

2.3. Dry Content Determination

Total dry content of the extract was determined after each extraction run after the method described
in the European pharmacopoeia (2.8.16 Dry residue of extracts). An amount of 2 g per sample was dried
in glass vessels at 105 ◦C for 2 h, cooled down under dry atmosphere, and the residue was determined.

2.4. Method of Scale Down

A step function induced by switch of solvent from technical grade ethanol to purified water was
used for the characterization of axial dispersion. The density was measured at the top of the extraction
column, using a Bronkhorst M15 mass flow meter. The data for the response function was recorded
with FlowDDE and Flowplot, the software from Bronkhorst, and was processed in excel.
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3. Results

A digital twin should be derived for all modern processes, especially those for the production
of regulated, high-value products for pharmaceutical applications. A digital clone of the production
process does not require the development of a completely new process, but can be performed on
traditional, well-established processes.

Important for the generation of a digital twin of any given process are appropriate parameters for
scale-up or scale-down for experimental characterization.

3.1. Characterization of Fluid Dynamics

3.1.1. Signal of the Production Scale

The degree of axial dispersion is dependent on the flow regime of the solvent. It can be derived
from the distribution of the residence time in the extractor. This distribution can be determined from
the response to a disturbance in the form of a step function of the system. Such a disturbance has
been forced on the production extractor, containing a fixed bed of plant material, by a sharp change in
solvent from ethanol/water to pure water. The data acquisition was stopped after 1.1 column volumes
because further data points would not influence the accuracy of the data analysis. In Figure 10, the
density profile during the characterization of fluid dynamics is shown. In the beginning, the whole
system is filled with 20 vol.% ethanol, with a density of 0.972 g/mL. For the characterization, water
flows through the system and the density of the outgoing stream is logged.
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Figure 10. Step function of the production equipment.

This residence time distribution has to be matched in the laboratory scale, to guarantee adequate
scale down. The characterization experiment was performed under extraction conditions. The outlier
during system start up and stop of the experiment have been disregarded for the derivatization of the
fit function, shown in orange.

3.1.2. Signal of the Laboratory Scale

The reduction of the process scale can increase the impact of the void volume of the extraction
apparatus on the result of the extraction and should be minimized. The void volume can be determined
by a short-cut experiment, bypassing the extraction column. The residence time distribution of
the extraction apparatus, which is shown in Figure 8, is compared between input and output. To
determine the impact of piping on the axial dispersion, the fluid dynamics of the laboratory set-up
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are characterized without the extraction column first. The density profile is shown in Figure 11.The
experiment is carried out as explained before.
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Figure 11. Determination of void volume by short-cut method.

The impact of the void volume of the extraction apparatus shows that a step signal is hardly
delayed between solvent input and output. The impact of the periphery can be assumed to be
insignificant for the characterization of the residence time distribution of the extraction column.

The residence time distribution of the extraction apparatus can be seen in Figure 12 for a packed
column. The final comparison of the derivatives of the residence time distribution curves shows that
both systems show comparable axial dispersion.
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3.1.3. Comparison of production and Laboratory Scale

The calculation of the axial dispersion coefficient from these signal curves, according to Equations
(2)–(5), confirms that the axial effects of axial dispersion can be appropriately transferred into the
laboratory scale. While the laboratory equipment shows a coefficient of 0.4 cm2/s, the characterization
of the production equipment results in a coefficient of 0.31 cm2/s. Therefore, it can be proven that the
production column and periphery is appropriately scaled down. The comparison of the residence time
distribution is shown in Figure 13.
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Figure 13. Direct comparison between the residence time distribution between production and
laboratory scale.

3.2. Identification of Mass Transfer Limitations from Concentration Profiles

Regarding solid-liquid extraction of biomass, there are two major substance-specific effects which
influence the efficiency of the extraction process. If a substance and its limiting effect are well known,
the solid-liquid extraction process can be adapted to optimize the extraction of a specific component.
The first of the mentioned limitations appears as a slow reaching of equilibrium in a maceration process
or in low product concentrations in a percolation process. Those concentration profiles result from
low diffusion coefficients. Therefore, the extraction is limited by mass transfer kinetics. The second
type of limitation results in low concentrations in a maceration process, while in a percolation process,
sufficient results can be achieved. Especially, the low concentration in the maceration process as well
as the short time needed for reaching the final concentration indicate a limitation by equilibrium for
that substance.

Typical concentration profiles for both types of limitation are shown in Figure 14.
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Figure 14. Concentration profiles for different limitations in a maceration process (left) and a percolation
process (right).
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3.3. Case Studies: Process Optimization for Complex, Multi-Component Mixture

Within the scope of these case studies, a production process is taken as a reference. In the first
step, the reference process is modeled and simulated. Subsequently, a DoE-based simulation study
is carried out for the reference process, as it is part of a typical QbD-based process development.
Therefore, a factorial design is developed, in which the mean particle diameter and the flow rate
during the maceration phases are varied between five states. The following comparative model studies
are carried out with an identified set of model parameters for every component. In this study, the
goal was to maintain a consistent quality of the product by reaching the same standardized extracted
mass for each of the four components in every process alternative. In these comparative studies, the
extraction performance for each component is examined for the two basic types of extraction processes,
percolation and maceration. By examining the extraction performance in maceration and percolation,
the limiting mass transfer effects can be identified for each component. Afterwards, the best performing
batch process is transferred into a continuous process. In the end, all processes are compared regarding
the defined key parameters: space-time yield, solvent ratio and product concentration.

3.3.1. Reference Process

The accumulated extracted mass of the process, which is used as a reference for the following
discussion of process alternatives, is shown in Figure 15. There are four different target components
extracted simultaneously from four different matrices, resulting in individual extraction profiles for
each component. The reference process consists of different extraction phases. The extraction process
starts with a very long maceration phase, in which the system reaches its equilibrium. The loaded
solvent is exchanged during a percolation phase. This combination of maceration and percolation
phases is repeated three times and takes slightly longer than five days.
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Figure 15. Profile of extracted mass for the reference process.

As in Figure 15, the extracted mass is standardized on the biomass, it can be seen that component
1 shows the strongest overall mass transfer limitation while component 3 is limited the least.

The process consists of different, long extraction phases, and consequently, the whole process
lasts more than five days. Performance parameters, i.e., solvent utilization and space-time yield, are
defined to reevaluate the extractability of the four components and the overall performance of the
production process.
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Since design of experiments is an integral part in modern QbD-based process development and
functions as the link between risk assessment and development of a design space, a factorial design of
experiments with two factors and five stages is carried out in silico with the shown process model
for the reference process for each component. The factors and stages are shown in Table 1. The data
shown in Figure 15 function as the center point. For this process, two different product characteristics
are determined for the quality of the product. The success of the extraction process is determined by
the total extracted mass, which can be either expressed by the overall extracted dry mass or by the
dry residue of an extract. Another criterion is the composition of the extracted dry mass. Due to the
different influence of particle size and flow rate on systems, which are either limited by mass transfer
kinetics or by equilibrium, both quality attributes are affected in different ways. To evaluate the impact
of varying flow rates or particle sizes, the results of the DoE are shown as contour plots in Figure 16.

In this case, the dry mass content of the extract is the decisive quality criterion of the product. The
range in which the variation of the dry mass content is acceptable is located between the shaded areas
in every figure. For operating points with lower flow rates and larger particle sizes, the dry residue
of the extract is too low, while for higher flow rates and smaller particle sizes, the dry residue of the
extract achieves higher values then acceptable. A deviation of the dry mass content in both directions
will affect the extracts’ composition and quality due to different contents of the active pharmaceutical
ingredient and components of the cell matrices, and thereby different purities of the product.

In the design spaces below, it is shown how the compositions of a 4-component extract of different
limited systems are affected by variation of flow rate and particle size. The percentage of each
component of the overall extracted dry mass is presented. It can be seen that for component 1, which is
strongly limited in both mass transfer effects, a combination of low flow rates and medium to larger
particle sizes result in a higher percentage of component 1 dry mass within the final product. Out of
these four components, component 1 is the only system which achieves a higher percentage for higher
particle sizes. This fact is demonstrated by the profile in the contour plot, which stages progress from
the lower left corner to the upper right, with higher percentages on the left side and lower percentages
on the right side.

The reason for this is that especially, component 4 is strongly limited by mass transfer kinetics and
thereby, the extraction efficiency is strongly linked to the particle size of this component. The contour
lines show a contrary profile to component 1 with a higher percentage in the product for small particle
sizes and low flow rates, with a high percentage on the left side of the plot and a low percentage on
the right side of the plot. Depending on the operating point, the percentages of component 1 and
component 4 shift into a larger percentage of one of these two components.

The two other components, 2 and 3, are not limited by mass transfer kinetics but by equilibrium,
which results in a lower reliance of the extraction efficiency on the particle size. Therefore, the
percentages are mostly dependent on the flow rate, which can be seen as almost orthogonal profiles on
the flow rate axis in the contour plots. The percentage of component 2 and component 3 again shift in
each other’s direction for higher or lower flow rates. For component 2, higher flow rates result in a
higher percentage in the dry residue. This effect is contrary for component 3, which achieves higher
percentages in the dry residue for lower flow rates.

For the determination of a design space, within which borders a constant product quality can be
assured, at first, the flow rate and its variation are defined. Because the flow rate is reliably controllable
referred to its average fluctuation, the flow rate is set to 0.094 ± 0.002 CV/h, the center point value with
two percent fluctuation in each direction. Furthermore, the acceptable fluctuation of the flow rate is
limited by component 2 and component 4 on the lower end, where lower flow rates would result in a
different product composition. The fluctuation to higher flow rates is limited mostly by component
3 and partly by component 2. For this flow rate range, an acceptable mean particle diameter results
for every component. The upper and lower limit for each component is set to the point for which
the composition of the dry residue remains the same, while achieving the specified dry mass content
in the extract between the shaded areas. This leads to a particle size diameter of 1.48 ± 0.15 mm for
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component 1, 1.93 ± 0.17 mm for component 2, 2.11 ± 0.20 mm for component 3 and 1.83 ± 0.17 mm
for component 4. This is equivalent to a fluctuation of about ±10%.

Table 1. Overview of stage values for Design of Experiments (DoE).

Component 1 Component 2 Component 3 Component 4

Stage Variation Particle Diameter (mm) Flow Rate
(CV/h)

2− −20% 1.16 1.51 1.66 1.43 0.075
− −10% 1.31 1.70 1.86 1.61 0.085
0 ±0% 1.45 1.89 2.07 1.79 0.094
+ +10% 1.60 2.08 2.28 1.97 0.104

2+ +20% 1.74 2.27 2.48 2.15 0.113

Processes 2020, 8, x FOR PEER REVIEW 15 of 27 

 

point value with two percent fluctuation in each direction. Furthermore, the acceptable fluctuation 
of the flow rate is limited by component 2 and component 4 on the lower end, where lower flow rates 
would result in a different product composition. The fluctuation to higher flow rates is limited mostly 
by component 3 and partly by component 2. For this flow rate range, an acceptable mean particle 
diameter results for every component. The upper and lower limit for each component is set to the 
point for which the composition of the dry residue remains the same, while achieving the specified 
dry mass content in the extract between the shaded areas. This leads to a particle size diameter of 1.48 
± 0.15 mm for component 1, 1.93 ± 0.17 mm for component 2, 2.11 ± 0.20 mm for component 3 and 
1.83 ± 0.17 mm for component 4. This is equivalent to a fluctuation of about ±10%. 

 
Figure 16. Design spaces for component 1–4 for varying flow rates and particle sizes. 

3.3.2. Process Alternative Non-Stop Percolation 

The first process alternative is carried out as a percolation. For this process, the extraction 
equipment remained the same, as well as the flow rate. Only the maceration phases between the 
percolation steps were cut out and the particle sizes were adjusted. 

The difference in mass transfer limitation can be mitigated by adaption of process and material 
parameters. The initial particle size of all target components has to be reduced by a factor of 
approximately 2 to mitigate the diffusion limitation, which are less obvious in the reference process, 
due to the long maceration phases. The exact particle sizes are shown in Table 2. Consequently, the 
total extraction time can be reduced from around five days to 13 h. The extraction profiles of this 

Figure 16. Design spaces for component 1–4 for varying flow rates and particle sizes.

3.3.2. Process Alternative Non-Stop Percolation

The first process alternative is carried out as a percolation. For this process, the extraction
equipment remained the same, as well as the flow rate. Only the maceration phases between the
percolation steps were cut out and the particle sizes were adjusted.
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The difference in mass transfer limitation can be mitigated by adaption of process and material
parameters. The initial particle size of all target components has to be reduced by a factor of
approximately 2 to mitigate the diffusion limitation, which are less obvious in the reference process,
due to the long maceration phases. The exact particle sizes are shown in Table 2. Consequently, the
total extraction time can be reduced from around five days to 13 h. The extraction profiles of this
alternative and the reference process are shown in Figure 17. The drawback of the percolation of
diffusion-limited systems is that they can produce a higher solvent demand. Additionally, percolation
of highly diffusion-limited components can cause further dilution of the extract and result in higher
costs for following process steps, like the concentration by distillation.

Table 2. Overview of particle sizes in the reference process and the single step percolation.

Particle Diameter (mm)

Reference Percolation

Component 1 1.45 0.8
Component 2 1.89 1.0
Component 3 2.07 1.4
Component 4 1.79 1.0
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Figure 17. Comparison of the reference process (right) and a single step percolation (left) with constant
product quality.

3.3.3. Process Alternative Maceration

As the second process alternative, a single-step maceration was simulated. The composition of
the extract again has to be the same as in the reference process. For achieving this composition in an
equilibrium-based process, like the maceration, the dimensions of the apparatus had to be enlarged
to enable a 7-times higher solvent ratio as in the reference process. This is necessary due to the very
strong equilibrium limitation of component 1. Besides the strong equilibrium limitation, component 1
is also limited by mass transfer kinetics. Component 1 needs a particle size of 0.8 mm in the single step
percolation, already the smallest particle size of all components, for achieving the least extracted mass
per biomass. Due to the shortening of extraction time from 13 to 5 h, an even smaller particle size of
0.05 mm is needed to achieve the same extraction result. Also, in Figure 18, it can be seen that the
extraction profile of component 1, despite a very high solvent ration of approximately 100 kg solvent
per kg biomass, shows an equilibrium limitation. Because of the short extraction time and diffusion
limitation, the particle size of component 4 also has to be reduced to 0.4 mm. An overview of the
particle sizes for each component is shown in Table 3.
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Figure 18. Comparison of the reference process (right) and a maceration (left) with constant
product quality.

Table 3. Overview of particle sizes in the reference process and the maceration.

Particle Diameter (mm)

Reference Maceration

Component 1 1.45 0.05
Component 2 1.89 2.8
Component 3 2.07 1.3
Component 4 1.79 0.4

Due to the strong equilibrium limitation of component 1, the maceration process is not suitable
for this special 4-component extraction.

3.3.4. Small-Scale Continuous Extraction

In the previous two model studies, the percolation turned out to be the better process alternative
for extraction of the present four components. Consequently, a continuous processing concept was
developed, where, originally, 15 batches per year are transferred into 220 production shifts, in which a
continuous product stream is produced. Thus, the plant capacity utilization is maximized from 15
batches out of 44 possible batches per year to 220 shifts, which meets a capacity utilization of 100%.
Therefore, the extraction column is scaled down with a constant empty column velocity. The results of
the small-scale continuous extraction are shown in Figure 19.

With a resulting shorter extraction column, the particle sizes of the biomass can also be reduced
due to a generally lower pressure loss, which leads to a shortening of the extraction time down to two
hours per extraction. The resulting particle sizes for each component are shown in Table 4.

To realize a continuous extraction process, a renewal of biomass has to be assured. In this case, a
multicolumn concept of two columns with a suitable scheduling is provided. The scheduling is shown
in Figure 20. During the two hours of extraction of the one column, the other column can be cleaned
and loaded with new biomass. At the end of the extraction in the one column, the solvent stream can
be switched to the freshly loaded column. During the extraction phase of the second column, the first
column can be unloaded, cleaned, and loaded again.
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Figure 19. Comparison of the reference process (right) and a small-scale percolation (left) with constant
product quality.

Table 4. Overview of particle sizes in the reference process and the small-scale continuous extraction.

Particle Diameter (mm)

Reference Small Scale

Component 1 1.45 0.62
Component 2 1.89 1.42
Component 3 2.07 0.8
Component 4 1.79 0.4
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Figure 20. Scheduling for a continuous extraction process with a two-column concept.

3.3.5. Comparison of Key Parameters

The solvent ratio is calculated by the used solvent mass divided by the mass of the used biomass.
Therefore, the solvent ratio has to be minimized to ensure high product concentrations, low solvent
costs and less solvent burdens to following downstream operations. The resulting solvent ratios as
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well as the achieved product concentrations are shown in Figure 21. The solvent ratio of the reference
process, 13.7 g solvent per g biomass, could be reduced in the non-stop percolation process. Due to a
reduction of the particle size for this process alternative, the overall percolation time could be reduced,
resulting in a lower solvent demand at a constant flow rate. In the first examined percolation, the
solvent ratio is reduced to 10.7 g solvent per g biomass, which corresponds to solvent savings of 28%.
With lower solvent consumption by extracting the same overall amount of target components, the
product concentration rises. In this case, the product concentration rose from 1.4% to 1.8%, which is an
increase of 28% likewise.
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Figure 21. Comparison of the solvent ratio (left) and product concentration (right) for the examined
process alternatives.

Another important parameter for the evaluation of whether the performance of a process is
sufficient or not is the space-time yield. The space-time yield shows off how much product mass is
produced per volume of equipment and processing time in kg/m3

·h. The space-time yields of the
presented process alternatives are shown in Figure 22.
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Figure 22. Comparison of the space-time yield for the examined process alternatives.

It can be seen that the reference process only achieves a low space-time yield of 0.3 kg/m3
·h. In

this case, the very long overall process time due to the long maceration phases is the main reason that
lowers the space-time yield. By shortening the process time in the single step percolation process,
while both other influencing parameters, product mass and extractor volume, remain the same, the
space-time yield rises 8.6 times, to 2.6 kg/m3

·h. The insufficient overall performance of the maceration
process, as already shown before, can again be seen in the space-time yield. The maceration process
achieves a space-time yield of 0.4 kg/m3

·h, which complies more or less with the space-time yield of
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the reference process. Even by reducing the overall process time in the maceration process, the need of
the seven-fold solvent mass, as needed in the reference process, and therefore the seven-fold extractor
volume, compensates the positive effect of a shorter process time. As already seen in the comparisons
before, the small-scale continuous percolation process has the best performance, regarding space-time
yield, too. Regarding the reference process, the small-scale continuous process achieves the 56-fold
space-time yield with a value of 16.8 kg/m3

·h. This high space-time yield is not only caused by a
very short process time, but also due to the reduction of extractor volume, which can be achieved by
increasing the plant capacity utilization and continuous processing.

4. Discussion

This research shows the possibility to display complex extraction processes with different extraction
phases of an even more complex system of four different types of plant material within a digital
twin modeling approach. With a validated model in the form of a digital twin, it is feasible to create
different extraction processes within the model itself to achieve a fast overview over the characteristics
of the different components and their extraction behavior. With the knowledge of the different mass
transfer mechanisms and the identification of the specific limitations of the different components, a best
performing process alternative can be designed. Therefore, the digital twin must be able to handle all
different mass transfer phenomena to reach generally valid predictions on the basis of substance data,
e.g., diffusion coefficient or equilibrium behavior. This does not only offer the possibility to do further
research on existing processes, but also to create a whole new process for an available component
with less experimental effort. To do further and deeper research on existing processes, it is crucial that
the equipment used for the production can be scaled down properly. Within the scope of this work,
a successful method to scale down a production extractor into laboratory scale was also described
and elaborated.

The case study also shows how the different limitations in the mass transfer, mass transfer kinetics
and equilibrium affect the two base types of extraction, percolation and maceration. It can be seen that
components with a strong equilibrium limitation, like component 1, are not sufficiently extractable in a
maceration process. The only possibility to overcome a strong equilibrium limitation in a maceration
process is by increasing the applied solvent mass, which leads to a less economic and ecological
process. The considered percolation, however, shows that components with a limitation in mass
transfer kinetics, like component 4, are only performing sufficiently if the particle size is decreased.
Taking the pressure loss into account, this method of decreasing the particle size to overcome this
limitation has a natural lower limit below which the process is not applicable anymore. This leads to
the overview shown in Figure 23. In this overview, the qualitative potential of different extraction
methods to overcome the two mentioned mass transfer limitations are shown. Generally, it can be
stated that most extraction methods perform well in the lower left quadrant, where the components
show neither a strong equilibrium limitation nor a strong limitation of mass transfer kinetics. In
this quadrant, maceration, as well as percolation, deliver sufficient extraction results. The higher the
equilibrium limitation, shown on the y-axis, the more preferable the application of percolation, whereas
the higher the limitation of mass transfer kinetics, the more preferable the application of maceration.
For strong equilibrium-limited components, it could be favorable to run multiple shorter columns to
overcome the reaching of equilibrium state within the extraction column. It is also shown that with
rising limitation by mass transfer kinetics, a reduction of particle size should be considered, e.g., to
shorten process times in maceration. Another positive effect in overcoming a strong limitation by mass
transfer kinetics can be achieved by raising the temperature of the extraction medium. A prominent
example for this extraction technique is the pressurized hot water extraction (PHWE), which can be
realized either as percolation or maceration [21,28,33–35]. Furthermore, different plant systems that
were characterized are shown in Figure 23.
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Figure 23. Potential of different extraction methods in handling two basic mass transfer limitations and
overview of different characterized plant systems.

Besides the basic types of extraction, maceration and percolation, and modifications of those
extraction techniques, e.g., by adjusting temperatures, many different extraction techniques are applied
in different sectors of the biomass processing industries. For example, for the purification of opiates
from plant particles [36,37], continuous extraction and purification techniques are especially beneficial
for large-scale industrial applications [38–43]. Table 5 provides an overview of the most common
extractor types for continuous processing in plant-based industries.
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Table 5. Overview of different apparatuses for continuous processing of biomass [32].

Extractors Capacity [t/d] Yield [-] Solid-liquid
Ratio [-]

Resi-dence
Time [min]

Equilib-rium
Stages [-]

Corn
Size [mm]

BMA,
Germany

BMA
tower

extractor
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Even though the extraction techniques, which are applied in these different extractor types, seem
different from the two base types, percolation and maceration, the extractor types shown above can be
transferred into equivalent flowsheets. These equivalent flowsheets consist again of a connection of
multiple percolations, or percolation and maceration phases. An example for an equivalent flowsheet
for the carousel extractor is shown in Figure 24. This extraction process consists of n percolation
columns with n-2 effective extraction, respectively percolation, phases as well as one loading step and
one unloading step of the plant material. By transferring these complex extraction apparatuses into a
specific equivalent flowsheet, a separation of effects and therefore a modeling of this specific process
becomes possible.
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5. Conclusions

This work shows the possibility to create a digital twin based on a validated physico-chemical
model for both complex component systems with multiple limitations and complex processes with
multiple different extraction phases. The required model parameters can be determined with a
lab-scale plant, which is successfully down-scaled from the production scale. On the basis of the
digital twin, the components can be categorized, and their extraction behavior can be observed for
different extraction techniques. Moreover, the possibility to carry out a large amount of simulations or
different operating points can be used to establish a design space for a complex extraction process.
Furthermore, the successfully developed design spaces show the possible application of digital twins
within a QbD-based process development. Additionally, the separation of different mass transfer
effects allows the modeling of complex, continuous extraction methods by developing an equivalent
flowsheet by dividing the process into maceration and percolation phases.
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Nomenclature

Latin Symbols
A Area cm2

c Concentration g/L
d Diameter cm
Dax Axial dispersion coefficient m2/s
Deff Effective diffusion coefficient m2/s
K Equilibrium constant -
kf Mass transfer coefficient
L Length cm
m Mass g
q Loading g/L
r Radius cm
t Time min
T Temperature ◦C
u Empty pipe velocity cm/min
V Volume cm3

z Coordinate cm
Greek Symbols
ε Porosity -
ρ Density g/L
σ2 Variance
Abbreviations and Indices
CQA Critical Quality Attribute
DoE Design of Experiments
DPF Distributed plug flow
eq Index: state of equilibrium
FMEA Failure Mode and Effect Analysis
i Index: Component i
l Index: in liquid phase
max maximum
p Index: in particle
PAT Process analytical technology
PHWE Pressurized Hot Water Extraction
QbD Quality-by-Design
QTPP Quality Target Product Profile
sat Index: saturation
SLE Solid-Liquid Extraction
STY Space-time yield
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