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Preface

Dear Reader,

it is my great pleasure to present the Scientific Highlights of the Department of Biochemical- and Chemical 
Engineering of the year 2018. Our department turns 50 this year and the annual presentation of our greatest scientific 
achievements over the past year has become a tradition. Our faculty consists of a productive mixture of engineers 
and natural scientists of various disciplines. This variety gives birth to many ground breaking achievements each 
year, which can be found in numerous publications and patents. In 2018 about 250 Bachelor and Master Theses 
and over 30 PhD Theses were finalized. The Scientific Highlights do not only give testimony of their scientific 
productivity and creativity, but are also meant to inspire collaboration with partners from academia and industry.  
Last year, Prof. Wichmann has been retired. We wish him all the best in Florida. 

Enjoy the Reading

Joerg C. Tiller
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Solid-Liquid Suspension Handling in Coiled Tubular Crystallizers for
Different Flow Rates
Continuous cooling crystallization investigations for homogeneous suspension flow

Mira Schmalenberg, Lukas Hohmann, Norbert Kockmann

Global competition leads to a need for a fast time to market and increased resource efficiency. Continuous processing, 
module-based plant design, and multipurpose equipment are recently discussed approaches for the fine-chemical industry. 
In addition to the particle flow characteristics required for this, the diverse use of coiled flow inverter (CFI) design for the 
application of continuous cooling crystallization will be presented.

Contact:
mira.schmalenberg@tu-dortmund.de
norbert.kockmann@tu-dortmund.de

Production of fine chemicals and pharmaceuticals often includes 
solid-liquid suspension flow. Continuous manufacturing of 
such products is promising compared to conventional batch 
production, even though flow processes in tubular devices 
usually suffer from particle settling and clogging. Therefore, 
the isothermal suspension flow characteristics of various 
solid/liquid systems with up to 10 wt.-% of particles were 
investigated and successfully operated in horizontal helical 
coil tubes without blockage. The densimetric Froude number 
is used to describe the flow behavior in the coiled tubes in 
which three different flow regimes were observed (Figure 1): 
homogeneous suspension flow, moving sediment flow, and 
stagnant sediment. Empirical correlations were developed for 
the critical densimetric Froude number to define the transition 
between these regimes. Furthermore, the particle residence 
time distributions (RTDS) in the different flow regimes were 
investigated and narrow RTDS close to ideal plug flow was 
found.

Figure 1: Schematic sketch of particle flow regimes. 

Based on this knowledge and correlation a prototype with 4 mm 
inner diameter for 50 g∙min-1 process medium was scaled down 
to a tube-in-tube CFI crystallizer (CFIC) with an inner diameter 
of 1.6 mm and varying length from 7.8 to 54.6 m for lower total 
mass flow rates of 15 – 20 g∙min-1 (Fgure 2). The prototype was 
characterized and compared with batch experiments. Short-
cut calculations were used based on characteristic time scales 
and the Damköhler number. The base for this comparison 
was seeded cooling crystallization of the L-alanine system in 
water under similar conditions. The experimental results reveal 
crystal growth and growth rate dispersion to be dominating for 
the product crystal size distribution (CSD).
Furthermore, a crystallizer in CFI design with an inner diameter 
of 10 mm was implemented in a modular miniplant to represent 

and test the apparatus in a continuous downstream process for 
a suspension flow rate of approximately 32 kg∙h-1. Upstream 
of the crystallization unit a wiped-film evaporator concentrated 
the L-alanine/water solution, while downstream a solid/liquid 
separation was performed on a vacuum belt filter. In summary, 
it can be said that the investigations concerning the CFI design 
for crystallization have been investigated for different stages 
of process development (di = 1.6 mm, 4.0 mm and 10.0 mm).
Acknowledgements: The work was funded by the Federal 
Ministry of Economics under the grants 03ET1254D and 
03ET1528A.

Figure 2: Tube-in-tube CFIC with seven crystallization units and di = 1.6 mm (left) and 
CFIC with five crystallization units and di = 10 mm (right).

Publications: 
L. Hohmann, M. Schmalenberg, M. Prasanna, M. Matuschek, N. 
Kockmann, Suspension flow behavior and particle residence time 
distribution in helical tube devices, Chemical Engineering Journal 
2018 (Article in press) DOI: 10.1016/j.cej.2018.10.166.
M. Schmalenberg, L. Hohmann, N. Kockmann, Miniaturized tubular 
cooling crystallizer with solid-liquid flow for process development, 
ASME 2018 16th International Conference on Nanochannels, 
Microchannels and Minichannels, ICNMM 2018, DOI: 10.1115/
ICNMM2018-7660.
L. Hohmann, L. Löbnitz, C. Menke, B. Santhirakumaran, P. Stier, 
F. Stenger, F. Dufour, G. Wiese, S. Z. zur Horst-Meyer, B. Kusserow, 
W. Zang, H. Nirschl, N. Kockmann, Continuous Downstream 
Processing of Amino Acids in a Modular Miniplant, Chemical 
Engineering and Technology, Volume 41, Issue 6, June 2018, Pages 
1152-1164.
L. Hohmann, T. Greinert, O. Mierka, S. Turek, G. Schembecker, 
E. Bayraktar, K. Wohlgemuth, N. Kockmann, Analysis of Crystal 
Size Dispersion Effects in a Continuous Coiled Tubular Crystallizer: 
Experiments and Modeling, Crystal Growth and Design, Volume 18, 
Issue 3, 7 March 2018, Pages 1459-1473.
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Residence Time Distribution and Mass Transfer in Stirred-Pulsed Extraction Columns
Characterization of counter-current extraction in columns with two energy inputs – stirring and pulsation

Sebastian Soboll, I. Hagemann, Lukas Bittorf, Norbert Kockmann

Axial backmixing is an important issue in extraction columns since it heavily affects the mass transfer performance. A 
miniaturized, stirred-pulsed column was investigated regarding its backmixing characteristics in the continuous phase, 
using the system water/n-butyl acetate. To perform the conductivity measurement without distortion of the two-phase flow,  
electrodes with an annular design that precisely line up with the inner column wall were manufactured.

The DN15 and DN32 extraction column behavior was already 
investigated via hydrodynamic and mass transfer experiments. 
To better explain and understand the mass transfer in the 
column, axial backmixing and dispersion are further analyzed. 
To gain the residence time distribution RTD of the continuous 
aqueous phase, the concentration of potassium chloride as 
tracer is measured via electrical conductivity. Integration of 
commercial conductivity electrodes into the column is not 
possible due to the small inner diameter of the column. Thus, 
customized annular electrodes were manufactured by the 
mechanical workshops of the TU Dortmund University. As can 
be seen in Figure 1, these consist of a cylindrical body made 
of PTFE and two opposing brass rods of 12 mm in diameter 
and with connections for jack plugs on the outside. 

Figure 1: Total DN15 column setup and details: (a) column with periphery, (b) annular 
electrode, (c) internals, (d) column section with assembled internals. 

In order to get a smooth fitting of the outlet concentration 
curve, the inlet concentration curve of the Dirac signal was 
measured, too. Based on the input signal Ein(t), the output 

Contact:
lukas.bittorf@tu-dortmund.de
norbert.kockmann@tu-dortmund.de

signal Eout(t) and a transfer function gT(t), the calculated output 
signal can be fitted to the experimental data by varying the 
axial dispersion coefficient Dax and the phase velocity u, see 
eqs. (1, 2).
With the information of the axial dispersion coefficient and the 

phase velocity, Bodenstein numbers Bo can be calculated, too. 
Furthermore the influence of several operation parameters 
can be studied very precisely. As an example, Dax and u are 
plotted in Figure 2. At higher stirrer speeds, the axial dispersion 
is increasing, while the velocity of the measured phase stays 
nearly constant. In further studies the theoretical number of 
stages was correlated with the Bodenstein number to
With this correlation, an estimation of the number of theoretical 

stages can be estimated from the residence time distribution.
Acknowledgements: The work was funded by the German 
Research Foundation under the grant KO2349-6.

Figure 2: Influence of stirrer speed to Dax and u.

Publications: 
S. Soboll, N. Kockmann, Hydrodynamics and Mass Transfer in a Lab-
Scale Stirred-Pulsed Extraction Column, Chem. Eng. Technol., 2018, 
vol. 41, p. 1847-1856.
S. Soboll, L. Bittorf, N. Kockmann, Axial Backmixing and Residence 
Time Distribution in a Miniaturized, Stirred-Pulsed Extraction Column, 
Chem. Eng. Technol., 2018, vol.41(1), p. 134-142, 2018.
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Publications 2018 - 2016

2018

Peer Reviewed Journal Papers

•	 S. Schwolow, B. Mutsch, N. Kockmann, T. Röder 
Model-based scale-up and reactor design for solvent-free synthesis of 
an ionic liquid in a millistructured flow reactor 
Reac. Chem. & Eng., accepted manuscript October 2018, DOI: 10.1039/
C7RE000xxxx

•	 L. Hohmann, M. Schmalenberg, M. Prasanna, M. Matuschek,  
N. Kockmann 
Suspension Flow Behavior and Particle Residence Time 
Distribution in Helical Tube Devices 
Chem. Eng. J., in press, October 2018, doi.org/10.1016/j.cej.2018.10.166

•	 N. Kockmann 
100 % Digital in der Prozessindustrie – Eindrücke und Ergebnisse 
vom Tutzing-Symposion 2018 
Chem. Ing. Technik, 90 (11), 1621-1627, 2018; DOI: 10.1002/
cite.201800135 

•	 N. Kockmann, L. Bittorf, W. Krieger, F. Reichmann, M. Schmalenberg,  
S. Soboll 
Smart Equipment – A Perspective Paper 
Chem. Ing. Technik, 90 (11), 1806-1822, 2018; DOI: 10.1002/
cite.201800020 

•	 S. Soboll, N. Kockmann 
Hydrodynamics and mass transfer in a lab-scale, stirred-pulsed 
extraction column 
Chem. Eng. & Technol., 41(9), 1847-1856, 2018; DOI: 10.1002/
ceat.201800283 

•	 L. Hohmann, L. Löbnitz, C. Menke, B. Santhirakumaran, P. Stier,  
F. Stenger, F. Dufour, G. Wiese, S. zur Horst-Meyer, B. Kusserow,  
W. Zang, H. Nirschl, N. Kockmann 
Continuous Downstream Processing of Amino Acids in a Modular 
Miniplant 
Chem. Eng. & Technol., 41(6), 1152-1164, 2018; DOI: 10.1002/
ceat.201700657

•	 L. Hohmann, T. Greinert, O. Mierka, S. Turek, G. Schembecker,  
E. Bayraktar, K. Wohlgemuth, N. Kockmann 
Analysis of Crystal Size Dispersion Effects in a Continuous Coiled 
Tubular Crystallizer: Experiments and Modelling 
Cryst. Growth & Design., 18 (3), 1459–1473, 2018; DOI: 10.1021/acs.
cgd.7b01383

•	 S. Soboll, L. Bittorf, N. Kockmann 
Axial backmixing and residence time distributions in a stirred-
pulsed, miniaturized extraction column 
Chem. Eng. & Technol., 41(1) 134-142, 2018; DOI: 10.1002/
ceat.201700152

Peer Reviewed Conference Papers

•	 F. Reichmann, Y. Jirmann, N. Kockmann 
Mixing Time Scale Measurement with Fast Exothermic Reactions 
Using Microchannel Reaction Calorimetry 
Proc. ASME-ICNMM2018-7627, Dubrovnik, June 11-13, 2018

•	 F. Reichmann, N. Kockmann 
Mass Transfer Studies During Bubble Breakup Behind Micronozzles 
in Laminar and Turbulent Breakup Regime 
Proc. ASME-ICNMM2018-7630, Dubrovnik, June 11-13, 2018

•	 W. Krieger, R. Dinter, G. Wiese, S. zur Horst-Meyer, N. Kockmann 
Active sensors for gas-liquid mass transfer studies in capillaries 
Proc. ASME-ICNMM2018-7659, Dubrovnik, June 11-13, 2018

•	 M. Schmalenberg, N. Kockmann 
Miniaturized Tubular Cooling Crystallizer with Solid-Liquid Flow for 
Process Development 
Proc. ASME-ICNMM2018-7660, Dubrovnik, June 11-13, 2018

Book Chapters

•	 N. Kockmann 
Historischer Abriss zur Entstehung und Entwicklung der 
Chemischen Reaktionstechnik 
in W. Reschetilowski, (Ed), Handbuch chemische Reaktoren, Springer 
Reference, November 2018
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2017

Peer Reviewed Journal Papers

•	 S. K. Kurt, M. Akhtar, K.D.P. Nigam, N. Kockmann 
Gas - Liquid - Solid Flow Profile and Reactive Particle Precipitation 
in a Modular Coiled Flow Inverter 
Industrial & Engineering Chemistry Research 56 (39) 11320–11335 
(2017)

•	 W. Krieger, J. Lamsfuß, W. Zhang, N. Kockmann 
Local Mass Transfer Phenomena and Chemical Selectivity of Gas-
Liquid Reactions in Capillaries 
Chemical Engineering & Technology 40 (11) 2134-2143 (2017)

•	 F. Reichmann, S. Millhoff, Y. Jirmann, N. Kockmann  
Reaction Calorimetry for Exothermic Reactions in Plate-Type 
Microreactors Using Seebeck Elements 
Chemical Engineering & Technology 40 (11) 2144-2155 (2017)

•	 E. Mielke, P. Plouffe, N. Koushik, M. Eyholzer, M. Gottsponer, 
N. Kockmann, A. Macchi, D. M. Roberge 
Investigation of Overall and Localized Heat Transfer in Curved 
Micro-Channel Reactor Systems 
Reaction Chemistry & Engineering 2, 763-775 (2017)

•	 S. Soboll, I. Hagemann, N. Kockmann 
Performance of Laboratory-Scale Stirred-Pulsed Extraction 
Columns with Different Diameters 
Chemie Ingenieur Technik 89 (12), 1611-1618 (2017)

•	 C. Heckmann, S. K. Kurt, N. Kockmann, P. Ehrhard 
Simulation und Validierung der Pfropfenströmung im Kanal mit 
Stofftransport 
Chemie Ingenieur Technik 89 (12), 1642-1649 (2017)

•	 F. Reichmann, F. Varel, N. Kockmann 
Energy Optimization of Gas-Liquid Dispersion in Micronozzles 
Assisted by Design of Experiment 
Processes, 2017, paper 229828; DOI:10.3390/pr5040057

•	 N. Kockmann 
Modular equipment and continuous process development for small-
scale production plants 
Chemistry Today 35 (4), 33-35 (2017)

•	 N. Kockmann, P. Thenée, C. Fleischer, G. Laudadio, T. Noel 
Safety Assessment in Development and Operation of Modular 
Continuous-Flow Processes 
Reaction Chemistry & Engineering 2, 258-280 (2017)

•	 I. Vural-Gürsel, N. Kockmann, V. Hessel 
Multiphase Flow in Microstructured Devices - Flow Separation 
Concepts and Their Integration into Process Flow Networks 
Chemical Engineering Science 169, 3-17 (2017)

•	 C. Fleischer, N. Krasberg, C. Bramsiepe, N. Kockmann 
Modulbasierter Planungsansatz für kontinuierlich betriebene 
Kleinanlagen 
Chemie Ingenieur Technik 89 (6), 785-799 (2017)

•	 S. K. Kurt, F. Warnebold, K. D. P. Nigam, N. Kockmann 
Gas-Liquid Reaction and Mass Transfer in Microstructured Coiled 
Flow Inverter 
Chemical Engineering Science 169, 164-178 (2017) 

•	 L. Hohmann, K. Kössl, N. Kockmann, G. Schembecker, C. Bramsiepe 
Modules in Process Industry - A life cycle definition 
Chemical Engineering & Processing: Process Intensification 111, 115-126 
(2017) 

•	 F. Reichmann, A. Tollkötter, S. Körner, N. Kockmann 
Gas-Liquid Dispersion in Micronozzles and Microreactor Design for 
High Interfacial Area 
Chemical Engineering Science 169, 151-163 (2017)

•	 N. Kockmann 
Transport phenomena and chemical reactions in modular 
microstructured devices 
Heat Transfer Engineering 38 (14-15), 1316-1330 (2017)

Peer Reviewed Conference Papers

•	 F. Reichmann, M. Koch, S. Körner, N. Kockmann 
Internal Jet Formation During Bubble Generation in Microchannels 
Proc. ASME 2017 15th Intl. Conf. Nanochannels, Microchannels, and 
Minichannels, ASME-ICNMM2017-5545, Cambridge, USA, August 27-31 
(2017)

•	 F. Reichmann, M. Koch, N. Kockmann 
Investigation of Bubble Breakup in Laminar, Transient, and Turbulent 
Regime Behind Micronozzles 
Proc. ASME 2017 15th Intl. Conf. Nanochannels, Microchannels, and 
Minichannels, ICNMM2017-5540, Cambridge, USA, August 27-31 (2017)

•	 F. Reichmann, S. Millhoff, N. Kockmann 
Seebeck Calorimeter for the Characterization of Highly Exothermic 
Reactions in a Microreactor Made of PVDF-Foils 
Proc. ASME 2017 15th Intl. Conf. Nanochannels, Microchannels, and 
Minichannels, ICNMM2017-5539, Cambridge, USA, August 27-31 (2017)

•	 W. Krieger, J. Lamsfuß, N. Kockmann 
Method To Visualize Local Mass Transfer And Chemical Selectivity Of 
Gas-Liquid Reaction In Coiled Capillaries 
Proc. ASME 2017 15th Intl. Conf. Nanochannels, Microchannels, and 
Minichannels, ICNMM2017-5538, Cambridge, USA, August 27-31 (2017)

Book Chapters

•	 S. Falß, M. Rieks, N. Kockmann 
Process Intensification in Catalysis 
in P. Kamer, D. Vogt, J. Thybaut, (Eds), Contemporary Catalysis, RSC 
Publishing, June 2017

Publications 2018 - 2016
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2016

Peer Reviewed Journal Papers

•	 L. Hohmann, K. Kössl, N. Kockmann, G. Schembecker, C. Bramsiepe 
Modules in Process Industry - A life cycle definition 
Chemical Engineering & Processing: PI, DOI: 10.1016/j cep.2016.09.017, 
(2016)

•	 F. Reichmann, A. Tollkötter, S. Körner, N. Kockmann 
Gas-Liquid Dispersion in Micronozzles and Microreactor Design for 
High Interfacial Area 
Chemical Engineering Science, DOI: 10.1016/j.ces.2016.10.028, (2016)

•	 F. Braun, S. Schwolow, J. Seltenreich, N. Kockmann, T. Röder,  
N. Gretz, M. Rädle 
Highly sensitive Raman spectroscopy with low laser power for fast 
in-line reaction and multiphase flow monitoring 
Analytical Chemistry, 88 (19), 9368-9374 (2016)

•	 L. Hohmann, S. K. Kurt, S. Soboll, N. Kockmann 
Separation Units and Equipment for Lab-Scale Process Development 
J. Flow Chemistry, 6 (3), 181-190 (2016)

•	 S. Schwolow, A. Neumüller, L. Abahmane, N. Kockmann, T. Röder 
Design and application of a millistructured heat exchanger reactor 
for an energy-efficient process 
Chemical Engineering & Processing: PI, 108, 109-116 (2016)

•	 L. Hohmann, R. Gorny, O. Klaas, J. Ahlert, K. Wohlgemuth,  
N. Kockmann 
Design of a Continuous Tubular Cooling Crystallizer for Process 
Development on Lab-scale 
Chemical Engineering & Technology, 39 (7), 1268-1280 (2016)

•	 N. Kockmann 
Modular Equipment for Chemical Process Development and Small-
scale Production in Multipurpose Plants 
ChemBioEng Reviews, 3 (1), 5-15 (2016)

•	 R. Trostorf, N. Kockmann 
Methodik zur einfachen Standardisierung von Probenahmesystemen 
auf Basis der beteiligten Fluidphasen 
Chemie - Ingenieur - Technik, 88 (1-2), 128-138 (2016)

•	 A. Tollkötter, F. Reichmann, J. Wesholowski, F. Schirmbeck,  
N. Kockmann 
Gas-Liquid Flow Dispersion in Micro Offices and Bubble 
Coalescence with High Flow Rates 
J. Electronics Packaging, 138 (1):011013-011013-8, EP-15-1105 (2016)

•	 S. Schwolow, J. Y. Ko, N. Kockmann, T. Röder 
Enhanced heat transfer by exothermic reactions in laminar flow 
capillary reactors 
Chemical Engineering Science141, 356-362 (2016)

•	 N. Kockmann, P. Lutze, A Górak 
Grand Challenges and Chemical Engineering Curriculum-
Developments at TU Dortmund University 
Universal Journal of Educational Research 4 (1), 200-204 (2016)

•	 E. C. Sindermann, A. Holbach, A. de Haan, N. Kockmann 
Single stage and countercurrent extraction of 
5-hydroxymethylfurfural from aqueous phase systems 
Chemical Engineering Journal, 283 (1), 251-259 (2016)

•	 S. K. Kurt, I. Vural-Gürsel, V. Hessel, K. D. P. Nigam, N. Kockmann 
Liquid-Liquid Extraction System with Microstructured Coiled Flow 
Inverter and Other Capillary Setups for Single-Stage Extraction 
Applications 
Chemical Engineering Journal, 283 (1), 764-777 (2016)

•	 I. Vural-Gürsel, S. K. Kurt, Q. Wang, T. Noël, K.D.P. Nigam, 
N. Kockmann, V. Hessel 
Utilization of Milli-scale Coiled Flow Inverter in Combination with 
Phase Separator for Continuous Flow Liquid-Liquid Extraction 
Processes 
Chemical Engineering Journal, 283 (1), 855-868 (2016)

Peer Reviewed Conference Papers

•	 L. Hohmann, S. K. Kurt, N. Pouya Far, D. Vieth, N. Kockmann 
Micro-/Milli-Fluidic Heat-Exchanger Characterization by Non-Invasive 
Temperature Sensors 
Proc. ASME 2016 14th Intl. Conf. Nanochannels, Microchannels and 
Minichannels ICNMM2016-8008, Washington, DC, July 10-14 (2016)

•	 F. Reichmann, A. Tollkötter, N. Kockmann 
Investigation of Bubble Break-up in Microchannel Orifices 
Proc. ASME 2016 14th Intl. Conf. Nanochannels, Microchannels and 
Minichannels, ICNMM2016-8048, Washington, DC, July 10-14 (2016)

•	 S. K. Kurt, M. Akhtar, K.D.P. Nigam, N. Kockmann 
Modular Concept of a Smart Scale Helically Coiled Tubular Reactor 
for Continuous Operation of Multiphase Reaction Systems 
Proc. ASME 2016 14th Intl. Conf. Nanochannels, Microchannels and 
Minichannels ICNMM2016-8004, Washington, DC, July 10-14 (2016)
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Size-dependent Particle Classification during the Crystallization Process
Development of an online measurement setup and improvement of the image analysis algorithm for the discri-
mination of single crystals and agglomerates during the crystallization process 

Stefan Heisel, Mareike Rolfes, Kerstin Wohlgemuth

The properties of the final crystalline product depend not only on the particle size distribution (PSD) but also on the 
agglomeration degree. For solids with a high tendency to agglomerate during crystallization, here adipic acid/water, the 
control of the crystallization process itself needs to be regarded intently. For this purpose, we developed a setup for online 
measurement of crystallization processes, where particle images were taken and artificial neural networks (ANNs) were 
used to convert the PSD into populations of single crystals and agglomerates. In particular, the training set composition 
was investigated to generate an ANN that is capable of discriminating all particle sizes equally well. We evaluated the effect 
of the measurement setup on experiments performed for normal cooling crystallization. We found that the major challenge 
of measuring crystal agglomerates lies in superimposing aggregates that falsify the online measurement results, as offline 
measurements demonstrated.

Contact:
stefan.heisel@tu-dortmund.de
kerstin.wohlgemuth@tu-dortmund.de

Image analysis can be used to detect and to classify particles 
into single crystals or agglomerates based on different image 
descriptors, e.g., circularity, number of concavity points or 
roundness, using ANNs. For the generation of an ANN, 
the image descriptors were chosen based on proportional 
similarity. While the overall size-independent performance 
measurements show a sufficiently high classification accuracy, 
a closer examination of Figure 1 demonstrates that the classifier 
is not capable of discriminating bigger particles (> 400 μm) 
because it is prone to neglect underrepresented size fractions. 
By using size-dependent training sets, we could improve the 
results, since all particle sizes are considered evenly and the 
characteristics of every particle size fraction are taken into 
account individually. The image descriptor selection based on 
proportional similarity is also adapted to the size dependency 
to generate a highly accurate classifier (see Figure 1).

Figure 1: Size-dependent classifier 
accuracies for different training runs: 
Size-independent training set (red), 
Size-dependent training set (blue).

To record images during the crystallization process, we 
developed an online measurement setup with an external 
sampling loop. Figure 2 shows, by comparing the crystallization 
process with and without the periphery, that the external 
installation alters the concentration profile and the PSD of the 
crystals. We assumed that the periphery favors nucleation 
within the tube. Hence, the setup may not be used to 
investigate the complete process including the stages with high 
supersaturation but the process stages where supersaturation 
is low.

Figure 2: Online measurement comparison of process characteristics with (solid 
symbols) and without (open symbols) the periphery present during the crystallization run.  
(a) Concentration profile of adipic acid. (b) Corresponding q2 distributions for PSDsc (blue 
triangles) and PSDag (red circles).

Furthermore, by comparing online with offline measurements 
(see Figure 3) it is striking that for offline measurements 
the amount of single crystals increases while the number of 
particles classified as agglomerates decreases. We found 
an explanation of this result in the superimposing effect of 
aggregates during the online measurements.
In summary, to generate a classifier that discriminates particles 
of all sizes equally well, the training set should be composed 
of an even number of all relevant particle sizes. Furthermore, 
the early process stages where supersaturation is high cannot 
be investigated directly because the setup affects the overall 
crystallization process in terms of nucleation. Future work 
will have to focus on the differentiation of aggregates and 

agglomerates during 
online measurements 
to counteract the effect 
of superimposing of 
aggregates.

Figure 3: Comparison of online 
(solid line) and offline (dashed line) 
measurements at 10 °C by using 
the periphery.

Publications: 
S. Heisel, M. Rolfes, K.Wohlgemuth, Chem. Eng. Technol.,41, 1218-
1225 (2018).



SCIENTIFIC HIGHLIGHTS 2018Page 14

Enhanced Product Quality Control through Separation of Crystallization Phenomena in 
a Four-Stage MSMPR Cascade
The first step towards tailored crystalline products for the pharmaceutical industry

Marie-Christine Lührmann, Jan Timmermann, Gerhard Schembecker, Kerstin Wohlgemuth

In industrial crystallization processes, a precisely controlled operation mode is decisive to ensure consistent product qua-
lity. To meet this challenge, continuously operated crystallizers are promising, because they run at steady state, thus 
yielding reproducible crystalline product characteristics. Although continuous crystallization is already well established to 
manufacture large-volume commodity products such as sugar and inorganic salts, batch processing remains the method 
of choice in the pharmaceutical and fine chemical sector. To satisfy the high demands placed on the products, a four-stage 
cascade of MSMPR crystallizers has been designed and set up for the production of L-alanine crystals to achieve an 
enhanced control of product quality in terms of crystal size and size distribution. The cascade is characterized by a local 
separation of the crystallization phenomena nucleation and crystal growth as well as by the fact that no pumps were used 
to transfer the suspension from one vessel to the next. 

The designed cascade consists of a nucleation vessel (34 mL) 
and three growth vessels (370 mL each) which are spatially 
separated and connected by tubes (see Figure 1).

Figure 1: Schematic drawing of 
the four-stage MSMPR 
cascade with spatially 
separated nucleation and 
growth zone as well as the 
feed tank zone.

The nucleation vessel is equipped with an overflow tube into 
the next vessel to circumvent a necessary transport via pumps. 
The nucleation is induced via gassing with saturated and heated 
synthetic air in a controlled manner. The resulting nuclei display 
a narrow crystal size distribution and possible encrustation at 
the vessel walls is minimized. We measured the temperature 
with an installed PT100 probe and used a conductivity probe to 
identify a steady-state inside the nucleation vessel was used.
The employed growth vessels are explicitly designed to 
prevent encrustation and accumulation of crystals inside of 
them. A cylindrical draft tube is installed in the center of the 
vessel to direct the flow along the desired path, which is further 
improved by a cone-shaped bottom of the vessel. Crystals 
present inside the growth vessels are suspended well and 
do not accumulate at the bottom of the vessel. The crystals 
suspended at the surface are now able to exit the growth 
vessels through a vertical overflow tube. By performing a wash-
out experiment the solid phase residence time of the growth 
vessels is determined. A defined amount of crystals is placed 
inside a saturated solution in a growth vessel. While stirred, a 
clear saturated solution is fed to the vessel and crystals are 
entrained. The results show an almost ideal exponential decay 
of the crystal mass inside the growth vessels (see Figure 2).
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Figure 2: Solid phase residence 
time distribution showing the 
washout function against the 
residence time θ.

During operation of the 
MSMPR cascade, it is necessary to prevent unwanted primary 
nucleation. By keeping the temperature steps between each 
vessel smaller than the experimental determined primary 
nucleation threshold, it is possible to separate the crystallization 
phenomena nucleation and growth. During operation of 
the MSMPR cascade, it was possible to maintain constant 
nucleation via gassing for more than 9 hours. After a startup of 
growth vessels 1 and 2 of approximately 6.5 hours, a steady 
state was reached and microscopic images were acquired 

after reaching the steady 
state (see Figure 3).

Figure 3: Microscopic images of 
crystal suspensions at steady state 
(NV, GV1 and GV2) and shortly after 

connection of GV3.

The images show that only crystal growth took place and no 
further unwanted nucleation was induced in the cascade. In 
summary, the designed MSMPR cascade offers the possibility to 
decouple the crystallization phenomena nucleation and growth. 
Thereby, we can facilitate an increased control over crystal quality 
namely a defined crystal size and narrow crystal size distribution. 
The gravimetric overflow concept enables minimal attrition of 
crystals. All of this offers a huge potential for tailored continuous 
crystallization processes in the pharmaceutical industry.
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Ciprofloxacin-POx Conjugates delay the Resistance Formation in Bacteria
Polymer-Antibiotic-Conjugates (PACs)

Martin Schmidt, Alina Romanowska, Joerg C. Tiller

The use of antibiotics is the only efficient weapon against bacterial infections, which is the number one killer world-wide. The 
abusive application of antibiotics has led to the formation of resistant bacterial strains, which represent a great threat even 
in industrialized countries. Thus modifying antibiotics that do not or only slowly cause bacterial resistance is an important 
research field. We have shown for the first time that conjugation of the antibiotic ciprofloxacin with poly(2-oxazoline)s (POx) 
can indeed delay the formation of resistance mechanism in bacterial strains. 

As shown previously, conjugation of antibiotics such as 
penicillins and ciprofloxacin retains the activity of the 
antibiotics and can reduce the penicillinase induced hydrolysis 
in the case of the first class. However, the influence on the 
resistance formation of polymers attached to antibiotics is 
rarely investigated. In this study, ciprofloxacin (CIP) was 
conjugated to poly(2-methyl-2-oxazoline)s with an ethylene 
diamine end group (Me-PMOx28-EDA) via two different spacers 
(CIP modified with α,α´-dichloro-p-xylene - xCIP, CIP modified 
with chloroacetyl chloride - eCIP) (see Figure 1). 

Figure 1: Structures of Poly(2-methyloxazoline) (PMOx)-Ciprofloxacin (CIP)-Conjugates 
with the two different linkers eCIP and xCIP.

The antibacterial activity of the conjugates against a number 
of bacterial strains shows a great dependence on the nature 
of the spacer. Me-PMOx39-EDA-eCIP, containing a potentially 
cleavable linker, does not exhibit a molecular weight 
dependence on antibacterial activity in contrast to Me-PMOx27-
EDA-xCIP. The resistance formation of both conjugates against 
the Gram-positive bacterium Staphylococcus aureus and the 
Gram-negative bacterium Escherichia coli was investigated. 
This was done by letting the bacterial cells cultivate in the 
presence of half the concentration that inhibits their growth 
(MIC). The MIC value of the regrown cells was determined 
and the experiment was repeated. As seen in Figure 2, in the 
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case of CIP the experiment leads to bacterial cells that are 
several orders of magnitude less susceptible to the antibiotic in 
only 9 days. Both conjugates showed potential of significantly 
delaying the formation of resistant bacteria compared to the 
unmodified CIP. While the xCIP linker was effective in the case of  
S. aureus, the eCIP linker afforded delay in resistance formation 
in case of E. coli. Closer inspection of a possible resistance 
mechanism by genome sequencing of the topoisomerase 
IV region of resistant S. aureus revealed that this bacterium 
mutates at the same position when building up resistance to 
CIP and to Me-PMOx27-EDA-xCIP. However, the S. aureus 
cells that became resistant against the polymer conjugate are 
fully susceptible to CIP. Thus, conjugation of CIP with PMOx 
seems to alter the resistance mechanism.

Figure 2: Resistance test for CIP and the conjugate Me-PMOx27-EDA-xCIP for S. aureus.

This shows that polymer antibiotic conjugation is a tool to lower 
the resistance formation of antibiotics.
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Non-amphiphilic Polymers as Solubilizer for Enzymes in Organic Solvents
Cheap and reversible method to make enzymes organo-soluble

Montasser Hijazi, Christian Krumm, Joerg C. Tiller

Enzymes are highly active and selective biocatalysts in their natural solvent water. However, they also work in organic 
solvents, but are dramatically less active in their free form. An effective possibility to activate enzymes is to dissolve them 
in organic solvents. Surfactants and amphiphilic polymers suited for “dissolving” enzymes in organic solvents cover the 
whole protein surface by weak hydrophobic and/or ionic interactions, while polymers in covalent PECs are attached to the 
protein via their terminus. In this study, we combine both concepts by using hydrophilic polymers that reversibly bind to 
proteins only with one end group.  

Goal of this work was to render enzymes “organo-soluble” by 
a reversible binding of poly(2-oxazoline)s to the biocatalysts. 
This is based on a previous study in which poly(2-methyl-
2-oxazoline)s were equipped with a metal complexing 
2,2’-iminodiacetate (IDA) end group in order to bind to the 
protein horseradish peroxidase (HRP) in water. The hypothesis 
of this study is that such conjugates should be more stable in 
organic solvents, i.e. they do not dissociate in aprotic solvents 
and thus they might be “organo-soluble”. This was investigated 
by dissolving IDA-terminated poly(2-oxazoline)s (POx) and 
enzymes in water, lyophilizing this solution and adding the 
resulting solid to organic solvents. A series of enzymes that 
covers a wide range of molecular weights and isoelectric points 
was conjugated with POx-IDA of different molecular weights 
and with varying side groups. The proposed generical concept 
for polymer enzyme conjugates dissolved in organic solvents is 
shown in Figure 1.

Figure 1: Schematic representation of the proposed generical concept of how polymer 
enzyme conjugates can be “dissolved” in chloroform.
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POx-IDA were shown to form reversible, nano-sized non-
covalent polymer enzyme conjugates (PECs). These PECs give 
clear solutions in organic solvents (see Figure 2). The enzymes 
Lysozyme, Horse Radish Peroxidase (HRP), Laccase, alpha-
Chymotrypsin (CT), Catalase, and Alcohol Dehydrogenase 
could be solubilized in chloroform and toluene at concentrations 
of up to 2 mg protein per mL. The PECs of lysozyme with the 
size of 9.9 nm are comparable with the theoretically size of the 
single enzyme (Dh lysozyme = 3.94 nm) in the core and two 
polymers (Dh polymer = 2.9 nm).

Figure 2: Dynamic light scattering (DLS) of solutions formed by adding PMOx-IDA /
enzyme lyophilisates to chloroform. Top: Lysozyme, Bottom: HRP. The enzyme 
concentrations are 2 mg/ml. The inlets are photographs of the respective solution. The 
DLS curves are given as number plots.

Laccase, HRP, and CT were shown to survive the transfer into 
the organic medium and back to water in their active form. 
The distribution coefficient of the proteins between water and 
organic solvent was shown to be dependent on the nature 
of the POx backbone. All three biocatalysts exhibit greatly 
enhanced activity in the respective organic solvent.
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Critically Cross-Linked Syndiotactic Polypropylene
An Ultimate Shock- and Energy-Absorbing Material

Thomas Raidt, Panusa Santhirasegaran, Robin Hoeher, Joerg C. Tiller, Frank Katzenberg

Safety engineering concepts usually use energy dissipation via plastic deformation (e.g. in cars) or frictional loss (e.g. 
in climbing ropes) for controlled deceleration of fast moving objects. Spider webs master this task much more effective 
than any other material or established technical conception by using dragline silk. We found, that critically cross-linked 
syndiotactic polypropylene is capable of mimicking dragline silk, since it transforms itself from a fully amorphous rubber-
like into a semicrystalline, high modulus and high strength state upon stretching to large elongations and retains the latter 
after removing the stretching force.
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Syndiotactic polypropylene (x-sPP) was critically cross-linked 
right at the borderline between thermoplastic and elastomer, 
quenched to a fully amorphous state and, subsequently, 
tested using a falling weight experiment. We found, that x-sPP 
causes by far the lowest impact force (12.8 N) compared to 
the reference samples, Dyneema (33.6 N) and natural rubber 
(23.9 N) and that it is able to absorb more than 99% of the 
kinetic energy of the used deadweight within 2 s and only 4 
oscillations (see Fig. 1).

Figure 1: Force/g-force vs. time plots of the falling weight experiments with safety lines of 
x-sPP (top), Dyneema (middle) and NR (bottom). (Deadweight 0.7 kg, drop height 80 mm, 
sample length 90 mm).

Since it is known from aerospace and car crash tests, that the 
change of acceleration (jerk), to which a body is exposed to, is 
more dangerous than the magnitude of acceleration or impact 
force, the jerks of the first impact were determined. While the 
jerks of x-sPP (20.4 g/s) and natural rubber (17.0 g/s) are far 
below the critical value of 120 g/s, from which serious injuries 
to humans must be expected, the jerk of Dyneema (199.6 g/s) 
clearly exceeds this value. 

Although the maximum jerk of x-sPP is slightly higher than 
that of the rubber reference for a deadweight of 0.7 kg and 
a drop height of 80 mm, this important quantity stays nearly 
constant or is even getting smaller for x-sPP with increasing 
mass of the deadweight or drop height. Thus, x-sPP is the 
more able to avoid harmful jerks the more it is loaded.
In summary, amorphous x-sPP merges the damping capability 
of high modulus, high strength materials such as Dyneema 
with the absorption potential of elastomeric materials such as 
natural rubber (see Fig. 2). Thus, x-sPP is able to compete 
with the excellent properties of spider drag-line silk and is well 
suited for applications such as safety lines.

Figure 2: The combination of good impact damping and good energy absorption is 
required for an excellent safety-line.
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High Strain Storing, High Temperature Shape Memory Polymers with Full Recovery

Thomas Raidt, Martin Schmidt, Joerg C. Tiller, Frank Katzenberg

Shape memory polymers (SMPs) became an inexpensive and efficient alternative to well-known metallic shape memory 
alloys, except for applications that require a sensory or actuatory shape change at temperatures exceeding 200 °C. The 
few known SMPs with trigger temperatures above 200 °C suffer from poor recovery ratios, low storable strains, or broad 
trigger temperature ranges. Now, we managed to realize the first high temperature SMPs with trigger temperatures distinct-
ly above 200 °C, narrow trigger ranges and fully recoverable stored strains of up to 200%.

The capability of an SMP of storing fully recoverable high 
strains usually requires a covalently cross-linked network while 
a narrow trigger range can be realized by utilizing a narrow 
phase transition for the shape change. That is why we chose 
the semi-aromatic polyesters polyethylene terephthalate 
(PET) and polybutylene terephthalate (PBT) with melting 
temperatures of 254 °C and 225 °C, respectively. In order to 
avoid from viscous flow during programming/triggering of the 
SMPs and, thus, enable high recovery ratios and preferably 
high storable strains at temperatures above the respective 
crystal melting temperatures, we searched for an efficient 
cross-linking strategy.

Figure 1: Cross-linking reaction using the example of PET.

Targeting an end-group cross-linking, the tetra-functional epoxy 
4,4’ methylenebis (N,N diglycidylaniline) (TGDDM) was used, 
which is a very reactive compound toward macromolecules 
containing carboxyl end-groups but not hydroxyl end-groups. 
Since in the case of PET and PBT both species are present, 
the residual hydroxyl end-groups were converted to carboxyl 
end-groups by the use of phthalic anhydride (PA). The reaction 
pathway is shown in Figure 1. PET and PBT were mixed with PA 
and TGDDM, extruded in a twin extruder, compression-molded 
to thin sheets, and thermally cured at 270 °C for 10 min under 
exclusion of air. In order to obtain highly stretchable networks 
the cross-linking agents were varied until the minimum amount 
was found that is required for critical cross-linking right at the 
borderline between thermoplastic and elastomer.
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The shape memory properties of the critically cross-linked 
x-PET- and x-PBT were explored over ten shape memory 
cycles. It was found that both networks were capable of fixing 
the complete applied strain of 200% in a temporary shape, 
which indicates a fixity ratio of 100%. Since the samples fully 
recovered their original length after reheating to the previously 
applied programming temperature, both samples exhibit also a 
recovery ratio of 100%. These shape memory parameters were 
found to be unchanged even after 10 programming/triggering 
cycles.

Figure 2: Trigger process shown exemplarily for x-PBT.

The average trigger temperatures Ttrig were determined for 
x-PET to 236 °C and x-PBT to 220 °C. Investigation of the trigger 
process revealed for x-PET and x-PBT trigger ranges ΔTtrig of 
22 °C and 6 °C, respectively, which are in good accordance 
with the melting ranges of the uncross-linked starting polymers.
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Artificial Metalloenzymes based on Acylated Iysozyme and Bovine Serum Albumin
Artificial enzymes prepared from cheap proteins

Melanie Leurs, Sascha Wilhelm, Joerg C. Tiller

Efficient catalysts that lead to pure product is one important way make chemistry greener, and thus to save energy and CO2 
release by minimizing elaborate downstream processes. One possibility to obtain such catalysts is the reprogramming of 
enzymes to let them catalyze non-natural reactions and still use the chiral environment of proteins to obtain enantiopure 
products. Such, so-called artificial metalloenzymes (AMEs) are usually specific and expensive enzymes that are modified 
with metals in their active site. Here, we show that it is also possible to render cheap proteins into AMEs.
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The objective of this work was to convert inexpensive proteins 
into AMEs for the enantioselective synthesis in organic 
solvents. The rational is that blocking the primary amino groups 
by acylation might block the outer non-chiral binding sites for 
heavy metal catalysts and force those into less accessible, but 
likely better chirality-controlling sites of the protein, (Figure 1). 

Figure 1: Concept of preparing artificial metalloenzymes from proteins by acylation of the 
surface amino groups followed by metallization and thus affording an enantioselective 
active center.

It was found that fully acylated lysozyme (LYS) and bovine 
serum albumin (BSA) could be modified with osmate to 
render these proteins into enantioselective catalysts for the 
dihydroxylation of styrene.
Taking a look at Figure 2, top shows that the best 
enantioselectivity in the dihydroxylation of styrene with 
lysozyme based AME’s was achieved with some 98 %ee (S) 
by using Os-LYS acylated with hexanoic acid (HA) at 0 °C. 
The respective Os-LYS derivative with propionic acid (PA) 
also affords a high enantioselectivity with 95 %ee (S) under 
the same reaction conditions, but about 4-fold lower activity. 
In comparison to the latter Os-LYS modified with acetic 
acid (AA) shows the lowest enantioselectivity with 57 %ee 
(S) and also a lower activity. Increasing the temperature to  
20 °C expectedly increases the activity by a factor of 2-5 and 
lowers the enantioselectivity. Os-LYS-HA and OS-LYS-PA 
retain enantioselectivities of 88 and 85 %ee (S), respectively. 

Further increasing the reaction temperature to 40 °C leads to 
greatly enhanced activities, but the enantioselectivity drops 
to below 40 %ee (S) in both cases.
Similar results were found for the respective BSA derivatives 
(Figure 2, bottom). 

Figure 2: Comparison of turnover frequency (TOF, coloured bars) and enantiomeric 
excess (ee, (S)-enantiomer, black bars) of the asymmetric dihydroxylation catalyzed by 
osmate based AME’s (pH 7, fully acylated) with an MPR of 1 at different temperatures. 
The reaction was carried out with 0.03 µmol/mL protein conjugate, 0.03 µmol/mL 
K2OsO2(OH)4, 110 µmol/mL tBuOOH and 100 µmol/mL styrene. The reaction times were 
adjusted to previously determined surviving times of a respective Os-laccase-PMOx 
under the used conditions and temperatures, being 7 d at 0 °C, 72 h at 20 °C, and 24 h at 
40 °C. The TOF is defined as µmol product per µmol protein per hour.

It could also be shown that these new AMEs have potential to 
perform enantioselective epoxidations with high activity.
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Catalytic Promiscuity of cGAS
Enzymatic synthesis of novel compounds

Katrin Rosenthal, Martin Becker, Markus Nett, Stephan Lütz

The cyclic dinucleotide 2’3’-cGAMP activates the production of type I interferons and is part of the innate immune system 
in mammalians. 2’3’-cGAMP and derivatives of this important second messenger are highly valuable for pharmaceutical 
applications. However, the production of these compounds requires complex, multistep synthesis. Therefore, the enzymatic 
synthesis of cyclic dinucleotide derivatives was studied. In the cytosol of human cells, cyclic GMP-AMP synthase (cGAS) 
catalyzes the synthesis of 2’3’-cGAMP. This enzyme was used in order to synthesize a series of non-natural cyclic 
dinucleotides. Most tested substrates were accepted demonstrating the promiscuity of cGAS. 
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The enzyme cGAS was produced by heterologous expression 
in E. coli BL21 (DE3) pLysS pET28(a) SUMO thscGAS and 
was used in vitro for the synthesis of 2’3’-cGAMP and various 
analogs (Figure 1). The substrate derivatives were chosen 
with modifications at different positions in the base, ribose or 
phosphate. Each of the 16 substrate derivatives was tested 
with its natural counterpart to evaluate the individual effect of 
any position-dependent variation.

The specific activities and conversions within 24 h were 
calculated for all reactions (Figure 2). No products 
were synthesized for the substrates 2’d-7-CH-ATP,  
2’-NH2-ATP and Thio-ATP. Specific activities between 40 and 
43 mU mg-1 were determined for the derivatives 8-Br-dATP, 

8-Br-ATP and Thio-GTP with conversions between 56 and 
93 %. These values are in the range of 2’3’-cGAMP synthesis  
(52 mU mg-1). The highest specific activity of 136 mU mg-1 for 
the product synthesis from 8-Br-GTP was significantly higher 
compared to the natural product synthesis. The addition of a 
bromide at the 8’ position of the base seems to be preferred 
for both, ATP and GTP, substrates.

These results show the substrate promiscuity of cGAS which 
can be applied to obtain 2’3’-cGAMP analogs. In future, the 
availability of cyclic dinucleotide derivatives might enable 
to get a more detailed insight into the meaning of cyclic 
dinucleotides as second messenger. 
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Figure 2: Specific activities and conversions of cGAS catalyzed reactions of 16 
derivatives with their natural counterpart. Dark grey bars represent the specific activities 
[mU mg-1], light grey bars represent conversions after 24 h [%], green dashed line 
represents the specific activity of cGAS catalyzed conversion of ATP and GTP into 
2’3’-cGAMP as reference reaction.

Figure 1: cGAS catalyzed conversion of substrate derivatives into cyclic dinucleotide derivatives. 
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Slug Velocity in Multiphase Capillary Flows

David Hellmann, David W. Agar

Micro process engineering offers the potential to increase the efficiency of different small scale processes, consequently 
reducing resource consumption and waste production. The most promising multiphase flow in micro process engineering is 
slug flow where the different phases form small bubbles in a regular sequence. The development of such microstructured 
devices faces various challenges, among those the slug velocity in the microreactor which is crucial to determine the 
performance of the system for reaction and extraction.
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Multiphase flow is not a new concept in the field of micro process 
engineering. Biphasic systems either gas-liquid or liquid-liquid 
are well understand and used for reaction or extraction. Particle 
handling on small scales is also possible either for particle 
synthesis or catalytic purposes. Triphasic flow, where a gas 
slug and a liquid slug are present in an additional liquid phase 
is a relatively new field, which offers the potential to combine 
reaction and extraction or complex reaction networks in one 
apparatus, further increasing the overall process efficiency. An 
example of a triphasic slug flow is shown in figure 1.

Figure 1: Gas-liquid-liquid triphasic slug flow from right to left in a 1 mm inner diameter 
capillary. Hexanol (red), Water (blue), Nitrogen (with).

Slug flow in capillaries can occur in two different ways, as 
wetting flow where a small liquid film of the wetting phase 
covers the capillary wall and as nonwetting flow where every 
phase has contact to the wall. In the nonwetting case, the 
velocity of each phase is equal to the average velocity in the 
capillary. In contrast to this, the slug velocity in the wetting case 
differs from the average velocity as shown in figure 2.

Figure 2: Comparison of nitrogen and water slug velocity derivation from average velocity 
for the hexanol, water and nitrogen system.

A new calculation method for the triphasic system was 
developed based on existing biphasic models. In contrast to the 
biphasic case, the triphasic slug velocity can differ depending 
on the ratio of gas and disperse liquid phase which normally 
have different biphasic velocities (Fig. 2). The new model 
takes this into account and has good accuracy with different 
systems and different disperse phase ratios (Fig. 3). The good 
velocity determination allows a accurate determination of the 
mass transfer and residence time and thus allowing a better 
prediction of the reactor performance.

Figure 3: Relative error between experiment and calculated triphasic velocity over the 
nitrogen to water volume flow ratio. 
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Highly Heat Integrated Adsorber Concepts for use in Direct Air Capture Applications

Carsten Drechsler, David W. Agar

The development of human based technologies to reduce the carbon dioxide content in ambient air, summarized under the 
name direct air capture (DAC), can become a new, strong measure to reach the targets formulated in the Paris Agreement 
on climate change. However, reasoned in the low carbon dioxide mole fraction in ambient air (~400 ppm) the realization of 
these technologies faces various challenges, among those especially the high carbon dioxide-specific energy demand of 
thermally driven ab- and adsorption processes can be named. Consequently, the design of concepts which allow for a high 
recovery of energy integration might enable a large scale realization of DAC.  

Various energy integration concepts to recover the sorbent’s 
sensible heat, required to change its temperature in thermally 
driven adsorption processes, have been investigated under the 
constraints holding for direct air capture applications. Among 
the latter, especially the concept of a belt and moving bed 
absorber seems promising. Transforming the cyclic steady 
state of the adsorption process from the time to the spatial 
domain, more than 90 % of the sorbent’s sensible heat can be 
recovered. Moreover, the designs proposed ensure high open 
contact areas to the ambient air, avoiding an energy intensive 
compression of the latter.

With an high heat integrated adsorber concept at hand the 
question remains how to process the  stream of concentrated 
carbon dioxide. In contrast to carbon capture and storage 
concepts (CCS), this work focusses on a chemical conversion 
of the carbon dioxide (carbon capture and utilization, CCU). In 
this context, the integration of the highly heat integrated DAC 
unit in a Power-to-Gas (PtG) concept allows for the production 
of methane based on carbon dioxide from ambient air and 
hydrogen, generated by renewable energy sources.  Besides, 
the high heat of reaction, released in the PtG concept can be 
used to drive the adsorption process, so that the design of an 
overall autothermal process might be possible.

Detailed numerical simulations show that under idealized 
conditions an autothermally operating process can be designed. 
However, the high content of water in ambient air which might 
favor a co-adsorption of water can have a significant influence 
on the overall energy balance. Thus, the application of tailor-
made sorbents or the design of process based solutions seems 
required to allow for an application of the proposed concepts.  

Publications: 
C. Asmanoglo, D.W. Agar, Entwicklung wärmeintegrierter Adsorber / 
Desorber-Konzepte für eine Anwendung in Direct Air Capture (DAC) 
Technologien, 1. Statuskonferenz zur BMBF Fördermaßnahme 
CO2Plus, Berlin, Germany (2018).

Figure 1: Basic process design of an integrated DAC-PtG concept.
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Tube-enhanced Multi-stage Model Predictive Control
A new framework for improved trade-off between complexity and performance

Sankaranarayanan Subramanian, Sergio Lucia, Seyed Ali Baradaran Birjandi, Radoslav Paulen, Sebastian Engell

Model Predictive Control (MPC) is an advanced control technique that is used increasingly in the process industries to handle 
plants with many controlled and manipulated variables with state and input constraints. MPC uses a model of the system to 
optimize the future behavior from which a sequence of control inputs over a finite prediction horizon result. However, models 
are only approximate descriptions of reality, and the presence of model uncertainties may make the approach fail. Robust 
model predictive control approaches deal with the presence of uncertainties in the model. The multi-stage NMPC approach 
that was developed in our group gives good performance but becomes computationally expensive when the number of 
uncertain parameters and the optimization horizon grow. Recently, a new robust MPC scheme called “Tube-enhanced multi-
stage MPC” was developed to reduce the computational effort without giving up too much performance. It was shown to 
provide an improved trade-off between complexity and performance compared to the existing approaches.

Tube-enhanced multi-stage (TEMS) MPC combines two 
promising ideas from robust MPC approaches namely tube-
based MPC and multi-stage MPC schemes. In the proposed 
TEMS MPC scheme, the large uncertainties are handled 
using a multi-stage primary controller whereas the small 
disturbances are dealt with by the ancillary controller which 
tracks the predictions of the primary controller. Multi-stage 
MPC handles the significant uncertainties that are present in 
the model by formulating the decision problem on a scenario-
tree where at each time-step different states are predicted for 
different possible realizations of the uncertainties. For linear 
systems, a proportional feedback ancillary controller is used 
and for nonlinear systems, a multi-stage ancillary controller 
is employed to reject the small disturbances. The goal of the 
ancillary controller is to keep the state and control trajectories 
of the real system close to those that the primary controller has 
computed. 

Figure 1: Comparison of feasible domains obtained using the proposed combined MPC 
scheme with the schemes that use affine and linear feedback policyies for the linearized 
CSTR example.

The proposed combined scheme has the following advantages 
compared to the multi-stage and tube-based MPC schemes 
independently:

1. The growth in problem complexity is limited because 
the small uncertainties are not considered in the scenario 
tree.
2. The recourse (i.e. the fact that the future control inputs 
can be adapted to the observed evolution of the process) 
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that is included in the predictions for the realizations of 
the large uncertainties in the scenario tree can reduce 
the conservatism compared to pure tube-based MPC.

The proposed scheme results in an enlarged feasible domain 
as shown in Figure 1 when compared to the tube-based MPC 
scheme and significant reduction in computational complexity 
when compared to the multi-stage MPC scheme when applied 
to a linearized CSTR example. The scheme is also applied to 
an industrial fed-batch polymerization reactor example and the 
resulting plant trajectories are shown in Figure 2. 

Figure 2: Reactor temperature, adiabatic safety temperature, monomer Feed, jacket inlet 
temperature trajectories of the fed-batch polymerization reactor obtained for 100 batch 
runs when controlled by the proposed TEMS scheme.

For this case, the tube-based MPC scheme was not able to 
satisfy the constraints while the proposed scheme results in 
rigorous constraint satisfaction. The TEMS scheme required 
only 9 scenarios while a standard multi-stage MPC scheme 
would require 59049 scenarios to achieve robustness. 
This exemplifies the drastic reduction in the computational 
complexity. The proposed scheme handled parametric 
uncertainties, additive disturbances and estimation errors 
using a fraction of the computational resources of a standard 
multi-stage MPC that includes all uncertainties.
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Optimization of a Hydroformulation Process in a Thermomorphic Solvent System 
using a Commercial Steady-state Process Simulator and a Memetic Algorithm
Tim Janus, Maximilian Cegla, Sabine Barkmann, Sebastian Engell

Chemical process design is usually done by an interdisciplinary team in an iterative process. In many companies, such 
design studies are performed using block-oriented flowsheet simulators as e.g. Aspen Plus. This is convenient from a mo-
delling point of view because many preconfigured modules and physical property calculations are available. The drawback 
from an optimization perspective is the lack of derivative information which is essential for fast local convergence.
We developed an optimization procedure that employs a memetic algorithm (MA) which couples an evolution strategy (ES) 
with a derivative free local optimization (DFO) and additionally make use of in-built optimization capabilities of Aspen Plus. 
We show the improvement of the performance of the algorithm for a well-investigated case study of a hydroformylation 
process in a thermomorphic solvent system (TMS).

As a case study, the homogeneously catalyzed hydroformulation 
of 1-dodecene in a thermomorphic solvent system (TMS) is 
considered. This case study has been investigated by various 
groups within the TR SFB InPROMPT. We optimize the total 
annual costs (TAC) of the process. Figure 1 shows the cost 
distribution. The raw material costs have the biggest impact 
on the TAC. The heat exchangers and the column are the 
cause of the main equipment costs. Although the catalyst and 
solvent makeup costs are only a small fraction of the TAC, they 
represent the part of the costs that are most influenced by the 
design of the plant due to the high cost of the catalyst.

Figure 1: Cost distribution for the best-found solution.

We compared the performance of the MA for different local 
solvers. Figure 2 shows the convergence of three runs for each 
MA variant, i.e. lines of the same type represent different runs 
of the MA variant that is identified in the legend. Both variants 
EOOPT and EOSPEC use the finite difference approximations of 
the derivatives of the equation-oriented Aspen Plus simulation. 
EOOPT minimizes the catalyst loss of the process by using the 
Aspen Plus internal SQP solver. EOSPEC tries to reach the 
product purity constraint by adapting the equation-system in 
Aspen Plus, i.e. the type of the variable representing the purity 
is changed from calculated to constant and the type of the 
variable representing the columns reflux ratio from constant to 
calculated such that the underlying equation-system remains 
determined. The SM variant uses the sequential-modular 
simulation mode of Aspen Plus and does not make use of 
any local optimization, i.e. it is a standard evolution strategy. 

Nonetheless it performs better than the DFO variants NOMAD 
and CMAES that also use the sequential-modular mode of 
Aspen Plus. This means that the function evaluations that are 
invoked when using the DFO methods are not worth the effort 
in the early stages of the optimization, using these function 
evaluations directly in the ES leads to a faster convergence.

Figure 2: Overview of the results of optimization runs.
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Optimal Planning of the Operation of a NH3 Network
Site-wide optimization at the integrated petrochemical production site of INEOS in Köln

Simon Wenzel1, Yannik-Noel Misz1, Keivan Rahimi-Adli1,2, Benedikt Beisheim1,2, Sebastian Engell1

Many companies in the process industries face an increasingly tough competition and increasing pressure for reducing the 
consumption of fossil fuels and thus are forced to continuously improve their production with respect to resource and energy 
efficiency, to become greener, and to remain competitive. Often, production plants in the process industries are situated on 
large production sites where multiple streams of material and energy couple the processes, which gives rise to complex 
dynamic networks of plants and utility systems with tight interactions. The optimization of such systems is very demanding, 
especially if external influences like the supply raw materials has to be embedded, which is inherently uncertain (see Figure 
1). Mathematical modeling of the interconnected plants, storage systems and logistics and mixed-integer optimization 
techniques help to find a plan for the operation of the site and its networks that is feasible and optimal with respect to cost 
and efficiency.

The integrated petrochemical production site of INEOS in 
Köln is a complex system of systems, where more than 20 
processing plants are coupled via different networks of shared 
resources such as steam on different pressure levels, electric 
power, or intermediate products. The site imports and exports 
raw materials as well as products over the boundaries of the 
system via trucks, train vessels, or barges on the river Rhine.

Figure 1: Scope of the different domains that need to be incorporated in the optimization 
scope.

The supply chain logistics over the boundaries of the system 
is inherently uncertain and disturbances like the low river level 
in the Summer of 2018 can have a significant impact on the 
operation of the processes on site. In the European Horizon 
2020 research and innovation action “CoPro”, the problem of 
finding a feasible and optimal plan for the operation of the site is 
tackled with mathematical modeling of the production site and 
mixed-integer programming methods. The use of a site-wide 
optimization helps to reveal previously unknown bottlenecks 
in the infrastructure and it helps to suggest optimal reactions 
to events like plant shutdowns or maintenance activities. 
A holistic view of the site enables the site management to 
increase the use of the demand side management potential, 
where, e. g., the operation of large energy consumers can be 
scheduled according to daily prices on the electricity market. 
First results for the optimization of the ammonia network (see 
Figure 2) show that INEOS in Köln could for instance save 
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electricity by a better planning of the liquefaction of gaseous 
ammonia and by taking smarter decisions on when and how to 
operate the compressors, tanks, and processes that are part 
of the subnetwork.

Figure 2: Schematic overview of the ammonia network at INEOS in Köln.
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Development of a Scale-Up Model for the Spheronization of Wet Extrudates

Maria Evers, Markus Thommes

Extrusion-Spheronization is a technique commonly used to produce spherical pellets with narrow size distributions 
for pharmaceutical use. In this process, a wet mass is extruded and the wet extrudates are immediately rounded in a 
spheronizer, which consists of a rotating bottom plate surrounded by a stationary cylindrical wall. The rounding process 
of extrudates to pharmaceutical pellets is based on deformation, attrition, agglomeration and breakage of the extrudate 
strands, which can proceed simultaneously. 
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Previously described scaling models for the spheronization 
process of wet extrudates suggest keeping the peripheral 
speed constant [1], but give no guideline on adjustment of 
the load. For the scaling of the loads, a constant ratio of used 
extrudate mass to the plate diameter cubed was proposed. 
The validity of the assumption was tested using a 2x2x2 design 
of experiments, using spheronizers with plate diameters of 
12 cm and 25 cm, two different peripheral speeds and two 
different loads, respectively. Three repetitions were conducted 
at medium speeds and loads for each spheronizer to prove 
repeatability. By evaluating the particle size and shape of the 
pellets after various residence times, the evolution of the shape 
over time as well as final particle shape could be evaluated.

The equivalent diameter of the pellets varies during 
spheronization, as can be seen in Figure 1. No significant 
effect of the load or the plate diameter can be observed.

Figure 1: Change of equivalent diameter over time, n=1. Medium settings shown with 
standard deviations, n=3.

As shown in Figure 2, the median aspect ratio (AR) decreases 
over time, until a minimum is reached and spheronization is 
complete. This final aspect ratio was lower than 1.2 for all 
investigated parameter sets. The load did not affect the final 
aspect ratio. However, particles rounded at high speeds and 
with a larger plate diameter seem to show a wider shape 
distribution than those rounded at low speeds and smaller 
plate diameters.

Figure 2: Change of aspect ratio over time, n=1. Medium settings shown with standard 
deviations, n=3.

Therefore, it was found that keeping the peripheral speed 
constant is a simple and effective way to ensure comparable 
results when using spheronizers with different diameters. The 
spheronizer load has only minor influence. For a wide range 
of ratios of extrudate mass to the diameter cubed, m/d³, the 
influence of the load on the pellet size and shape, as well as 
the rounding kinetic can be neglected. Residence times should 
be chosen with regard to spheronization kinetic, because short 
residence times may result in unfinished rounding, but long 
spheronization times can lead to an increase in equivalent 
diameter.

Publications: 
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Fused Deposition Modeling (FDM) is considered to be a promising manufacturing method for customized pharmaceutical 
products, such as patient-specific implants. In FDM, thermoplastics in form of a filament are used as a feedstock mate-
rial. Filaments are produced via hot-melt extrusion in a preceding step and require a uniform diameter. Deviations of the 
filament diameter from the nominal value directly translate into inconsistent flowrates during the printing process and can 
lead to altered object geometry, porosity and mechanical strength. The aim of this study was the adjustment of the filament 
feed velocity based on the measured filament diameter in order to compensate the filament diameter deviations and obtain 
consistent extrudate mass flow.

During the printing process, constant extrudate mass flow is 
required to obtain a product with the desired properties and 
quality. Due to the missing feedback control in FDM printers, 
variations of the filament diameter directly translate into 
inconsistent flowrates, as indicated in Figure 1.

Figure 1: Schematic of the printing process with and without mass flow control.

This effect was demonstrated by discretizing an acrylonitrile 
butadiene styrene filament into 1 mm compartments and by 
printing a pattern, in which each pattern element correlates to 
one filament compartment (see Figure 2).

Figure 2: Schematic top view of the printing pattern on the build platform (x, y: horizontal 
coordinates).

By cutting the pattern at the positions indicated by the dashed 
lines, it was possible to evaluate the influence of the filament 
diameter on the extrudate mass flow gravimetrically. As 

shown in Figure 3, the variations in the filament diameter were 
similarly introduced into the extrudate mass flow.

Figure 3: Measured filament diameter and corresponding extrudate mass.

For the experiments with mass flow control, a filament piece 
with a diameter of 1.699 ± 0.021 mm (arithmetic mean ± 
standard deviation, n = 7) was used. The pattern elements 
were collected to groups of 20 and analyzed gravimetrically. 
Based on the deviation from the nominal diameter of 1.75 mm, 
a theoretical mean sample weight of mno control = 45.33 mg was 
expected for each group, which is similar to a mass deviation 
of approximately -5.8% to the set value of 48 mg. The applied 
control strategy led to an improved mean sample weight of 
mcontrolled = 47.31 mg, which is similar to a mass deviation of 
only -1.6%.

Table 1: Comparison of the expected extrudate mass with the measured extrudate mass 
with feed velocity compensation (arithmetic mean ± standard deviation, n = 7).

The results showed the suitability of the presented control 
strategy for precise material extrusion, which is particularly 
important for 3D printing of pharmaceutical products to control 
the drug dosage. The control strategy can be integrated as a 
Quality by Design tool into the printing process and allows the 
application of a wider range of filaments as well as a wider 
range of materials for which the production of filaments with 
low diameter tolerances is difficult.

Contact:
tim.feuerbach@tu-dortmund.de
markus.thommes@tu-dortmund.de

Quality by Design for Fused Deposition Modeling 3D Printing: Extrudate Mass Flow 
Control
Uniform mass flow independent of filament diameter variations
Tim Feuerbach, Markus Thommes

Publications: 
T. Feuerbach, M. Thommes, 3rd European Conference on 
Pharmaceutics, Bologna, March 2019.

mset [mg] mno control [mg] mcontrolled [mg]

48.1 45.33 ± 1.11 47.31 ± 0.90
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Modelling the Filtration Performance of Fibrous Depth Filters considering  
Tomographic Data 

Kevin Hoppe, Michail Maricanov, Gerhard Schaldach, Reiner Zielke, Dirk Renschen, Wolfgang Tillmann, Damian Pieloth, Markus Thommes

The pollution of air with fine dust (Particles smaller than 10 µm), so-called particulate matter (pm), is actually in the focus 
of social political discussion. This is reasoned by the harmfulness of the fine dust particles since they are suspected to be 
carcinogenic or to cause respiratory diseases. Since the emission of pm is strictly controlled by governmental regulations, 
there is a rising demand for efficient systems for separating particles from gas streams in the (bio-) chemical industry. For 
separating particles from gas streams with low to medium loadings fibrous depth filters are frequently used. To optimize 
filter media, broadening of the knowledge about the relation between microscopic properties (porosity, fiber diameter) and 
their macroscopic effects (filtration efficiency, pressure drop) is essential. The development of a model for dealing with 
these issues and the investigation of particle separation inside the filter media is the aim of this study.
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Particle separation within fibrous depth filters occurs based on 
diffusional deposition, inertial impaction and interception. Those 
mechanisms can be described by different model equations. 
However, these equations are usually not able to deal with the 
high structural heterogeneity of filter media. To deal with this 
issue, a model was derived, which divides the filter into several 
sub-filters having known structural data (Figure 1).

Figure 1: Schematic drawing of the proposed filter model.

Test filters are characterized using an X-ray microscope (XRM) 
which allows to visualize the 3D-structure and to extract the 
porosity distribution along the filter length via image analysis 
of cross-sectional images. A descending porosity of the filter 
material along its length was expected which can be proofed 
by the data from XRM. This is desired by the manufacturer 
to obtain a uniform loading of the filter material. Since the 
image analysis is a crucial step and prone to error, the porosity 
distribution measured by XRM is compared to a gravimetrically 
determined porosity. A good agreement between both methods 
is found (Table 1).

Table 1: Comparison of obtained porosity by gravimetric (arithmetic mean ± standard 
deviation, n = 3) and tomographic measurement.

These data were implemented into the model, and the filtration 
efficiency is calculated. Especially the local deposition is of 
particular interest and can be calculated with the proposed 
model (Figure 2).

Figure 2: Measured 3D-structure of test filter with a voxel resolution of 15 µm (left) and 
via image analysis (1444 images with a thickness of 14.35 µm) determined porosity 
distribution (right).

For testing a filtration with a face velocity of 0.5 m/s and test 
dust Pural NF (dp50,3=9.93µm), a dust load of air of 2.5mg/l was 
considered and the local distribution of the mass in the initial 
state is calculated (Figure 3).

Figure 3: Calculated local distribution of deposit mass inside the filter media.

In this particular case a mayor amount of deposited mass 
is separated within the first layers of the filter media. This 
is reasoned by the coarse test dust, and high inertial forces 
expired to the dust appearing in the filter media. A desired 
uniform loading of the material couldn’t be observed based on 
that calculated data.
However, the proposed strategy for modeling the filtration 
performance seems to be promising since it is possible to 
predict filtration efficiency considering structural inhomogeneity 
and to investigate local phenomena inside the material.

Publications: 
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Presentation, Bamberg, March 2019.
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W. Tillmann, M. Thommes, D. Pieloth, International Conference on 
Particle Technology (Partec), Presentation, Nuremberg, April 2019.

Ɛgrav [-] ƐXRM [-]

0.988 ± 0.0006 0.981



SCIENTIFIC HIGHLIGHTS 2018Page 52

The aim of this work is to describe the dissolution behavior of single crystals with a numerical model. Already existing 
analytical approaches for the description of crystal dissolution like Fick’s law of diffusion, the Nernst-Brunner equation, the 
Hixson-Crowell cubic root law and the Higuchi equation are suitable. However they do not take into account the anisotropy 
or the particle shape. The motivation of this work is to model the dissolution behavior of single crystal particles by using a 
finite volume method. Dissolution is understood as the transformation of a solid (crystalline state) in a liquid environment in 
a solution. This process is divided into two parts. The phase transition and diffusion.

The phase transition can be modelled numerically with the so 
called phase field simulation. In this numerical tool a partial 
differential equation is used to replace boundary conditions at 
the interface. This leads to an evolving auxiliary field. The time 
evolution of the phase (phase transition) of one substance 
could be described according to the Beckermann approach. 
The corresponding concentration field (diffusion) for the binary 
system was modelled using the equation below. It shows that 
the concentration change over space and time is related to 
the phase averaged diffusivity and the concentration gradient. 

Figure 1: Schematic and formula of the phase field (top), Schematic and formula of the 
concentration field (bottom).

Figure 2: Dissolving isotropic, two dimensional 2,5 μm griseofulvin particle in water at 37°C 
(top), dissolved fraction over the simulation time (bottom).

An isotropic, circular, two-dimensional griseofulvin particle 
dissolving in water (37 °C) was simulated as a model 
system. In the simulation a simultaneously evolving phase 
and concentration field could be observed. Because of the 
isotropic properties of the simulated, two dimensional particle 
a comparison of the numerical results based on the previous 
mentioned Hixson-Crowell law is possible.

The system was solved numerically to obtain the phase transition 
and diffusion (concentration field) as a function of time. Due to 
the fact that the Hixson-Crowell law describes the dissolution 
behaviour of a three dimensional, isotropic spherical particle, a 
new equation for a circular two dimensional, isotropic, crystal 
was derived.
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Using the Phase Field Approach for Simulating Particle Dissolution

Dominik Sleziona, David R. Ely, Markus Thommes
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Correlation of Powder Performance on a Rotary Tablet Press and Standardized  
Methods for Flowability

Maren Zimmermann, Kalaiarasi Sathiyaseelan, Markus Thommes

In tablet manufacturing powder flow is frequently the rate limiting step as it directly influences weight and dose uniformity. 
In addition, an insufficient powder flow may cause variations in several product quality attributes (e.g. mechanical 
strength). Various methods are known for the measurement of powder flowability, which are standardized in the European 
pharmacopeia to ensure comparability. Nevertheless, the methods are mainly used to qualitatively rank powder flowability 
and rather investigate the performance of powder in tablet manufacturing. The aim of this study is the determination of a 
correlation between standardized measurement procedures for the evaluation of powder flowability and the flow behavior 
of pharmaceutical powder in a rotary tablet press. 
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In most rotary tablet presses a feed frame with rotating paddles 
is used in order to overcome the challenges in powder flow. 
Powder flow of three different pharmaceutical powder from the 
feed frame (see Figure 1) is compared with static (ring shear 
cell) and dynamic (powder flow from a funnel) measurement 
methods.

Figure 1: Schematic of the experimental set-up to determine powder flow rate through a 
feed frame of a rotary tablet press.

As shown in Figure 2 the results of the measurements with 
the ring shear cell are as expected: Emcocel 90M could be 
classified as “free flowing” powder (4 < ffc < 10). Di-Cafos A150 
offers a higher flowability (ffc > 10) due to a high and regular 
particle size. GranuLac 200 is a cohesive powder and features 
low powder flowability (1 < ffc < 2). 
Variations could be seen by measuring the flow rate through 
an orifice (see Figure 2): The mass flow of Emcocel 90M is the 
smallest one due to a various flow behavior. 

Figure 2: Comparison of the flowability index ffc (hatched, arithmetic mean ± standard 
deviation, n = 3) and the flow rate through an orifice (filled, arithmetic mean ± standard 
deviation, n = 6) of three model substances.

By determining the powder mass flow through a rotary tablet 
press feed frame a similar order can be found than in the 
experiments with the ring shear cell (see Table 1): The mass 
flow of Di-Cafos A150 is the highest one while the flow rates of 
Emcocel 90M and GranuLac 200 are lower due to the cohesion 
of the powders.

Table 1: Mass flow rate through the feed frame of a rotary tablet press of three model 
substances (arithmetic mean ± standard deviation, n = 10).

Contrary to the expectations and the recommendations of 
the European pharmacopeia, powder flowability determined 
by the flow rate through an orifice does not correlate with 
the mass flow from the feed frame of a rotary tablet press. 
As this standardized method considers both particle-related 
and dynamic process-related factors, it should represent the 
conditions in a rotary tablet press feed frame best.
Next to the evaluation of powder flowability by standardized 
methods and the comparison to heuristic ranges, the mass flow 
through a feed frame of a rotary tablet press was measured 
in order to investigate transferability. Determining powder 
flowability with a ring shear cell resulted in the same order than 
measuring the flow rate through the feed frame. Unexpectedly, 
powder flow through an orifice cause a different ranking.

Publications: 
M. Zimmermann, K. Sathiyaseelan, M. Thommes, 3rd European 
Conference on Pharmaceutics, Bologna, March 2019.

Di-Cafos
A150

Emocel
90M

GranuLac
200

ṁ [kg/h] 5.66 ± 0.82 1.73 ± 0.21 0.39 ± 0.20
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Efficient Design of Solvent-based Separation Processes

Kai Fabian Kruber, Mirko Skiborowski

Solvent-based separation processes, such as extraction or extractive-distillation, show large potential for the purification of 
highly diluted components from fermentation broths and waste streams or for the separation of azeotropic mixtures. While 
the overall process performance inherently depends on the choice of an optimal solvent, common methods for solvent 
selection rely on simple performance indicators, potentially resulting in suboptimal processes. In order to connect solvent 
selection and process performance more closely, a hierarchical approach with successive model refinement is developed, 
which builds on the prediction of thermodynamic properties by COSMO-RS, avoiding the need for experimental data in 
early conceptual design phases. The approach allows for optimized massive screening of solvents while finally providing 
a rigorous process optimization.
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Liquid-liquid extraction is one of the most promising techniques 
for the separation of components with similar molecular 
sizes, boiling and melting points. It is of specific importance 
for the processing of bio-renewables, especially highly 
diluted fermentation broths. One of the most important steps 
in designing a liquid-liquid extraction process is selecting 
a suitable solvent. This selection is commonly based on 
heuristic guidelines, expert knowledge and simplified process 
performance indicators, such as distribution coefficients at 
infinite dilution, selectivity and the capacity of the solvent. These 
indicators are usually considered simultaneously in order to 
characterize the solvent performance. Modern computer-aided 
molecular design (CAMD) methods can automatically generate 
solvent candidates and rate them based on the mentioned 
indicators, e.g. by group-contribution based estimations. In 
order to avoid heuristic weighting of these indicators, process 
performance should rather be considered directly including 
process economics.
For this purpose, a hierarchical design approach has been 
developed, which can be divided into four stages according 
to Figure 1. The approach builds on the prediction of 
thermodynamic properties based on COSMO-RS followed 
by two screening steps [1]. The feasibility screening removes 
solvent candidates according to pre-defined constraints, 

such as boiling temperature and the formation of azeotropes. 
For the remaining candidates, the minimal energy demand 
and operational costs are evaluated automatically using 
thermodynamic sound pinch-based process models. The most 
promising solvent candidates are further investigated regarding 
the overall economics of the hybrid process utilizing a rigorous 
superstructure optimization. This builds on equilibrium-stage 
models in combination with sizing and costing equations. The 
resulting approach facilitates the efficient selection of a solvent 
for an extraction-distillation hybrid process with a hierarchical 
model refinement to manage the trade-off between detailed 
results and minimal effort.
The proposed approach was successfully applied to the 
purification of the platform chemical γ-Valerolactone from an 
aqueous solution. For the investigated case study, more than 
4600 solvent candidates were evaluated. The results of the 
revised screening and rigorous optimization demonstrate the 
capability of the approach to determine a cost-optimal solvent 
based on the overall process design. The presented approach 
is highly flexible and computationally efficient and thus the 
application to other solvent-based separation processes as 
well as more complex process configurations will be subject 
to future work.

Publications: 
[1] K. F. Kruber, J. Scheffczyk, K. Leonhard, A. Bardow,  
M. Skiborowski, Comp. Aided Chem. Eng. 43, 325-330 (2018).

Figure 1: Schematic representation of hierarchical design approach.
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Organic solvent nanofiltration (OSN) is a promising technology for an energy-efficient separation of organic mixtures. 
Currently, a quantitative prediction of the separation performance of a specific membrane in different chemical systems is 
not possible, since there is a lack of suitable models. Thus, an extensive experimental effort is needed to determine the 
feasibility of OSN for a specific separation task. In the current work an automatic method for the determination of a suitable 
data-driven model with predictive power for a given membrane was developed, which allows for performance predictions 
based on a number of thermodynamic and transport properties.

Pressure-driven membrane processes like OSN offer a high 
potential for improving the energy efficiency of classical 
separation processes, since they operate without phase 
transition at low operating temperatures. However, OSN is 
rarely considered during conceptual process design, since 
models for reliable quantitative predictions of the separation 
performance in different chemical systems are currently 
missing. To overcome this limitation, appropriate models 
with some predictive power are essential. Common models 
for OSN like solution-diffusion or pore-flow models, require 
membrane and component specific parameters, such that 
they are not applicable for predictions of different substances. 
Hence, the evaluation of OSN is requiring tedious screening 
experiments. So far a number of different models have 
been developed, which allow for the predictive evaluation of 
the solvent flux, by correlating molecular descriptors of the 
solvents and membrane-specific parameters in a fixed model 
structure. Such models were developed for a limited set of 
different membranes, already showing strong variations in the 
quality of the prediction for the different membranes. However, 
since the number of available OSN membranes is yet limited, 
tailored model structures for each membrane type are a 
feasible option. Models for the prediction of solute rejection 
have not been reported at all. 
In order to facilitate the development of predictive membrane-
specific models, an optimization-based data-driven approach 
is proposed [1]. The method utilizes a combination of genetic 
programming (GP) and deterministic global optimization for the 
identification of optimal parameters, in order to automatically 
identify suitable model structures and parametrization. For 
flux and rejection models for OSN, different descriptors that 
account for physical and chemical properties of the solutes 
and the solvents are correlated to experimentally measured 
data of different solutes and solvents. Whereas the GP 
approach is used for the identification of the model structure, 
the identification of the best parameter values for each model 
candidate is performed by means of global deterministic 

optimization. A considerable feature of the approach, which 
stands out in comparison to other automated model learning 
algorithms, is the ability to generate models that are nonlinear 
in the parameters and rate them on the basis of accuracy and 
parameter precision.
The method was successfully applied to the prediction of 
mixed solvent flux through ceramic membranes [2] and 
rejection of various components (homologous series of even 
numbered linear alkanes, a branched isomer and different 
aromatic components) solved in different organic solvents 
by polymeric membranes [1]. Figure 1 illustrates the results 
for the components solved in toluene. Only for one of the 
components, a deviation of ±5% between measured and 
predicted rejection is exceeded. 

Figure 1: Calculated vs. experimental Rejection of various components solved in toluene 
(black symbols: components used for model development, green symbols: predicted 
components, dashed lines: deviation of ±5%) [1].
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Automatic Model Development for Organic Solvent Nanofiltration

Rebecca Goebel, Mirko Skiborowski
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Developing Rotating Packed Beds for Application in Distillation

Hina Qammar, Konrad Gladyszewski, Mirko Skiborowski, Andrzej Górak

Rotating packed beds (RPBs) have gained considerable attention as flexible and modular equipment for process 
intensification. However, the characterization of mass transfer performance in various RPB packings was most often 
characterized based on the overall mass transfer in the RPB without differentiation between mass transfer in the casing 
and the packing. To avoid these mistakes and derive reliable design correlations, a systematic investigation of the mass 
transfer performance w.r.t. the packing and the casing is performed. It is further shown that a newly developed ZickZack 
(ZZ) packing provides better separation efficiency compared to conventional RPB packings. 

Contact:
hina.qammar@tu-dortmund.de
konrad.gladyszewski@tu-dortmund.de 
mirko.skiborowski@tu-dortmund.de
andrzej.gorak@tu-dortmund.de

In an RPB, liquid and vapor streams are contacted counter 
currently in an annular shaped rotating packing. Phase 
contacting is intensified through the generation of thin films and 
fine droplets due to the applied centrifugal force resulting in a 
reduced equipment size compared to conventional columns. 
After the first patent for an RPB more than 50 years ago, a few 
hundred studies have been published on various separation 
processes, while also several industrial applications of RPBs 
are recognized [1]. Almost all published studies measure 
concentration differences between inlet and outlet of the RPB 
and contribute overall mass transfer to the packing. However, 
the liquid droplets leave the packing at high speed into the 
casing that is filled with the vapor phase, such that considerable 
mass-transfer takes place. 
To develop generally applicable design correlations, a 
systematic investigation was initiated to determine the 
mass transfer distribution in an RPB. The evaluation was 
done in terms of total reflux distillation experiments with an 
ethanol-water system at atmospheric pressure. Temperature 
measurements for the binary system at the vapor inlet, outlet 
and in the casing validate that the casing contributes to the 
overall mass transfer equivalent to almost one theoretical 
stage [2], as shown in Figure 1.

Figure 1: Distribution of mass transfer between casing and packing in an RPB;  
Feye = 0.6 Pa0.5, Knitted mesh [2].

The rotational speed represents an additional degree of 
freedom in the RPB, which affects the separation efficiency. 
Experimental results show however that this relationship is 
not necessarily linear. At a certain rotational speed, a trade-
off between the beneficial effect of high shear forces and 
reduced residence time results in a maximum in separation 
performance. Therefore, an improvement in mass transfer 
particularly inside the packing can lead to an improvement 
in the overall separation efficiency of the RPB. This can be 
achieved by either increasing the wettability of the packing 
to provide a higher interfacial area and/or by improving the 
phase contacting time. In this regard, a single block stage-type 
packing, called ZickZack (ZZ) packing, was developed using 
additive manufacturing [3] to provide higher residence time and 
more homogeneous hydrodynamic conditions compared to 
conventional RPB packings. Figure 2 shows the performance 
evaluation of different packings in conventional distillation 
column e.g. Raschig super ring metal (RSRM), Intalox metal 
tower packing (IMTP) and HOLPACK, compared to knitted 
mesh (KM) and ZZ packing in an RPB. The obtained results 
show the potential benefits that can be achieved by improved 
packing design in an RPB. 

Figure 2: Comparison of different packings for conventional distillation column and RPB; 
Feye = 0.6 Pa0.5.
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Release of a Droplet entering a Shear Flow through a Pore
Droplet release similar to Rayleigh-Plateau instability

Konrad Boettcher, Daniel Becker, Peter Ehrhard

Fuel cells consist of an anode, cathode, and an electrolyte, mostly a non-wettable polymer-membrane. Usually, water is 
formed and the emerging droplets or liquid films may increase the pressure drop, which may cause an undersupply of the 
reactive materials in the reactive areas. Therefore, water management in fuel cells is still a big issue and can be improved, if 
the release of a droplet into and the transport in the gas flow is well understood. In the published literature, a droplet-release 
model is developed by using CFD. Due to numerical issues, the droplet wets the non-wettable channel, which changes the 
overall behavior of the droplet in the gas flow.

To get insight into the physical mechanism of droplet release, 
the general approach is to reduce the problem to a liquid 
flowing through a single pore into a gas shear-flow in a non-
wettable channel. Hitherto, existing theoretical models try to 
predict the release by assuming a rupture in the liquid bridging 
the droplet with the pore, but this does not work well. 

FLUENT is used to perform the CFD simulations. The VOF 
method is engaged in combination with a PLIC surface-
reconstruction scheme for calculating the surface forces 
in a CSF-model. As the wettability is prohibited by a mass-
conservation scheme, the simulations give a phenomenological 
insight into the flow structure. 

Thereby, the liquid pressed through the pore forms a growing 
spherical cap. The liquid partly blocks the cross-sectional 
area of the channel, increasing the velocity of the gas due to 
continuity reasons. The stream-up stagnation pressure and the 
resulting pressure drop on top of the droplet force the droplet 
to move into the channel. The upper part is affected by higher 
shear forces, accelerating the droplet to move with a higher 
speed. Due to this, the liquid bridge thins. 

Figure 1: Scheme of release mechanism: The volumetric flow rate V2 exceeds V0 due to 
the shear forces acting on the upper part of the kidney-shaped droplet. Whilst in the pore-
sided droplet and the kidney-shaped droplet the curvature radii (ri0 ~ ra1 and ri2 ~ ra2) are 
of the same magnitude, the azimuthal curvature exceeds the outer radius in the thinned 
region.
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konrad.boettcher@tu-dortmund.de 
daniel4.becker@tu-dortmund.de 
peter.ehrhard@tu-dortmund.de

This corresponds to a shear-induced Rayleigh-Plateau 
instability: in the thinned region, the inner azimuthal curvature 
radius (ri1) of the interface gets dominant in the Laplacian 
pressure jump across the interface (Figure 1). Therefore, the 
highest pressure appears in the constricting region (Figure 2), 
forcing the liquid to flow into the pore-sided droplet or into 
the kidney-shaped droplet. Knowing this release mechanism, 
simple mathematical criteria for the release is obtained.

Figure 2: Free interface (black line) dividing the liquid from the gas. Colormap shows 
the pressure field, indicating a high pressure in the constricting region shortly before the 
kidney-shaped droplet is released.
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Downsizing devices in industrial production becomes more and more essential, because the process conditions can be 
controlled more precisely. For single-phase systems, the micro-scale operations are well investigated. In multiphase sys-
tems though, the disperse phase interacts with both the walls and the continuous liquid phase. The founded knowledge of 
the flow and transport processes is mandatory for the design of (micro) devices, so that within this work we investigate the 
behaviour of rising gas bubbles in capillaries, which clearly differs from the bubble rise in infinitely-extended liquid pools.

Based on the knowledge of rising gas bubbles in an infinitely-
extended liquid continuum, the behaviour of individual 
disperse gas bubbles, rising in vertical capillaries of various 
diameters, is the focus of our fundamental experimental 
investigations. Such systematic experiments on the bubble 
rise in capillaries can hardly be found in literature. For this 
purpose, a test setup has been constructed and carefully 
tested within our laboratory. As can be seen in Figure 1, we 
inject bubbles of a well-defined volume through a hollow 
needle into the continuous liquid phase. These bubbles 
eventually rise within the replaceable calibrated capillaries 
of various inner diameters. The liquid phase may rest or flow 
through the vertical capillary at a defined volumetric flow rate 
in either direction in a laminar manner. 

Figure 1: Experimental setup with a 
coaxial square channel to adjust the 
refractive index, it includes also three 
laser light sheets.

The (terminal) rising velocity of the bubble in the vertical 
capillary is measured by two laser light sheets. Both optical 
systems are attached to the experimental setup at a defined 
distance, both span up a parallel light sheet and collect the 
light on a sensor, after passing through the capillary. A rising 
bubble first passes the lower, and afterwards the upper laser 
light sheet, such that at the sensors intensity signals are 

generated, which are sketched in Figure 2. From the measured 
time difference ∆t between the two peaks, and the defined 
distance, the rising velocity can be accurately inferred.

The measurement and the generation of the bubble volume 
appear to be crucial. For this purpose, a calibrated 0.4 mm 
diameter capillary is installed before the bubble enters the 
vertical capillary through the hollow needle. As the bubble 
is strongly elongated within the 0.4 mm capillary, its length 
can be measured precisely, and moreover a precision syringe 
pump allows to inject the gas at a T-junction in a controlled 
manner. As soon as the desired bubble sits in the 0.4 mm 
capillary, a second syringe pump moves both the liquid and 
the embedded gas bubble into the vertical capillary at a low 
volumetric flow rate. The bubble volume can be calculated 
fairly accurately, by using a cylinder with two hemispheres at 
each end, whereas all geometrical data are available.

Figure 2: Signals generated 
by the bubble as it passes 
the two laser light sheets. The 
intensities of the laser light 
at the sensors is recorded as 
function of time.

While both the bubble volume (and hence, its equivalent 
diameter) and the terminal bubble velocity can be measured 
by the above methods, the deformation of the bubble and any 
velocity fields in the vertical capillary are harder to measure. 
This is due to the fact that the vertical capillary, though 
optically transparent, in general strongly distorts any image 
taken. To produce undistorted images, an adjustment of the 
refractive indices (liquid, glass) must be arranged. For this 
purpose, as shown in Figure 1, a coaxial square channel is 
built around the capillary. As the refractive index of the inner 
liquid can be adjusted to the refractive index of the glass, 
we engage a thermostat to circulate the adapted liquid at 
defined temperature also through the coaxial channel. The 
temperature control allows for the fine adjustment of the 
refractive index of this liquid.
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Multiphase Flows in Capillaries
Experimental investigations on rising bubbles in vertical capillaries

Sabrina Grünendahl, Peter Ehrhard
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Multiphase Flows in Aerated Tanks
Numerical simulations of the activated-sludge process on a pilot-plant scale

Ann Kathrin Höffmann, Johanna Schmidt, Peter Ehrhard

The energy consumption of municipal waste-water-treatment plants in Germany appears to be substantial. Waste-water-
treatment plants working with the activated-sludge process consume up to 80 % of their total energy needs to aerate the 
respective tanks. To identify saving potentials and to increase the efficiency of the aeration tanks, numerical simulations are 
conducted to capture the hydrodynamics, the mass transfer, and the biochemical reactions. Numerical simulations allow for 
the test of system configurations and operating modes without cost-intensive reconstruction work.
The present work concentrates on numerical investigations of the hydrodynamics of rising air bubbles in activated sludge, 
based on the Euler-Euler method. In a pilot-plant-scale aeration tank, the bubble rise, the oxygen mass-transfer into the 
activated sludge, and the biochemical reactions are computed and in parallel experimentally examined at our collaboration 
partner at the Helmholtz Research Centre Dresden-Rossendorf (HZDR).

To compute the hydrodynamics, the oxygen mass-transfer, 
and the biochemical reactions in a pilot-plant-scale aeration 
tank, the Euler-Euler method is engaged within Ansys CFX. 
The activated sludge is treated as a continuous phase and 
air as incompressible monodisperse phase. The biochemical 
reactions are computed using the ASM model No 1. In an 
aeration tank of a waste-water-treatment plant, nitrification 
occurs within the aerated regions, while denitrification occurs 
within the anoxic regions. In the pilot plant, the entire floor 
area is equipped with air diffusers. For this reason, only the 
oxidation of ammonium to nitrate can be observed in both the 
computations and the experiments.

Figure 1: Activated-sludge velocity vectors in a vertical section above the plate diffuser 
and bubble streamlines.

The figures show some of the results of our computations. The 
flow topology and the oxygen concentration for a volumetric 
flow rate of 10 m³/h air can be seen. In Figure 1 the activated-
sludge velocity vectors are given in a vertical section above the 
plate diffuser. Additionally, the bubble streamlines are depicted 
in grey. It can be concluded, that the rising air bubbles induce 
two vortices within the activated sludge. Figure 2 shows the 
oxygen concentration field within two sections, which clearly 
appears to be affected by the biochemical reactions. It can be 
seen, that the oxygen concentration in the first vortex after the 
activated sludge inflow is lower than in the second vortex. This 
is due to the oxidation of the ammonium within the first vortex, 
consuming the oxygen in this region. Within the second vortex, 
the ammonium appears to be already oxidized, though.
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Figure 2: Oxygen concentration in a vertical section above the plate diffuser and in a 
horizontal section at half tank height.

Finally, Figure 3 shows a comparison of the ammonium 
concentrations from both simulation and experiments at the 
measurement point shown in Figure 1. This measurement 
point is located within the second vortex, the data are collected 
for different volumetric flow rates of air. The comparison shows 
a good agreement between numerical and experimental data.
In the future, the effect of pulsed aeration, in comparison to 
continuous aeration, will be the focus of both the experimental 
and numerical investigations.

Figure 3: Comparison of the measured and computed data for the ammonium 
concentration at the measurement point, shown in figure 1.
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Chemical Fingerprinting of Single Glandular Trichomes of Cannabis sativa by  
Coherent Anti-Stokes Raman Scattering (CARS)

Paul Ebersbach, Felix Stehle, Oliver Kayser, Erik Freier

Cannabis possesses a rich spectrum of phytochemicals i.e. cannabinoids, terpenes and phenolic compounds of industrial 
and medicinal interests. Most of these high-value plant products are synthesised in the disk cells and stored in the secretory 
cavity in glandular trichomes. Conventional trichome analysis was so far based on optical microscopy, electron microscopy 
or extraction based methods that are either limited to spatial or chemical information. Here we combine both information to 
obtain the spatial distribution of distinct secondary metabolites on a single-trichome level by applying Coherent anti-Stokes 
Raman scattering (CARS), a microspectroscopic technique, to trichomes derived from sepals of a drug- and a fibre-type.

Hyperspectral CARS imaging in combination with a 
nonlinear unmixing method allows to identify and localise  
Δ9-tetrahydrocannabinolic acid (THCA) in the secretory 
cavity of drug-type trichomes and cannabidiolic acid (CBDA)/ 
myrcene in the secretory cavity of fibre-type trichomes, thus 
enabling an easy discrimination between high-THCA and 
high-CBDA producers. A unique spectral fingerprint is found 
in the disk cells of drug-type trichomes, which is most similar 
to cannabigerolic acid (CBGA) and is not found in fibre-type 
trichomes. Furthermore, we differentiate between different 
cell types by a combination of CARS with simultaneously 
acquired two-photon fluorescence (TPF) of chlorophyll a from 
chloroplasts and organic fluorescence mainly arising from cell 
walls enabling 3D visualisation of the essential oil distribution 
and cellular structures.

Figure 1: Transmission and single-photon fluorescence images of a glandular trichome (a) 
and of secretory cavity (b) of C. sativa var. Bedrobinol with 561 nm excitation. Anatomy 
of glandular trichomes captured with SEM (c). Blue: Transmission; White: Fluorescence 
of organic substances (emission 580–630 nm); Green: Fluorescence of chlorophyll a  
(em 660–700 nm). Scale bars 50 μm (a and b), 25 μm (c).
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Here we demonstrate a label-free and non-destructive method 
to analyse the distribution of secondary metabolites and 
distinguish between different cell and chemo-types with high 
spatial resolution on a single trichome. The record of chemical 
fingerprints of single trichomes offers the possibility to optimise 
growth conditions as well as guarantee a direct process control 
for industrially cultivated medicinal Cannabis plants. Moreover, 
this method is not limited to Cannabis related issues but 
can be widely implemented for optimising and monitoring all 
kinds of natural or biotechnological production processes with 
simultaneous spatial and chemical information.

Figure 2: Overlay of F-HCARS relative abundance maps and EPI-HTPF abundance 
maps of C. sativa var. Bedrobinol (a) and C. sativa var. Fedora (b). Red: C-H stretching 
signal similar to THCA; Yellow: C-H stretching signal most similar to CBGA; Orange: C-H 
stretching similar to CBDA/myrcene, White: TPF of organic substances (em 380–560 
nm); Green: TPF of chlorophyll a (em 560–750 nm). Detailed picture of Bedrobinol disk 
cells (c-e). TPF of organic substances highlight the disk cell morphology (c), F-HCARS 
signals indicate the presence of CBGA and/or a complex mixture of different aliphatic C-H 
rich substances (d), F-HCARS signals cover the area of organic fluorescence revealing 
CBGA and/or a complex mixture of different aliphatic C-H-rich substances is almost 
exclusively localised inside the disk cells (e). Scale bars 50 μm (a and b); Scale bar  
10 μm (c-e).
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Since the recognition of cannabinoids as a clinical significance, it gained interest to investigate the plants, which have 
similar natural compounds other than Cannabis sativa. This has led to the identification of liverworts having cannabinoid-
like compounds. These liverworts considered as the potential alternative source of cannabinoid like compounds due to 
a relatively simple architecture and a huge diversity of natural habitats. However, lack of genetic information for such a 
distinguished liverwort lead us to study Radula marginata at transcriptomic level. Therefore, transcriptome was captured, 
deep sequenced, de novo assembled and annotated leading to the identification and validation of genes for cannabinoids 
pathway.

The liverwort Radula marginata belongs to the bryophyte 
division of land plants and is a prospective alternate source 
of cannabinoid-like compounds. However, mechanistic 
insights into the molecular pathways directing the synthesis 
of these cannabinoid-like compounds have been hindered 
due to the lack of genetic information. This prompted us to 
do deep sequencing, de novo assembly and annotation of  
R. marginata transcriptome, which resulted in the identification 
and validation of the genes for cannabinoid biosynthetic 
pathway. In total, we have identified 11,421 putative genes 
encoding 1,554 enzymes from 145 biosynthetic pathways. 
Interestingly, we have identified all the upstream genes of the 
central precursor of cannabinoid biosynthesis, cannabigerolic 
acid (CBGA), including its two first intermediates, stilbene acid 
(SA) and geranyl diphosphate (GPP). Expression of all these 
genes was validated using quantitative real-time PCR. We 
have characterized the protein structure of stilbene synthase 
(STS), which is considered as a homolog of olivetolic acid in 
R. marginata. Moreover, the metabolomics approach enabled 
us to identify CBGA-analogous compounds using electrospray 
ionization mass spectrometry (ESI-MS/MS) and gas 
chromatography mass spectrometry (GC-MS). Transcriptomic 
analysis revealed 1085 transcription factors (TF) from 39 
families. Comparative analysis showed that six TF families 
have been uniquely predicted in R. marginata. In addition, the 
bioinformatics analysis predicted a large number of simple 
sequence repeats (SSRs) and non-coding RNAs (ncRNAs). 
Our results collectively provide mechanistic insights into the 
putative precursor genes for the biosynthesis of cannabinoid-
like compounds and a novel transcriptomic resource for  
R. marginata. The large-scale transcriptomic resource 
generated in this study would further serve as a reference 
transcriptome to explore the Radulaceae family.

Figure 1a): Crystal structure of stilbene synthase model compared with Chalcone 
synthase-like polyketide (left, 3awk.1) and Stilbene carboxylate synthase from 
Marchantia polymorpha (right, 2p0u,1A). 1b) Quality estimate of local similarity. Z score 
of the predicted STS model in Radula marginata. 1c) Alignment of the identified stilbene 
synthase in Radula marginata with the respective template model, blue boxes are the 
beta sheets, yellow boxes in the alignment are the variable sites for both models used as 
well in olivetolic acid from Cannabis sativa.
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Engineering Pseudochelin Production in Myxococcus xanthus
A new host for the production of an anti-inflammatory drug

Juliane Korp, Lea Winand, Angela Sester, Markus Nett

Natural products of the myxochelin family are potent inhibitors of the enzyme human 5-lipoxygenase, which is a validated target 
for the treatment of asthma and other inflammatory diseases. Recently, a novel myxochelin derivative named pseudochelin A 
was described from the marine bacterium Pseudoalteromonas piscicida. Unlike other myxochelins, pseudochelin A features 
a distinctive imidazoline ring. In this project, we elucidated the molecular basis for the biosynthesis of pseudochelin A and we 
generated a recombinant Myxococcus xanthus strain with strongly improved pseudochelin A yields compared to the native 
producer. For this purpose, a novel plasmid-based expression system was developed. 

The characteristic imidazoline moiety of pseudochelin A was 
proposed to originate from an intramolecular condensation 
reaction of the β-aminoethyl amide group in myxochelin B 
(Figure 1). 

Figure 1: Late steps in the biosynthesis of myxochelins A and B, as well as  
pseudochelin A.

To identify the enzyme catalyzing this conversion, we compared 
the myxochelin regulons of two bacteria that produce solely 
myxochelin A and myxochelin B with that of P. piscicida. This 
approach revealed a gene exclusive to the pseudochelin 
regulon, coding for an enzyme of the amidohydrolase 
superfamily. To prove that this enzyme is indeed responsible 
for the postulated conversion, the reaction was reconstituted 
in vitro using a hexahistidine-tagged recombinant protein 
made in Escherichia coli, with myxochelin B as the substrate  
(Figure 2). 

For the heterologous production of pseudochelin A, the 
amidohydrolase gene was cloned into a newly developed 
expression plasmid and placed under the control of a copper-
inducible promoter. The resulting vector was subsequently 
introduced into the myxobacterium M. xanthus, a native 
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producer of myxochelin A and B. Following induction with 
copper, the expression host was found to synthesize small 
amounts of pseudochelin A. Replacement of the copper-
inducible promoter with a constitutive promoter led to 
significantly increased production levels. 

Figure 2: (A) SDS-PAGE of purified 6_His-MxcM. The calculated molecular mass of the 
recombinant protein is 58.786 kDa. Lane M, protein ladder. (B) Results of the in vitro 
testing of 6_His-MxcM. Total ion chromatograms of myxochelin A (compound 1) with 
6_His-MxcM (profile a), myxochelin A (compound 1) without 6_His-MxcM (profile b), 
myxochelin B (compound 2) with 6_His-MxcM (profile c), and myxochelin B (compound 2) 
without 6_His-MxcM (profile d) are shown. The additional peak in profile c corresponds to 
pseudochelin A (compound 3).

This study described for the first time the heterologous 
expression of a gene in a myxobacterium without chromosomal 
integration. Furthermore, it was demonstrated that M. xanthus 
represents a promising alternative to established host 
systems for the reconstitution and manipulation of biosynthetic 
pathways.
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Siderophores are low-molecular-weight iron chelators that are produced by diverse microorganisms in order to facilitate the 
cellular uptake of this biologically important transition metal. Because of their potent complexing properties, siderophores 
have found numerous applications which range from the medical treatment of iron overload diseases to the recovery of 
rare earth elements. Previous studies indicated that diatoms are beneficiaries of siderophore production by surrounding 
bacteria. We could now show that siderophore biosynthesis is actually induced by diatoms irrespective of the iron concen-
tration in the growth medium. This finding has important implications for the biotechnological production of siderophores.  

Cupriachelin is a lipopeptide siderophore produced by the 
freshwater bacterium Cupriavidus necator (Figure 1), which 
is industrially used for the production of biodegradable 
polyhydroxyalkanoates.

Figure 1: Chemical structure of cupriachelin. 

In this study, the cupriachelin-based interaction between  
C. necator and the freshwater diatom Navicula pelliculosa 
was investigated. The two organisms were chosen, because 
members of the genera Cupriavidus and Navicula are known 
to co-occur in the same environments in nature. Furthermore, 
we had previously observed that the bacterium positively 
influences the growth of the diatom under iron deficiency. 
We thus hypothesized that N. pelliculosa could trigger 
the production of cupriachelin and that the concomitant 
communication could rely on signal molecules secreted by the 
diatom. To probe this scenario, a C. necator reporter harboring 
the β-galactosidase gene lacZ was constructed to study 
differential expression levels of the cupriachelin biosynthesis 
gene cucJ in response to varying cultivation conditions. The 

subsequent analyses showed that both iron starvation and 
culture supernatants of N. pelliculosa can induce cupriachelin 
biosynthesis (Figure 2). 
To identify the transcription factors involved in these differential 
gene expressions, DNA-protein pulldown assays were carried 
out. For this, a DNA fragment comprising the promoter region 
of the cucJ gene was generated and incubated with cell 
lysates of C. necator. After several washing steps, bound 
proteins were eluted from the DNA and analyzed via SDS-
PAGE and MALDI-TOF/MS. Besides the iron-dependent ferric 
uptake regulator (Fur), a NarL-type response regulator was 
found to influence the expression of cupriachelin biosynthesis 
genes in the presence of diatom supernatants.

Figure 2: (A) β-Galactosidase activity of the C. necator reporter strain on three successive 
days after inoculation in H-3 mineral medium with different iron concentrations. The 
values represent the means and standard deviations for samples tested in triplicates. 
Statistical significance was assessed via one-way ANOVA with Tukey´s post hoc test 
(P<0.05) for every day comparison. Statistical differences are denoted by different letters 
within each day. (B) β-Galactosidase activity of the C. necator reporter strain on the 
second day after inoculation in H-3 mineral medium plotted against iron concentration in 
the medium. The values represent the means and standard deviations for samples tested 
in triplicates. The β-galactosidase activity was significantly (t-test, P < 0.05) different at 
low iron (1 µM) compared to replete conditions (10 µM).
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Enhancement of Siderophore Production by Algal-Bacterial Cocultivation
Diatoms induce siderophore biosynthesis in Cupriavidus necator
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Palladium-catalysed carboxytelomerisation of ß-myrcene to highly branched C21-esters
First Carboxytelomerisation of a branched 1,3-diene

Dennis Vogelsang, Morten Dittmar, Thomas Seidensticker, Andreas J. Vorholt

Herein, the first example of the palladium catalysed linkage of two mole branched 1,3-dienes, one mol carbon monoxide and 
one mole alcohol to highly branched C21-esters is presented. This homogeneous reaction, called carboxytelomerisation, is a 
powerful tool to generate esters and amides in a 100% atom economic way with excellent selectivities. Based on a detailed 
investigation on the influence of different monophosphine ligands, the Tolman angle was determined as a crucial factor for 
high chemoselectivity towards the desired ester products. Additionally, through the comprehensive design of experiments 
(DoE), significant reaction parameters were identified leading to optimised reaction conditions for methanol as nucleophile. 
Finally, the generality of these optimised reaction conditions was proven by applying eight different alcohols yielding in highly 
branched esters with yields up 99% and excellent chemoselectivities.

In the present work, the first example of a carboxytelomerisation 
of a 2-alkyl-substituted 1,3-diene with alcohols was shown, with 
ß-myrcene as representative substrate (Figure 1). Under very 
mild carbonylative reaction conditions (3 bar carbon monoxide 
at 80 °C) and a catalyst system comprising of palladium 
acetate and dicyclohexyl phenyl phosphine, the desired highly-
branched C21-esters 3a were obtained in quantitative yield in 
the absence of any stabilising solvent (i.e. neat). 

Figure 1: Extension of the carboxytelomerisation of 1,3-butadiene with methanol to 
ß-myrcene with alcohols.

The Tolman angle of the applied monophosphine ligand was 
determined to be crucial for ensuring highest chemoselectivity. 
By applying dicyclohexyl phenyl phosphine with a Tolman 
angle of 165°, excellent selectivity towards the target products 
3a was achieved. By monitoring the reaction profile, no 
formation of intermediates in the carboxytelomerisation was 
detected, supporting a direct reaction pathway with one single 
catalytic cycle. Additionally, significant trends of crucial reaction 
parameters were defined and catalytic reaction conditions 
were optimized by design of experiments (DoE). In the end, the 
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Technol. 8, 4332-4337 (2018).

generality of the reaction protocol was proven by converting 
eight alcohols giving moderate to excellent yields of the 
corresponding carboxytelomerisation products with excellent 
selectivities towards the corresponding esters (Figure 2). In 
ongoing studies, the reason for the limitation to ß-myrcene 
as 1,3-diene substrate will be studied and subsequently, 
the reaction protocol widened to apply several classes of 
1,3-dienes.

Figure 2: Transfer of optimised reaction conditions to determine the activity of different 
alcohols in the carboxytelomerisation of ß-myrcene. Reaction conditions: 1.46 mmol 
alcohol, 7.3 mmol ß-myrcene, 1 mol% Pd(OAc)2, 2 mol% Cy2Ph as ligand, 80 °C, 
3 bar CO, 6 h, 500 rpm; yields (Y) and selectivities (S) reported in %; all results were 
determined via GC-FID-analysis with dibutyl ether as internal standard; additional data of 
full characterisation of the products 3a-3h can be found in the ESI.
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The first example of the palladium-catalysed amidotelomerisation is presented, in style of the ambitious carboxytelomeri-
sation. A straightforward synthetic tool was generated to produce several industrially relevant pelargonic C9-amides based 
on the basic chemical feedstocks: 1,3-butadiene, carbon monoxide and secondary amines. The application of the amido-
telomerisation conditions to different classes of amines offered a broad range of the corresponding pelargonic C9-amides. 
Understanding this tandem catalysis, significant inhibition factors were uncovered and through a stepwise optimisation, a 
carbonylation reaction of octadienyl amines (telomer products) was shown for the first time, yielding 99% of the desired 
linear pelargonic C9-amides. 

Carboxytelomerisation is a 100% atom economic, palladium-
catalysed carbonylation reaction, giving access to pelargonic 
esters and its derivatives. In the present work, we established 
the amidotelomerisation of 1,3-butadiene, carbon monoxide 
and amines shown in Figure 1. The target products, pelargonic 
C9-amides and its derivatives, are compounds with a versatile 
application, e.g. as herbicides, rabbit repellents and capsaicin 
analogues.

Figure 1: Depiction of the carboxytelomerisation and the here presented novel 
amidotelomerisation.

Although carboxytelomerisation has been an important tool for 
ester synthesis, a straightforward transfer to amide synthesis 
is not possible. In Figure 2, a network of competing reactions 
comprising hydroamination, telomerisation and carbonylation 
reactions of the resulting allyl amines is illustrated. 

Figure 2: Competing reaction network under amidotelomerisation reaction conditions.

Based on a software-supported design of experiments (DoE), 
significant trends were determined for selected ranges of 
crucial factors. A sharp increase in the yield of the desired 
C9-amide was obtained through a low phosphine to palladium 
ratio and a high 1,3-butadiene to amine ratio. These trends are 
in accordance with the reported crucial reaction parameters of 
the carboxytelomerisation. 
After optimisation of the amidotelomerisation in terms of the 
type of ligand, ligand : palladium-ratio, 1,3-butadiene : diethyl 
amine-ratio and reaction time, a wide substrate scope of amines 
with different basicity and sterical demand was investigated. 
The product spectrum is visualised in Figure 3.

Figure 3: Products spectrum of the amidotelomerisation with different amines.

Interestingly, in case of di-iso-propyl amine with a high sterical 
demand, the highest yields of the corresponding amide with 
77% were achieved. Overall, competing hydroamination and 
carbonylation reactions were observed. In case of pyrrole, the 
desired C9-amide was observed with outstanding selectivity.

In conclusion, the network of competing reactions of the 
amidotelomerisation was uncovered, the influences on the 
tandem reaction were understood and reaction conditions for 
each reaction step achieving extremely high reaction rates were 
developed, resulting in a novel reaction path to unsaturated 
pelargonic amides.
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One-Step Palladium-Catalysed Synthetic Route to Unsaturated Pelargonic C9-Amides 
Directly From 1,3 Butadiene

Dennis Vogelsang, Johanna Vondran, Andreas J. Vorholt
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Polyhedral Oligomeric Silsesquioxane Modification of Metathesis Catalysts:
Improved Recycling and Lifetime in Membrane Separation

A. Falk, J. M. Dreimann, D. Vogt

Still, the recovery of homogeneous ruthenium catalysts, which are highly efficient in metathesis reactions, is a challenging 
task. We herein report the synthesis, application and recycling of polyhedral oligomeric silsesquioxane (POSS)-enlarged 
ruthenium complexes. For the first time, the necessity of modifying two different coordinating moieties in order to achieve 
catalyst stability and catalyst rejection in a membrane reactor is demonstrated.

Olefin metathesis is a powerful tool to rearrange carbon-carbon 
double bonds. The synthesis and application of well-defined, 
highly efficient homogeneous ruthenium catalysts is well 
known. Available catalysts show excellent functional group-, 
as well as air and moisture tolerance. However, high costs and 
tedious recovery and separation from the product disfavor their 
application in industrial processes. 

Figure 1: Chemical structure of the metathesis catalysts having different numbers of 
POSS units on the ligands.

The application of membranes is a very promising approach to 
separate and reuse the molecular catalyst. Another beneficial 
aspect in this membrane application approach is the in situ 
removal of smaller products obtained by the metathesis 
reaction. In many cases, available membranes suffer from 
insufficient selectivity, whenever the size of catalyst does not 
sufficiently differ from the size of the products. Therefore, 
the molecular weight enlargement of ruthenium complexes 
having POSS-tags on the coordinating ligands is a promising 
approach to obtain stable and recyclable metathesis catalysts.

Figure 2: Ring closing metathesis reaction.
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Figure 1 shows the initially synthesized metathesis catalyst, 
which is a Grubbs-Hoveyda catalyst having a POSS-tagged 
NHC-ligand coordinated. In order to evaluate the performance 
of the newly synthesized catalyst and to see if the POSS unit 
on the NHC influences the reaction, ring closing metathesis 
(Figure 2) was performed. These reactions showed more 
than 94 % conversion after 2 h having low catalyst loading of  
500 µM. Unfortunately separation and recycling of this catalyst 
complex was not possible since catalyst decomposition was 
driven forward by the loss of the stabilizing benzylidene 
ligand through the membrane. As a consequence also the 
benzylidene moiety of the metathesis catalyst was enlarged 
with a POSS unit, leading to the synthesis of the new ruthenium 
complex shown in Figure 1. This catalyst complex allowed 
four repetitive reaction and filtration cycles as presented in  
Figure 3. The leaching of the catalyst was lower than 3.5 % in 
each run.

Figure 3: Repetitive batch recycling of catalysts in the ring closing metathesis.

This research demonstrates for the first time the necessity 
for molecular weight enlargement of both, the NHC and the 
benzylidene ligand to achieve high catalyst retention. Improving 
the membrane separation configuration, even better catalyst 
recovery can be expected. Those experiments are still under 
investigation.
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The catalytic activity of a series of Ru-PNP pincer ligand complexes was studied in the direct amination of alcohols with 
ammonia. It turned out that all complexes of PNP ligands bearing a secondary amine showed no activity in this hydrogen-
shuttling reaction sequence, while all complexes of homologous ligands bearing a tertiary amine gave active catalysts. 
Further comparative studies on catalysts bearing an acridine-based PNP pincer ligand and a PNP ligand of the Xantphos 
family provided valuable mechanistic insight that led to the design of a highly active catalyst. It appears that in the group 
of ligands studied here only ligands that do not form stable Ru-amido complexes are active alcohol amination catalysts.

In view of its synthetic potential, the homogeneously catalysed 
direct amination of alcohols with ammonia has gained much 
attention since the first example was described by Milstein in 
2008. Since then, several other systems have been developed 
that are able to convert both primary and secondary alcohols 
to amines. A number of studies have revealed important 
information on the mechanism of the reaction, but still there 
are discrepancies and parts that need further elucidation. One 
particularly intriguing issue concerns the large differences in 
activity of the systems known. The usual assumption is that 
catalysis proceeds via the “Borrowing Hydrogen” or “Hydrogen 
Shuttling” method; hydrogen is temporarily stored on the 
catalyst after alcohol dehydrogenation to be re-used later in the 
hydrogenation of the imine or enamine intermediate (Figure 1).

Figure 1: Concept of “Hydrogen Shuttling”. A) Alcohol dehydrogenation in which the 
hydrogen is stored on the catalyst, B) condensation of the carbonyl compound with the 
amine followed by C) hydrogenation of the imine, using the metal hydride generated in 
the first step.

Previously it was shown that aromatisation/dearomatisation 
of the acridine backbone of Milstein´s ligand might not be a 
prerequisite for the formation of active catalysts. We have 
now demonstrated that an acridine ligand, in which the 
dearomatisation is blocked, does not form an active catalyst. In 
several easily accessible alkyl PNP ligands and their complexes 
(Figure 2) we have shown that Ru PNP pincer complexes 
containing a secondary amine in the backbone that are able to 
form Ru-amide species under reaction conditions are invariably 
inactive in the direct alcohol amination with ammonia. 

Figure 2: Multi-hydride Ru complexes with aliphatic PNP ligands.

On the contrary, the corresponding PNP ligands with a tertiary 
amine in the backbone form active catalysts. This leads 
us to postulate that in order to obtain an active catalyst, no 
amide bond should be present. Based on these insights a 
new catalyst system 18 based on the aliphatic PNP ligand 
bis(di-tert-butyl phosphinoethyl)methylamine was prepared 
with the preferred precursor RuHCl(CO)(PPh3)3, which on 
activation with base represents one of the most active catalysts 
for the direct amination of alcohols with ammonia reported so 
far (Figure 3).

Figure 3: Amination of cyclohexanol employing complex 18 in the presence of KOtBu. 
Conditions: 0.04 mmol 18, 5 mmol cyclohexanol, 0.5 mmol KOtBu, 15 mL t-amylalcohol, 
2.5 mL NH3, 150°C. ■ = cyclohexanol, ● = cyclohexylamine, ▲ = cyclohexanone,  
▼ = cyclohexylimine, ♦ = dicyclohexylimine, ◄ = dicyclohexylamine.
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Triglycerides as Solvents for Pharmaceuticals

Joscha Brinkmann, Christian Luebbert, Gabriele Sadowski

Lipid-based drug delivery systems (LBDDSs) are a promising option to increase the bioavailability of active pharmaceutical 
ingredients (APIs). In the simplest case, APIs can be dissolved in a triglyceride (TG). However, choosing the best-suited 
TG, requires a mechanistic understanding of how its properties influence the API solubility and therewith the thermodynamic 
stability of those formulations. The influences of TG chain length and degree of saturation on API solubility were investigated 
in this work. Solubility experiments and thermodynamic modeling were combined to allow screening for best-suited LBDDS. 
This method enables straight-forward formulation development and complements the commonly-used trial and error 
methods in pharmaceutical industry.

Low water solubility and membrane permeability resulting in 
low bioavailability impact the majority of newly-developed active 
pharmaceutical ingredients (APIs) and are thus challenging 
limitations in pharmaceutical development. It has been shown 
that bioavailability can be enhanced via formulating the APIs in 
lipid-based drug delivery systems (LBDDS). LBDDS are usually 
multicomponent mixtures, which contain a variety of lipids and 
excipients. In its simplest form, the API is dissolved in only one 
pure lipid. The most-used lipids are natural oils (e.g. soybean oil), 
which mostly contain triglycerides (TGs). TGs comprise a glycerol 
backbone and three fatty-acid ester side groups. Those side 
groups may differ in chain length and degree of saturation.

Figure 1: Phase diagrams of IBU in saturated, medium-chained TGs. Symbols are 
experimental values, solid lines mark the PC-SAFT modeling. Dashed lines are the 
calculated eutectic temperatures.

Solubility of the APIs in TGs was measured via differential 
scanning calorimetry at high temperatures. The Perturbed-Chain 
Statistical Associating Fluid Theory (PC-SAFT) was then applied 
to extrapolate these solubilities to lower temperatures. Figure 1 
shows the influence of fatty-acid chain length on the solubility of the 
API ibuprofen (IBU) in three fully-saturated TGs, namely tricaprylin 
(TG808080), tricaprin (TG100100100) and trilaurin (TG120120120). 
As to be seen, IBU solubility as well as the eutectic temperature 
increase only slightly with increasing TG chain length. This means 
that at high temperatures the solubility of IBU in TG100100100 or 
TG120120120 is higher than in TG808080, but IBU will crystallize at 
room temperature (25 °C). 
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Figure 2: Phase diagrams of IBU in saturated and unsaturated TGs of fatty acids with the 
same chain length. Symbols are experimental data, lines are PC-SAFT modeling. The 
dashed green line is the calculated eutectic temperature of TG180180180.

The second structural impact investigated in this work is the 
influence of the TG degree of saturation on API solubility. Therefore, 
three TGs with the same side-chain lengths (18 carbon atoms) 
and different degrees of saturation were compared. Tristearin 
(TG180180180) is completely saturated, triolein (TG181181181) 
possesses one double bond in each fatty-acid side chain and 
trilinolein (TG182182182) two double bonds in each fatty-acid 
side chain. As depicted in Figure 2, the API solubility strongly 
decreases by introducing the first double bond in the side-chain, 
but is not further affected by a higher degree of unsaturation. 
Moreover, the number of double bonds dramatically decreases 
the TG melting points, which enables formulating liquid LBDDS at  
25 °C. For IBU in TG180180180 the solubility line ends at the 
eutectic temperature of 65.5 °C, which does not allow  formulating 
liquid LBDDS at ambient temperatures.
It can be summarized that changing fatty-acid chain length revealed 
to increase the solubility of IBU in TGs only slightly but results in 
unfavorable, crystalline formulations at 25 °C for TG100100100 or 
longer side chains. TG unsaturation leads to a distinct decrease 
of solubility, which makes saturated TG808080 more favorable 
for LBDDS formulations with IBU than unsaturated TGs. Thus 
combining thermodynamic measurements and modeling with 
PC-SAFT is an appropriate method for screening optimal TG/API 
combinations for LBDDS and helps finding best-suited TGs for 
LBDDS. 
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Fatty-acid-based, long-chain molecules like fatty-acid methyl esters are progressively used as renewable feedstock for the 
chemical industry. However, experimental pure-component and mixture data are scarce. Thus, a predictive thermodynamic 
modeling is desirable. For this purpose, a heterosegmental approach was developed based on the thermodynamic model 
PC-SAFT, which allows for a predictive description of pure-component and mixture properties of long-chain molecules 
within a homologous series.

The different species of the homologous series, e.g. long-
chain esters, are composed of an identical head domain (e.g., 
-COOCH3) which is connected to an n-alkylic residue that only 
varies in chain length. In this work, this fact was taken into 
account for modeling of thermodynamic properties using a new 
heterosegmental approach of PC-SAFT. Here, a long-chain 
molecule is modeled as a coarse-grained chain comprising a 
tail and a head domain representing the n-alkylic residue and 
the functional head moiety, respectively.

Figure 1: Schematic representation of the heterosegmental approach of PC-SAFT 
along with the vapor pressures of some methyl alkanoates (methyl butanoate to methyl 
tetracosanoate). Lines: modeling results with PC-SAFT. Symbols: experimental data 
taken from literature.

In Figure 1, this modeling concept is illustrated for methyl 
hexanoate as an example. Due to its similarity, the n-alkylic 
residue is modeled as an n-alkane applying the PC-SAFT pure-
component parameters of the n-alkanes, which were obtained 
beforehand from independent experimental data of the pure 
n-alkanes. The head domain was modeled as a polar group 
and its PC-SAFT parameters were determined universally for 
the entire homologous series. Hence, the proposed approach 
allows for a predictive description of pure-component properties 
of long-chain compounds like fatty-acid methyl esters. Applying 
the new approach, the vapor pressures (Figure 1) and liquid 
densities of the pure methyl alkanoates could be modeled in 
remarkable agreement with the available experimental data. 
Moreover, the excess enthalpies and excess volumes of the 

binary methyl alkanoate + n-alkane mixtures were investigated 
in this work. Again, the methyl alkanoates were modeled using 
the heterosegmental approach. It should be emphasized 
that no experimental data of any binary mixture was used to 
obtain any model parameter. Hence, the modeling results are 
full predictions of PC-SAFT. Using this approach, the molar 
excess enthalpies and molar excess volumes of the binary 
methyl alkanoate + n-alkane mixtures were predicted in very 
good agreement with the available experimental data as can 
exemplarily be seen in Figure 2 for the molar excess enthalpies 
of some binary methyl alkanoate + n-tridecane mixtures. 
Besides the methyl alkanoates, the proposed heterosegmental 
approach of PC-SAFT was also successfully applied to 
describe pure-component and mixture properties of long-chain 
ethyl alkanoates, n-aldehydes, n-alcohols, n-amines, and 
n-alkyl carboxylic acids.

Figure 2: Molar excess enthalpies of the binary methyl alkanoate (methyl decanoate (C10) 
to methyl tetradecanoate (C14)) + n-tridecane mixtures. Lines: predictions with PC-SAFT. 
Symbols: experimental data taken from literature.
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Influence of High Pressure and of Solvent on a Michael Addition

Michael Knierbein, Thomas Weinbender, Lukas Bittorf, Christoph Held, Oliver Reiser, Gabriele Sadowski

The thermodynamic variable pressure is an important influencing factor for chemical reactions. Even though liquid phases 
are generally assumed to be incompressible, pressure can have a strong influence on reaction kinetics and could therefore 
be used to optimize production processes. In this work, the pressure effects on reaction kinetics and reaction equilibrium 
of a Michael addition were investigated. An activity-based kinetic modeling was used to predict the effect of pressure and 
of solvent on reaction kinetics and reaction equilibrium using PC-SAFT, which allows predicting molecular interactions as 
function of pressure and of reaction solvent. Prediction results were in good agreement with experimental data for different 
reaction solvents for the first time even at pressures in the kilo bar range.

Different properties can be varied (temperature, concentration, 
pressure, solvent) to optimize a chemical reaction. Even in 
liquid-phase reactions, pressure influences both, kinetics 
and equilibrium of a reaction. Pressure effects on kinetics 
are characterized by the activation volume ∆ѵ‡. A negative 
activation volume ∆ѵ‡ indicates that the reaction rate will 
increase with increasing pressure. The class of Michael 
additions is known to have negative activation volumes of  
-40 cm3 mol(-1)< ∆ѵ‡ < -5 cm3 mol(-1). Hence, strong dependence 
of the reaction rate on pressure is expected for reactions of 
this class.
In this work, the Michael addition of diethyl malonate and 
nitrostyrene to diethyl nitro-phenylethyl malonate (DENPEM) 
was investigated.	

This reaction was analyzed experimentally in toluene, n-hexane 
and dichloromethane (DCM) at 25 °C at 1 bar and at 4400 bar. 
Experimental results are shown in Figure 1. It can be seen that 
an increase in pressure drastically increases the reaction rate. 
Additionally, the reaction was found to be faster in n-hexane 
and slower in DCM.
The kinetics of this reaction was described by an activity-based 
kinetic model. The experimental concentration-over-time plots 
for the reaction in toluene at 1 bar as well as 4400 bar were 
used to fit the pressure-dependent kinetic parameters k1 and 
k(-1) that are used in the kinetic model. Further, PC-SAFT 
predicted activities of each reacting agent in the reaction 
system were required.
PC-SAFT parameters for the reacting agents were fitted to 
vapor-pressure data and to new experimental density data up 
to 500 bar. These parameters allowed predicting the pressure 
and solvent influence on the Michael addition.
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The PC-SAFT prediction results are also shown in Figure 
1. It can be seen that PC-SAFT correctly predicts an 
accelerated reaction rate in n-hexane and a slower reaction 
rate in DCM. These predictions are validated at 1 bar as well 
as at 4400 bar. The activation volume was calculated to be  
∆ѵ‡ = -24 cm3 mol(-1), which is in the expected range for Michael 
additions.
A solvent screening was performed to predict product yield 
in different solvents. PC-SAFT predictions suggested highest 
yield in n-hexane and lowest yield in DCM. These predictions 
were also validated by the experimental data.
PC-SAFT is a thermodynamic model that accounts for 
pressure effects. In this work PC-SAFT predictions were for the 
first time performed in the kilo bar range resulting in an almost 
quantitative agreement with experimental data.

Figure 1: Concentration-over-time plot for the addition of nitrostyrene and diethyl 
malonate to DENPEM at 25°C. Symbols: experimental data, full lines: PC-SAFT modeling 
results at 1 bar, dashed lines: PC-SAFT modeling results at 4400 bar.

Publications: 
M. Knierbein, L. Bittorf, T. Weinbender, O. Reiser, R. Siewert,  
S.P. Verevkin, C. Held, G. Sadowski; High-Pressure Influence on an 
Organocatalytic Reaction, Presentation at 30th ESAT 2018, 11 June 
2018, Prague.
M. Knierbein, L. Bittorf, T. Weinbender, O. Reiser, C. Held, G. Sadowski;
Vorhersage des Hochdruck- und Lösungsmitteleinflusses auf 
das Reaktionsgleichgewicht einer organokatalytischen Reaktion, 
Presentation at, Thermodynamik-Kolloquium 2018, 27 September 2018, 
Kassel.



SCIENTIFIC HIGHLIGHTS 2018Page 94

Biotechnologists commonly apply co-solvents in order to improve enzyme-catalyzed reaction systems. The effect of such 
co-solvents on reaction kinetics and reaction equilibrium of enzyme-catalyzed reactions is mainly studied experimentally. 
However, this does neither allow explaining nor predicting the observed co-solvent effects on reaction kinetics or equilib-
rium compositions. In this work, the reaction equilibrium and the Michaelis constants of ketone reductions were predicted 
with ePC-SAFT. ePC-SAFT showed that adding 17 wt.-% of PEG 6000 is beneficial for reaction kinetics while shifting the 
reaction equilibrium backwards to the reactant side. Experimental validation showed that these predictions were in a very 
good agreement to the experimental data. As co-solvent – enzyme interactions were not considered for the predictions 
co-solvent – reacting agent interactions are decisive for the co-solvent influence on reaction equilibrium and the Michaelis 
constants for the considered reactions.

New developments in biotechnology have led to new 
processes in which enzymes pose an alternative to chemical 
catalysts. However, enzymes are usually stable and active in 
a small temperature and pH window. Thus, co-solvents have 
to be added to reaction mixtures to stabilize enzymes and 
improve reaction kinetics and equilibrium. In this work, the 
influence of 17 wt.-% of PEG 6000 on the reaction equilibrium 
and on the Michaelis constants of the reduction of butanone 
and 2-pentanone was predicted. This approach was based on 
predicting the influence of co-solvents on the thermodynamic 
activity coefficients of reacting agents using ePC-SAFT for the 
following studied reactions:

Figure 1: Reaction scheme of the reduction of a ketone to the respective alcohol, 
catalyzed by ADH270 (25°C, 1 bar, pH 7).

First, reaction equilibrium and kinetics of two reactions  
(R1 = C2H5 and R2 = C3H7) were measured in water, and 
activity-based thermodynamic equilibrium constants Kth and 
Michaelis constants    were determined using these data 
and ePC-SAFT. This finally allowed predicting the co-solvent 
influence of 17 wt.-% of PEG 6000 on the reaction equilibrium 
(expressed as the ratio of reacting agents Xexp) and reaction 
kinetics (characterized by the Michaelis constant KM).  
Figure 2 and Figure 3 show results on the simultaneous 
prediction of the PEG influence on Xexp and KM.

Figure 2: Influence of 17 wt.-% of PEG 6000 on Xexp of reduction of butanone or 
2-pentanone. Orange: ePC-SAFT, green: experimental data. Striped green bars represent 
the neat (co-solvent free) values used to determine Kth.

Figure 3: Comparison between the Michaelis constants KM for neat reaction conditions 
(striped green bars) and under the influence of 17 wt.-% PEG 6000 (green bars) for the 
reduction of butanone (left diagram) and 2-pentanone (right diagram). Orange: ePC-SAFT 
predictions, green: experimental data.

As can be seen from Figure 2, adding PEG decreases the ratio 
of reacting agents’ concentrations, i.e. the reaction equilibrium 
is shifted to the left-hand side. In Figure 3 it is illustrated 
that PEG decreases the KM values, i.e. the kinetics of the 
reactions is improved upon PEG addition. These influences 
on the reaction equilibrium and Michaelis constants could be 
predicted quantitatively correct. 
This new approach can serve as screening tool to simultaneously 
predict co-solvent influences on reaction equilibrium and 
Michaelis constants of enzyme-catalyzed reactions. As the 
enzyme was not considered in these predictions it can be 
concluded that co-solvent – enzyme interactions do not play 
a major role to understand co-solvent effects on reaction 
kinetics and equilibrium of the ketone reductions. Rather, co-
solvent – reacting agent interactions decisively influence the 
reaction behavior of the enzyme-catalyzed reactions under 
investigation.
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