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Preface

The European Summer School in High Pressure Technology (ESS-HPT) is the
continuation of many years of high pressure intensive courses. The history of this very
successful series of courses started in 1995, when the first intensive course took place
in Monselice, Italy. Most of these Intensive Courses were supported by SOCRATES
and later Life Long Learning, as shown in following overview:

SOCRATES IP "Current Trends in High Pressure Technology and Chemical
Engineering"
1995 Monselice / Italy
1996 Nancy / France
1997 Erlangen / Germany

SOCRATES IP "High Pressure Technology in Process and Chemical Engineering"
1999 Abano Terme / Italy
2000 Valladolid / Spain
2001 Maribor / Slovenia and Graz / Austria

SOCRATES IP "High Pressure Chemical Engineering Processes: Basics and
Applications"

2002 Graz / Austria and Maribor / Slovenia
2003 Budapest / Hungary
2004 Barcelona / Spain

SOCRATES IP "Basics, Developments, Research and Industrial Applications in High
Pressure Chemical Engineering Processes"

2005 Prague / Czech Republic
2006 Lisbon / Portugal
2007 Albi / France

Life Long Learning IP "SCF- GSCE: Supercritical Fluids — Green Solvents in
Chemical Engineering"

2008 Thessaloniki / Greece
2009 Istanbul / Turkey
2010 Budapest / Hungary

EFCE Intensive Course "High Pressure Technology - From Basics to Industrial
Applications"
2011 Belgrade / Serbia

Life Long Learning IP "PIHPT: Process Intensification by High Pressure
Technologies — Actual Strategies for Energy and Resources
Conservation"

2012 Maribor / Slovenia and Graz / Austria
2013 Darmstadt / Germany
2014 Glasgow / Great Britain
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Unfortunately the financial support for these Intensive Programmes was cancelled
within ERASMUS+. The EFCE Working Party "High Pressure Technology" decided in
September 2014 to go on with this course in the form of a Summer School.

ESS-HPT "The European Summer School in High Pressure Technology"

ESS-HPT 2015 Maribor / Slovenia and Graz / Austria
ESS-HPT 2016 Maribor / Slovenia and Graz / Austria
ESS-HPT 2017 Maribor / Slovenia and Graz / Austria
ESS-HPT 2018 Maribor / Slovenia and Graz / Austria
ESS-HPT 2019 Maribor / Slovenia and Graz / Austria
ESS-HPT 2021 Online Course, Graz / Austria

GEHPT and ESS-HPT 2022 Maribor / Slovenia and Graz / Austria

The ESS-HPT takes place every year within the first 2 weeks of July at University of
Maribor, Slovenia and Graz University of Technology, Austria.

This year the first week in Maribor / Slovenia is organised as a COST training school
“‘GEHPT — Green Engineering by High Pressure Technology”, financed by the COST
action “GREENERING -Green Chemical Engineering Network towards upscaling
sustainable processes”, COST action CA18224.

Q@nerlng g,EEISlZ

COST ACTION CAIE224 EUROPEAN fCDPLFU\TILN
vt et iyt IN SCIENCE & TECHNOLOGY

All participants have to give an oral presentation and the abstracts of these
presentations, which are peer-reviewed by the EFCE WP Members, are published in
this book of abstracts.

The editor

Thomas Gamse
Organiser of GEHPT and ESS-HPT 2022
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Development of self-assembled aerogel silk particles for wound healing
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Introduction

Chronic wounds are one of the major therapeutic and healthcare challenges. The wound
healing process is divided in three important stages (haemostasis, inflammation and
proliferation/maturation) that deploy a series of biochemical reactions which induce the
repair of the injury. In chronic wounds, healing is prolonged in the inflammatory phase
without reaching the required anatomic and functional integrity to attain the proliferation
phase.[1] A fluid (exudate) can be produced as a natural response towards healing.
However, its excessive production can be detrimental, as it promotes bacterial growth,
delaying the inflammatory phase. Nowadays, the design and development of
biocompatible, biodegradable and adaptable materials that promote the tissue repair,
prevent the infection and inflammation and ensure the management of exudate are a
constant need for wound management.

Aerogels are nanostructured materials with high porosity, large surface and low
bulk density.[2] They can provide advanced performance for wound healing due to their
high porosity and large surface area, which can be tailored for a fast and directional fluid

transfer of the exudate. Bio-based aerogels, from natural polymer sources are assessed

-1-
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as drug carriers because of their biocompatibility, biodegradability, low toxicity, high
loading capacity, enhanced stability upon storage and tuneable drug release.[3,4] Silk
fibroin (SF) protein, obtained from Bombyx Mori, is an excellent carrier of bioactive
compounds while supporting cell proliferation, being presently used in wound healing and
regeneration. In this work, we propose the use supercritical CO2 technology to develop

SF aerogel particles for wound treatment.

Experimental

Silk fibroin extracted from Bombyx mori cocoons was used for the aerogel particles’
production. Different SF aqueous solutions (3, 5 and 7% (w/v)) were added dropwise to a
mixture of ethanol and sorbitan oleate (Span 80) (3 wt.% with respect to SF), followed by
supercritical CO2 drying (120 bar, 39°C, 3.5 h). SF aerogel particles were characterized
concerning particle size distribution by laser diffraction. The average diameter and the
dispersion increased with increasing SF concentration. These particles presented also
high surface area and low skeletal density (Figure 1A). Fourier Transform Infrared with
Attenuated Total Reflectance spectroscopy (FTIR-ATR) was used to study the chemical
structure, in particular secondary structure formation. It was possible to verify the
presence of the main characteristic bands of SF assigned to the presence of B-sheet
structure (Figure 1B). Textural properties were analyzed by helium pycnometry and N2
adsorption-desorption presenting high surface area and low skeletal density.

A

Tramminasce

- ) ] ne o e

Figure 1 - A) Laser diffraction of different concentrations of S aerogel particles. B) FTIR-

ATR of SF aerogel particles and controls of natural SF and SF with B-sheet conformation.

-2-
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Aerogel particles’ biocompatibility was evaluated by direct contact with Human Dermal
Fibroblasts (HDF’s) and observed by Scanning Electron Microscope (SEM). Figure 2A,
represents the SF Aerogel particles by SEM. Quantitative data were subjected to an
analysis of variance (one-way ANOVA, Tukey'’s test; a=0.05. SF aerogel particles were
tested by MTT assay and the cell viability increases consistently with time. After 24 h of
incubation, all the aerogels presented a cell viability of 50% and there were significant
differences between the cells in contact with the aerogel particles and the control group
(Figure 2A). This cell response to the presence of aerogel particles, could be related with
the initial adaptation of the cells to the contact with the particles. After 48 h, the cell viability
increased considerably to 100%, having no significant differences between the control
group, demonstrating that the cells were able to adapt to the aerogel particles. After 7
days of incubation, it was possible to verify that the aerogel particles had a marked effect

on promoting cell proliferation.

A
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Figure 2 — A) SEM micrographs of SF Aerogel particles. B) Cell viability after MTT assay
of control group of NDF’s cells and cells cultured with aerogel particles. After Tuckey’s
analysis of variance there were no statistical difference between groups for the same time
point (a<0.05). C) SEM micrographs of HDF’s cell adhesion and culture on the SF
Aerogel particles for 1, 3, and 7 days. Magnification of 1050x were used.



GEHPT “Green Engineering by High Pressure Technology” 3.7. — 10.7.2022
ESS-HPT 2022 "The European Summer School in High Pressure Technology" 3.7. - 17.7.2022
Following these promising results, studies are ongoing to use these particles as a
controlled release system of adenosine, a nucleoside that is expected to trigger the

healing process of chronic wounds, promoting angiogenesis and regeneration.[5]

Summary

Wound exudate is a natural response to heal. However, its excess production can
compromise and delay the inflammatory phase, which often is associated with chronicity.
Novel biocompatible, biodegradable and adaptable dressings are sought to promote
tissue regeneration, prevent infection and control inflammation. Aerogels are
nanostructured materials with high porosity, large surface area, low bulk density and water
uptake that can provide advanced performance for wound healing, especially considering
the management of exudate. Silk fibroin (SF) aerogels can act as promising carriers of
bioactive molecules while supporting cell proliferation. Hereupon, SF aerogel particles
were developed as carriers for controlled release of bioactive molecules such as

adenosine for promoting wound healing and regeneration.
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High-Pressure Polymerization of Ethylene: From Tubular Reactors,
Autoclaves and the Urge to Design a Multi-Zone Autoclave on
Laboratory Scale

Nicola Schreiner, Lena Gockel, Markus Busch*

TU Darmstadt, Darmstadt/Germany

*e-mail: markus.busch@pre.tu-darmstadt.de

Introduction

Everyday life without plastics is hard to imagine. Whether the toothbrush at home, the car
interior on the way to work or functional clothing during sports, plastics are omnipresent.
They owe their special position as a material of the 215t century to their lower density with
stabilities like materials such as steel, glass, or wool. In 2018, 359 million tons of plastics
were produced worldwide. With 61.8 million tons, Europe is the third-largest producer after
China and the NAFTA countries. Just under 30 % of the plastics produced here are

polyethylene."

Polyethylene is differentiated by its microstructure into low-density polyethylene (LDPE),
linear low-density polyethylene (LLDPE), and high-density polyethylene (HDPE). The
properties based on the microstructure and the resulting fields of application are
determined by the manufacturing process. The synthesis of LDPE follows the mechanism
of radical polymerization. For this purpose, temperatures of up to 330 °C and pressures
of up to 3500 bar are reached. The long- and short-chain branching that occurs in this
process is largely responsible for the properties of the polymer and justifies the cost-

intensive high-pressure synthesis.[>34

Experimental

For the industrial production of LDPE, both autoclaves and tubular reactors can be used.
Tubular reactors show conversions of up to 40 % due to the favorable surface-to-volume
ratio. Industrial autoclave reactors on the other hand are limited in their conversions to
about 20 %. This is due to the poorer heat dissipation of the heat of polymerization, caused
by a lower surface-to-volume ratio.l>%! Figure 1 shows a schematic illustration of the setup

of an autoclave and a tubular reactor.
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Fig. 1.: Schematic illustration of an autoclave and tubular reactor used in the high-

pressure polymerization of ethylene.

During this work both a tubular reactor and an autoclave are used to perform the radical
polymerization of ethylene on a laboratory scale. The obtained samples are then analyzed
and compared regarding their microstructure. Both reactors show a contrary residence
time behavior, which results in different microstructures of LDPE. Due to back mixing,
autoclave products show a broad molecular weight distribution. Compared to tubular
products, the number of long-chain branches is increased, and the polymer chains look
tree-like branched. Both criteria are essential for extrusion coating applications. Tubular
products, on the other hand, show a narrow molecular weight distribution with a lower
number of long-chain branches. The polymer chains are more comb-like structured. Both

structures are depicted in Figure 2.

S b

Fig. 2.: The microstructure of LDPE produced in autoclaves (lef) and tubular reactors
(right). Due to the back-mixing behavior of an autoclave, its product is tree-like
branched. Tubular products are comb-like branched.

To combine the preferred unique structure of autoclave products and the higher

conversion of tubular reactors, multi-zone autoclaves are a promising approach. In this
-7-
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process, several fresh ethylene feeds and a gradual increase in reaction temperature lead
to a conversion close to the tubular reactor scale. However, due to back-mixing, the

microstructure of an autoclave can be maintained.l6:7:8l

This is where, the second part of the present work takes place: The first steps towards the
realization of a 300 mL multi-zone autoclave designed for 3500 bar and 300 °C on a
laboratory scale are presented. Figure 3 shows the CAD drawing of the planned 300 mL

multi-zone autoclave.

main feed
(ethylene, CTA, initiator}

l

— e

side feed =3
(initiator} =

_| ] _psedefd? +d? d”+d?
% E \aZ-dftaz_a?

side feed ?
(initiator) —=—

reaction
room

Fig. 3.: CAD-drawing of the 300 mL multi-zone autoclave with 30 boreholes to introduce

thermocouples and side feeds. On the right: Method to design a shrink construction.

Summary

The present work used an autoclave as well as a tubular reactor to conduct the high-
pressure polymerization of ethylene. The obtained LDPE is investigated regarding its
microstructure. Furthermore, the first steps towards the realization of a multi-zone-

autoclave are shown.

We acknowledge the generous support of SCG Chemicals.
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Introduction

In this work aims to investigate the hydrothermal reduction of CO2 previously captured in
basic solutions in presence of metals and metal oxide catalysts and molecules derived
from biomass, to obtain high value-added products such as formic acid (FA) that is a

hydrogen vector and could be used directly as high energy density carrier for fuel cells [1].

Hydrothermal reduction of COz2 is one of many research techniques to produced formic
acid and is part of the Carbon Utilization initiatives that are being developed to mitigate
greenhouse emissions by using CO2 as raw material to obtain high value-added products
[2-8].

In the hydrothermal reduction of COz2, water at high pressures and temperatures[9-11] is
used as hydrogen donor medium [12]. Several metals and metal oxides have been
suggested as COz2 reducers (Zn [13]) and catalysts (Pd/C[10,14], Fe203 [15]), that improve
the hydrothermal reduction of the carbon source and increase the yield of formic acid
which is one of the most frequent products obtained from these reactions. Some works
state that organic compounds containing alcohol groups such as isopropanol[16],
glycerol[17], glucose, C2 and C3 alcohols, saccharides, lignin derivatives[18] could be
used as reducing agents because these molecules contain alcohol groups that oxidate to
intermediate species of that could lead to the production of formic acid.

In this research, all these variables have been taken in account and the influence that
different catalysts (Cu, Ni, Pd/C 5%, Ru/C 5%, Fe304, Fe203 and activated carbon) have
on the production of formic acid by means of hydrothermal conversion of CO2 by using
glucose as reducing agent, and sodium bicarbonate (NaHCO3) as carbon source was
studied.
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Experimental

Different set of experiments were carried out in order to study the possibility to obtain FA
from the reduction of CO2 captured in a basic solution, by using glucose as reducing agent

and metal and metal oxides as catalysts.

The procedure was carried out in horizontal tubular batch reactors of 10 ml volume that
were filled with, 4.6 ml of a solution of sodium bicarbonate (SB) 0.5 M which was the
carbon source and glucose (0.05 M) as reducing agent. Powder of Cu (400 um), Ni (9
pm), Pd/C 5% (25 pm), Ru/C 5% water paste (175 pm), Fe3O4 (90 uym) and Fe203 (100
pm) as well as activated carbon were used as catalysts. The reactions took place for 30,
60 and 120 minutes at 200 and 250°C. A fluidized bed heater was used to achieve the
working temperature. All solutions were prepared with deionized water. The reaction was

stopped by introducing the reactors immediately in a water bath at 15 °C.
The yield of the reaction was calculated as:

CProduct

Yproduct = * 100%

CReductant,i

Where Crroduct is the molar concentration of formic acid at the end of the reaction, and

Creductant,i is the initial molar concentration of the organic reductant.

Concentration of FA in the liquid product was measured in HPLC. FA can be generated
by following two paths: from the oxidation of sugars at low temperatures in basic aqueous
media [19-22]; or by the reduction of sodium bicarbonate at high temperatures [18].
Because of these possibilities several reactions in which NaH'3COz (SB-'3C) was used as
carbon source were performed in order to investigate the origin of FA. This samples were
analysed with '3C-NMR.

Summary

In all the reactions FA, acetic acid and lactic acid were obtained in major proportion. In
minor quantity were identified other products that derive typically from the reduction of
glucose in basic media, such as: glyceraldehyde, glycolaldehyde, formaldehyde,

ethylenglycol, acetone, pyruvaldehyde, galacturonic acid or 5-HMF.

Regarding the production of total FA, FesOa is the catalyst that provides the highest yield
of FA: 49% at 250°C and 2 hours of reaction.

From the NMR results it was observed that Pd/C 5%, Ru/C 5% and Ni favoured the
formation of FA derived from the reduction of SB-13C over that produced by the reduction

-11 -
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of glucose. The fractions of FA coming from SB-'3C for these catalysts were 0.81, 0.76,

and 0.69, respectively.

It was observed that metal supported catalysts such as Pd/C 5% and Ru/C 5% presented
highest catalytic effect to reduce SB-'3C in comparison to the activated carbon support
(C), which reach fraction of FA of 0.81, 0.76 and 0.34 each.

There were catalysts that did not improved the reduction of SB-'3C, in fact, the reaction
without catalyst (fraction FA-'3C: 0.37) showed slightly higher capability to reduce '3CO2
than Cu, Fe3O4 and Fe203 (0.37, 0.32 and 0.34, respectively).

The performance of the catalysts to reduce COz2 captured as SB-'3C was: Pd/C 5% > Ru/C
5% > Ni > Cu > C = Fe203 > Fe30a.
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Introduction

Low-density polyethylene (LDPE) is industrially produced under harsh conditions of
temperatures up to 300 °C and pressures up to 3000 bar. The reaction takes places as a
substance polymerization, where the produced LDPE is dissolved in the supercritical
ethene. Besides autoclaves, the majority of LDPE is produced in kilometer-long tubular
reactors. The length of the reactor is mainly due to the need of cooling, as the heat of the
highly exothermic polymerization reaction must be carried out. In case of the tubular
reactor, this is done by a coolant led inside an annular gap. However, a polymer-rich layer
can form on the inner wall of the reactor, known as fouling, which impedes the heat
transfer. This not only leads to less conversion as less heat is carried out but can also
result in safety risks due to increased temperature inside the reactor. Furthermore, the
product properties may be affected due to the differing material formed at the boundary
layer. Since this phenomenon is poorly understood so far, a deeper understanding on the
formation and the evolution throughout the reactor would be helpful and is thus the focus
of this work. For this purpose, fouling is first investigated in a mini-plant setup using lab-
scale tubular reactors. The data obtained from this reaction medium

serve as a basis for the model developed in parallel to eat
eating

rigorously describe the boundary layer using E oil

computational fluid dynamics (CFD).

Experimental

To investigate the process of fouling, the fluid dynamic
profile is crucial. Therefore, three different double-tube

reactors were constructed, which cover the fluid heating
oil

dynamic states of laminar flow, transition state and

turbulent flow. Whereas the laminar case should favor Teaction medidm

the most fouling, and thus is focused for the studies. To _. _
Figure 1: Schematic

exclude asymmetric secondary flows of gravitation, the representation of the designed

reactors are designed to be used vertical with a flow réactors.
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from top to bottom. Samples may then be analyzed by gel permeation chromatography
(GPC) to determine their molecular weight distributions (MWDs). Especially for the
samples with highly pronounced fouling (i.e., in the laminar reactor) this should lead to a
signifcant amount of high-molecular weight material, originated in the boundary layer.
Furthermore, the setup can also be used to investigate the influence of the process
parameters such as temperature, initiator flows and in particular the chain-transfer agent
(CTA).

Modeling

In literature, modeling of the LDPE process is well-established.[! |deal reactor models
such as the plug flow reactor are usually used for this purpose. However, these models
do not provide any information about the boundary layer since the radial resolution is not
solved at all. The next logical step would be the use of a radial model, i.e., the extension
by one dimension. While these have been successfully applied in literaturel23l, they rely
on some assumptions and are limited to very few geometries. To obtain a complete spatial
picture, computational fluid dynamics simulations are used in this work. The model is
designed to depict the reactor described in the experimental part. Therefore, the data
obtained by experiments serve as a basis for validation as well. However, the most
significant result of the experiments is the MWD. Though, by using the method of moments
for polymeric species in the CFD, only mean values and not a full MWD are obtained. To
overcome this issue, an interface to the hybrid Monte-Carlo approachl* established in the
working group is implemented. For that, the reaction rates along individual pathways
through the reactor (trajectories) are exported and are then simulated by the Monte-Carlo
algorithm as individual tubular reactors. In each Monte-Carlo simulation, an ensemble of
macromolecules is generated by simulating the evolution of one molecule after the other,
what ultimately results in a full MWD. By merging the trajectories’ MWDs the results may
be compared with the experiment. In addition, by only looking at several trajectories, for
example at the boundary layer, the product resulting from there may simulatively be

analyzed as well.
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Summary

In this work, the formation and evolution of fouling in tubular reactors in the LDPE process
is investigated. For that, three tubular reactors were constructed to extend an existing
continuous LDPE mini-plant. These are primarily used for the investigation of boundary
layer phenomena. The data obtained thereby is used as a basis for complementary
simulations. To get a better picture of fouling, a spatial simulation using CFD is
established. In addition, a coupling to a stochastic method allows a comparison of

experimental and modelled MWDs.
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Introduction

Wound healing is a dynamic process, that involves complex cellular, biochemical, and
physiological events that are dependent on local and systemic factors, as well as many
cell types and mediators [1]. After the healing process, the injury site should have
connective tissue repaired and re-epithelialized and returned to its normal anatomical
structure and function. The increasing number of patients with chronic wounds caused by
diseases, such as diabetes, malignant tumors, infections, and vasculopathy, has caused
severe economic and social burdens [2][3]. Nowadays, the design and development of
new bioactive materials for wound management, able to promote the repair of damaged
tissue and restore its integrity constitute a constant challenge, especially in a scenario of
chronicity [4].

Marine microalgae and their metabolites have been widely recognized for their bioactive
properties with applications in various industries, such as the pharmaceutical, biomedical,
cosmetics, and food [5]. In the biomedical field, these therapeutic molecules and
biomaterials become highly relevant in the creation of sophisticated controlled drug
delivery systems or integrated on advanced tissue regeneration. Their properties are
mainly due to the structure and several physicochemical characteristics, according to the
organism they are produced by [6].

The red unicellular microalgae from the genus Porphyridium (Porphyridiales, Rhodophyta)
is a natural source for a variety of interesting bioactive compounds, including carotenoids,
phycoerythrin, oligosaccharides, phycobiliproteins, and sulfated polysaccharides [7], [8].

These molecules have a wide range of applications and are used in several industries.
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Table 1. Biomolecules extracted from Porphyridium cultures and their applications [8], [9].

Biomolecules Application Industrial sector

Sulfated Polysaccharides | antioxidant, anti-inflammatory, | Cosmetic,
antimicrobial agent Nutraceutic

Oligosaccharide Vasoconstriction of blood vessels Cosmetic

B-phycoerythrin Diagnostics, molecular biology, and | Biomedical
fluorescence techniques

Phycobiliproteins Medical Diagnostic Biomedical

Pigments Diagnostics, molecular biology, and | Biomedical

fluorescence techniques

Biomass Biofuel, feed (for animals) Energy,
Aquaculture

Among these molecules of interest, sulfated polysacharides have been shown to possess
several biological properties of high value for wound healing and regeneration. These
polysacharides have been described/studied as anti-allergic and anti-inflammatory agents
[10] and as nutraceuticals due to their antioxidant, hypolipidaemic and hypoglicaemic
activities [11], [12]. Moreover, they have potential to be used as therapeutic agents [13]
due to anti-bacterial [14], antiviral [15], anti-inflammatory and anti-tumour activities [10],
[16], [17]. However, to our knowledge, these molecules have never been explored as
active components for the creation of wound dressing materials for skin wound healing

and regeneration.

This work proposes to evaluate the potential of the extracted molecules from Porphyridium
cruentum for skin wound healing and regeneration, with a focus on sulfated
polysaccharides. In this work, a sequential valorization process will be applied to P.
cruentum culture and biomass, using both membrane and scCO2 processes, directed
towards the extraction of phycoerythrin, carotenoids and sulfated polysaccharides. The
resulting compounds will be fully characterized and their physicochemical and mechanical
properties investigated, as well as their in vitro biocompatibility, regenerative