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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. 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.

EFCE 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

Since 2023 ESS-HPT is organised again as an ERASMUS+ Blended Intensive
Programme (BIP). Unfortunately, there is no possibility to organise this summer school
in two countries. So the whole intensive programme takes place at Graz University of
Technology.

ESS-HPT 2023 Graz / Austria

This year ESS-HPT 2024 will take place at Graz University of Technology in the period
7.7.2024 till 20.7.2024.

Erasmus+

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 ERASMUS+ BIP ESS-HPT 2024
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Modeling the Kinetics of the High-Pressure Copolymerization of Ethene and
Acrylic Acid
Alina Weber, Markus Busch*

Ernst-Berl-Institute of Technical and Macromolecular Chemistry, Technical University of

Darmstadt, 64287 Darmstadt/Germany. *email: markus.busch@pre.tu-darmstadt.de

Introduction

Low density polyethylene (LDPE) can be synthesized under high-pressure in a stirred
autoclave at 1300-2500 bar and 230-280 °C or in a tubular reactor (2000-3000 bar,
130-330 °C)[1]. To customize LDPE, comonomers such as acrylic acid (AA) may be
added to form poly(ethylene-co-acrylic acid) also called EAA. By adding AA the polarity of
the otherwise non-polar LDPE is increased, which improves the adhesion towards polar
substances[2]. EAA has a high thermal stability, environmental stress crack resistance
and can act as a barrier towards moisture and gasses[3]. This enables the usage of EAA
in various applications requiring a precise calibration of the properties, which are mainly
influenced by the micro structure of the copolymers. Knowledge of the kinetic network sets
the basis for a successful synthesis of a copolymer. Hereby, simulations can be a useful
tool for the optimization of the reaction process whilst reducing the risks of experiments,
which may come carrying high costs and efforts. Copolymerizations are composed of a
complex system of elementary reactions, that have an influence on the molecular weight
distribution (MWD) as well as the number of long- and short-chain branches. A
mathematical model based on kinetics derived from experimental data of a
copolymerization can be used for predicting these properties.[4] In this work the kinetic
rate coefficients describing the propagation and the reactivity ratios of an EAA
copolymerization under high-pressure conditions are derived from literature and

experimental data to set up a deterministic simulation using the software Predici®.

Modeling

To model a polymerization, kinetic rate coefficients for every elementary reaction step are
required. The temperature and pressure dependency of these coefficients is described

using an Arrhenius expression.
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At first, available literature data on the propagation rate coefficient of the
homopolymerization of AA was collected and evaluated using the approach of covariance
ellipses to determine its reliability[5]. In case of the propagation rate coefficient of acrylic
acid, density functional fluid theory (DFT) [6] calculations served as a good estimate for
the activation energy, while the pre-exponential factor was fitted to conversions of different
experiments by assuming a similar initiator efficiency as for ethene homopolymerizations.
Special consideration was given to modeling the cross propagation reactions, which
requires a set of reactivity ratios. They are estimated via the non-linear fit equation of
Mayo[7] using experiments of varying AA content at different temperatures. As the
reactivity ratios of AA and ethene are both not equal to one the concentration inside the
reactor changes with conversion. Therefore, only experiments at a conversion lower than

10% were used for fitting. Reactivity ratios at 220 °C - 250 °C were determined.

The occurrence of the transfer to monomer reaction rates were modeled by fitting the
maximum of the experimentally determined MWD of low conversion EAA-samples. First
the homo reaction rate coefficients were taken from literature[8,9] and in case of the AA
homo coefficient, altered to fit into the modeled temperature range. The cross transfer to
monomer was derived on basis of the homo transfer by assuming them to be proportional
to one another. This led to the introduction of a proportionality factor, which was fitted for
different temperatures and estimated with an Arrhenius expression.

To reduce future experimental efforts the number and accuracy of experiments required
for the determination of the transfer to polymer reaction rate coefficients were determined.
During a transfer to polymer reaction mid chain radicals are formed, that can either
propagate to form a long chain branch (LCB) or undergo a B-scission reaction (Figure 1).

Both reaction routes are correlated to one another and cannot be viewed separately.

R
mid-chain

propagation/, i) i) i) i)

- transfer to
! I s polymer .- ™~
R R R \\
R R

Figure 1: Reaction scheme showing the formation and the subsequent reaction routes of

a mid-chain radical.
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For analysis, high conversion samples are needed (conversion higher than 5 %). First, a
sensitivity study was conducted, investigating the influence of the transfer to polymer and
the B-scission reaction of AA and the corresponding cross reactions with ethene on the
number of LCBs. It was assumed, that a cross transfer to polymer of an AA-unit onto an
ethene-unit is unlikely to occur, as a secondary ethene radical instead of a tertiary
AA-radical would be formed. The latter has a higher stability, and the formation of an
AA-mid chain radical is therefore preferred. To model the respective cross transfer to
polymer reaction a proportionality factor (Fac12) is introduced linking the cross and the
homo transfer reactions. To find Arrhenius expressions for the remaining reaction
coefficients VAN BOXTEL[10] developed an experimental strategy for estimating the factor
Faci2 on the number of LCBs per 1000C atoms. For this, experiments are needed, that
vary in conversion, while temperature, pressure and AA content are kept constant. This
keeps the ratio between ethene and AA constant, causing the probability for the
occurrence of a cross transfer reaction to remain constant. To minimize future
experimental efforts, a series of simulations were performed, determining the necessary
number of samples and their accuracy to apply the parameter estimation tool in Predici®.
Hereby, 10 fictive experiments according to the stated conditions were calculated.
Possible error sources in the experimental data could be fluctuations in the concentration
of the reaction mixture due to the preferred incorporation of AA into the copolymer, leading
to a wrong assumption of the molar content of AA within the monomer which is used to
calculate the proportion of AA in the copolymer. However, a constant AA content is the
basis for the correct determination of the kinetic coefficients. The influence of this error on

the number of experiments necessary for a valid parameter estimation was investigated.

Summary

In this work a kinetic network was set up for modeling the copolymerization of ethene with
acrylic acid. This was done by gathering the available literature data on the respective
homo reaction rate coefficients. For estimating the cross reactions experimental data of
DIETRICH[11] was considered. Finally, a sensitivity analysis was conducted to reduce
future experimental efforts when investigating the cross transfer to polymer and the

B-scission reaction.
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Towards the Stepwise Extraction of Electrolyte Solvents from LiB
Waste Material Using Supercritical CO-
N. Zachmann*, B. Ebin

Department of Chemistry and Chemical Engineering, Chalmers University of
Technology, *zachmann@chalmers.se

Introduction

The Li-ion battery (LiB) demand is forecasted to steadily increase in the upcoming years®.
For electricial vehicle the lifetime is about 10-15 years?. Thus, a tremendous accumulation
of spent LiBs is to be expected in the future. Recycling of the spent LiBs will not be only
crucial for the valorisation of the (critical) raw materials (i.e., Li, Mn, Ni, Co, and graphite)
processed in the LiBs but also to minimize risks accompanied by the handling of the end-
of-life LiBs?3. Spent LiBs are classified by EU legislation as hazardous waste and burden
a high risk of fire*-8. A major risk factor is attributed to the state-of-the-art non-aqueous
electrolyte. The complex mixture contains a conductive salt dissolved in a combination of
different organic solvents and additives’. Most of the components are flammable, (highly)
volatile and classified to be toxic®. An uncontrolled release of these components can have
a serious impact on the environment and the health of the workers in a recycling plant.
Moreover, LiB waste side streams containing electrolyte residues entail a financial burden
for the recycling industry as they are still classified as hazardous waste®. Once
successfully recovered, extensive purification of the collected products is required to be
saleable for reuse in the battery manufacturing process, or repurpose in other industries®.
Thus, the recovery of the electrolyte is a necessary step for the development of a safe

recycling process.

In the state-of-the-art recycling process the LiBs are pre-treated using several steps such
as dismantling, sorting, crushing, shredding, grinding and/or milling to produce a black
mass which is a mixture of anode and cathode material. Additionally, a (vacuum)
vaporization pre-treatment step is often added to separate the remaining electrolyte from
the LiB waste material>®. Thereby, the commonly used conductive salt, lithium
hexafluorophosphate (LiPFe), is prone to decompose to gaseous HF and other toxic
organo-fluorophosphates'®'!. Moreover, the complete removal and recovery of the

electrolyte remains a major challenge for recycling companies.
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An alternative option to (vacuum) vaporization is supercritical carbon dioxide extraction'.
The easily adjustable ScCOz2 properties and excellent mass-transfer characteristics can
be potentially used to selectively extract the electrolyte components from the LiB waste to
achieve purified extraction products. In our previous research, it was shown that the non-
polar electrolyte solvents dimethyl carbonate (DMC) and ethyl methyl carbonate (EMC)
can be fully extracted at 80 bar and 29°C"'3. However, under the studied conditions the
polar electrolyte solvent ethylene carbonate (EC) remained as a residue in the LiB waste.
Thus, further research is required to retrieve thermodynamic and kinetic data for extraction

purpose.

Experimental

LiB black mass obtained by pre-treatment of vehicle battery waste was received from an
industrial partner. The remaining electrolyte content in terms of composition and amount
was characterized using thermal gravimetric analysis (TGA) and gas chromatography
coupled with mass spectrometer (GC-MS). The TGA results showed that the LiB black
mass still contained 5.7+£0.5 wt% of electrolyte. To determine the electrolyte composition,
6 g of LiB waste material was mixed in 5 ml of acetonitrile. After shaking by hand for 5

minutes, the liquid was filtered out and analysed using (GC-MS).

In total 31 components were observed in the chromatograph. Among these, commonly
used electrolyte solvents such as dimethyl carbonate (DMC), ethyl methyl carbonate
(EMC), ethylene carbonate (EC), polypropylene carbonate (PC), and biphenyl were
identified. The remaining peaks were assigned to additives and degradation products
which evolved during the cycling of the LiB or the pre-treatment process of the LiB waste

material of the industrial partner.
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Fig. 1.: Thermogravimetric (TG, blue) and differentiate thermogravimetric (DTG, red)

curves of the LiB waste material a) before and b) after the extraction process.

Besides, the full removal of the electrolyte from the LiB waste material, the aim of this
study was to selectively extract the electrolyte solvents using a gradually change of the
supercritical carbon dioxide extraction conditions pressure, and temperature. Based on
the binary liquid-vapour equilibrium (LVE) phase diagrams in the literature a set of

conditions (see Table 1.) were selected to target the selective extraction of EC, PC, and
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biphenyl. However, it must be pointed out that an LVE phase diagram for EC could not be
found in the literature.

Tab. 1.: Selected conditions for the three consecutive extraction steps.

Step 1 60 bar 25°C 30 minutes
Step 2 80 bar 25°C 30 minutes
Step 3 140 bar 40°C 30 minutes

The LiB black mass (6g) was inserted as received into the extraction chamber and
dynamic extraction was performed using the desired pressure and temperature
conditions. After the desired extraction time, the collected extract was sampled, and the
conditions were adjusted for the upcoming extraction step. Finally, the collected extract
was quantitatively analyzed using GC-MS. After the last extraction step, the LiB waste

material was collected and characterized by TGA.

The TGA results presented in Figure 1 showed that with the studied conditions and
extraction time, most of the remaining electrolyte solvents were successfully extracted.
The remaining product (1.4wt%) could be attributed to the conductive salt residues, but
further verification analysis is still ongoing. The analysis of the collected extract presented
in Figure 2 showed the potential to selectively extract the electrolyte by gradually
increasing the pressure and temperature conditions. However, a high co-extraction of the
electrolyte solvents is obvious. It must be highlighted that in this study, the extraction time
was kept the same for all steps. By retrieving thermodynamic and kinetic data for the
different solvents the extraction process can be potentially fined-tuned and the co-

extraction of the solvents minimized in the future.
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Fig. 2.: Share of detected amount for each step of the total extracted a) ethylene

carbonate, b) propylene carbonate, and c) biphenyl

Summary & Outlook

In a previous study, it was shown that non-polar electrolyte solvents such as DMC and
EMC can be selectively extracted using low density CO2 conditions '3. However, the polar
electrolyte solvents such as EC remained in the LiB waste sample after the studied
extraction process. The presented initial results showed that by gradually increasing the
pressure and temperature conditions, the more polar electrolyte components EC and PC
can be successfully extracted. However, the co-extraction of the solvents was rather high.

Thus, thermodynamical, and kinetic data is required to optimize the extraction process.
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Based on the models of the extraction behaviour, the extraction process can be potentially
designed in such a way as to retrieve a higher purity of the solvents. The high purity of the
solvents enables the recycling industry to re-sell the solvents for another purpose or even

reuse them for battery production.
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1. Introduction

The European Union is committed to ending its contribution to global warming, achieving
net-zero greenhouse gas emissions by 2050 [1]. Achieving this goal requires significant
changes in the current energy system, using clean energy sources and increasing energy
efficiency. The low capacity and intermittency of current renewable energies make it
necessary to search for new solutions for energy storage. In this context, green hydrogen
production offers an ideal solution for energy storage in an integrated system that
combines not only harmless energy production, but also high gravimetric energy density.
However, hydrogen has the lowest volumetric energy density, so to satisfy energy
demands like those of other fuels, larger volumes of hydrogen must be moved [2].
Consequently, the most important current challenges to overcome are to achieve practical
storage that combines its high gravimetric energy density with an efficient volumetric

energy density.

One way is hydrogen store in a stable and non-toxic compound such us chemical
absorption in ionic liquids (IL). According to various studies reported in the literature [3-4],
ILs containing imidazolium cation offers an effective solution for this purpose. This ILs
family deserves to be researched, it allows an optimal hydrogen storage capacity [5]. ILs
are a promising candidate because of its good chemical and thermal stability, low vapor
pressure, neglectable volatile and have a good capacity to act as a dehydrogenation

promoting agent; allowing lower temperatures for faster dehydrogenation [6].

On the other hand, stable hydrogen storage under ambient conditions can be achieved
by binding atomic hydrogen to hydrogen-poor molecules in liquid phase; an example of
those compounds is called liquid organic hydrogen carriers (LOHC). LOHCs have a high
capacity to store hydrogen without losses even in the long term, they undergo completely
reversible hydrogenation/dehydrogenation cycles, hydrogen-poor compound usually has
a high boiling point, so pure hydrogen can be separated easily from liquid molecules
through a condensation process, making this hydrogen storage approach economically
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and technologically attractive for implementation in real applications [7-8]. N-ethyl
carbazole (NEC) has been identified as the best LOHC in their extensive heterocycle

series; this can store 5.8 wt % hydrogen with an energy density of 1.9 kWh/kg [9].

2. Experimental
2.1 Materials

The design and optimization of hydrogen storage requires the knowledge of key properties
such as density (p), viscosity () and solubility. These properties will be measured for each
pure compounds, as well as for the LOHC pairs, in the entire molar range. Experimental
measurements will be carried out at temperature range: (273.15-393.15) K and pressures
from atmospheric up to 70 MPa. Table 1 shows the substances of interest according to
literature review. [3-6; 7-9]

Table 1. Fluids of interest for hydrogen storage.

IL LOHC
1,3-Diethylimidazolium ethyl sulfate 98% N-ethylcarbazole/Perhydro-N-ethylcarbazole
1,3-Diethylimidazolium methyl sulfate 98% Dibenzyltoluene/Perhydro-Dibenzyltoluene
1-Butyl-3-methylimidazolium methyl sulfate 98% Methylcyclohexane/Toluene

1-Ethyl-3-methylimidazolium ethyl sulfate 98%

1-Ethyl-3-methylimidazolium methyl sulfate 98%

The ILs were purchased at lolitec, Methylcyclohexane 99% was purchased at Thermo
Scientific, Toluene 99,8% from Sigma Aldrich, 9-Ethyl-OH-carbazole 99% and
Dibenzyltoluene 99,9% from Cymit. Perhydro-N-ethylcarbazole and Perhydro-
Dibenzyltoluene will be produced in our laboratory through catalytic hydrogenation of N-
ethylcarbazole and Dibenzyltoluene, using Pt/Al203 5% as a catalyst.

2.2 Equipment and procedures

A vibrating tube densimeter (Anton Paar DMA HPM) was used to measure density. Its
operating principle is based on the laws that govern simple harmonic motion and consists
of measuring the natural period (7) of vibration of a U-shaped tube, which is
electromagnetically excited and contains inside the liquid whose density is wanted to
know. That technique is able to measures densities from (0 to 3000) kg-m3, with a

resolution of 102 kg-m and uncertainties better than 0,1% with coverage factor (k=2).
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This vibrating tube densimeter has a working range in temperature: (263.15-473.15) K
and pressure: (0-140) MPa.

The densimeter was calibrated using water and vacuum over the entire working
temperature and pressure range. The vibration period (T) and densities are related

following equation (1) proposed by [10].

p(T,p) = A(T)T*(T,p) — B(T,p) (1)

where A(T) and B(T,p) are two characteristic parameters of the device that can be

determined through calibration at each temperature and pressure.

To obtain experimental dynamic viscosity data, a vibrating wire viscometer was used,
which works up to 35 mPa-s in the temperature and pressure range: (288.15-423.15) K
and (0-140) MPa respectively. Its operating principle is based on a tungsten wire of length
L=50mm and nominal radius R»=75 um tensioned and held at both ends. The sensor is
housed in a pressure vessel, properly centred and oriented in a constant magnetic field
generated by a magnet, which combined with an alternating current flow through the wire
establishes a transverse oscillation. The pressure vessel is immersed in a thermostatic
bath. The temperature is measured using two platinum resistance thermometers (PTR)
and pressure is obtained using a Druck DPI 104 transducer. Relative uncertainty of
viscosity measurements is estimated better than 1.5% with a coverage factor k=2. With
this technique it is only necessary knowing the density of the liquid, density and radius of
the vibrating wire, as well as the resonance frequency and the bandwidth of the resonance

curve, as described by equation (2) proposed by [11].

n(mPa-s) = @(]’:—;)2 (1 + %)2 (2)

where f;: is the resonance frequency; fp: is the bandwidth; p: is the fluid density; ps: wire
density.

The vibrating wire viscometer is an absolute viscometer, that means it does not require
calibration. However, the radius of the wire cannot be established with sufficient precision
by independent methods. Toluene was used as a reference fluid to calibrate wire radius,
carrying out the measurements at a certain T and p with its reference values of 7and p
reported in REFPROP. Finally, the technique is validated by measuring toluene or other

reference fluid in a wide range of T and p.

Solubility measurements are performed in an isothermal total pressure cell based on the

design of Van Ness et al. [12]. It is also used to measure and can be used to measure
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VLE of binary or ternary systems. This cell is a cylindrical piece of stainless steel with a
volume of 180 ml with a magnetic stirrer, which is submerged in a thermostatic bath whose
temperature is measured using a Pt-100. The system consists of an ISCO pump, which
inject know quantities of hydrogen into the cell, at a constant pressure and temperature.
Pressure is monitored with two Druck pressure gauges, one for pressures between (0-2)
bar and another for pressures up to 130 bar. Before carrying out the measurements, a
calibration of the total volume of the cell is carried out by progressively filling with water.
As the quantity of water injected in the cell is known, pressure and temperature inside the

cell is controlled total volume as function of temperature can be carried out.

The IL in question must be previously degassed in the cell through a series of
solidification-melting cycles, these cycles are repeated until the vapor pressure of the
compound is the same in two consecutive cycles. Once the IL has been degassed, and
the vapor pressure is stable, hydrogen is then injected. When equilibrium is reached, the
total pressure of the cell is taken using the appropriate pressure gauge according to the
working pressure range. Solubility is calculated based on knowledge of H2 mass in the
vapor phase, with previous calculation of the partial pressure of Hz and its volume in the

vapor phase.

2.3 Results

Experimental result of density measurement of pure species (toluene and
methylcyclohexane) is shown in Fig. 1 and Fig. 2 for the isotherms (273.15-393.15) K in
the pressure range of (0-70) MPa.

o/kgm

0,0 10,0 20,0 30,0 40,0 50,0 60,0 70,0 0,0 10,0 20,0 30,0 40,0 50,0 60,0 70,0
p/MPa p/MPa

Fig. 1: Experimental density data of toluene (¢ Fig. 2: Experimental density data of

27315 K; A 293.15 K; x 313.15 K; + 333.15 K; methylcyclohexane (¢ 273.15 K; A 293.15 K; x

-353.15K; m 373.15 K; x 393.15K; — p/Tamman- 313.15 K; + 333.15 K; - 353.15 K; m 373.15 K; x

Tait). 393.15K; — p/Tamman-Tait).
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In Fig. 3 and Fig. 4, density versus pressure for pure toluene, equimolar mixture, and pure
methylcyclohexane are shown for the temperatures 273.15 K and 393.15 K.

940 ]

920 —
900 p

880

v 860 i
840

820
800

po/kgm
p/kgm

760 670
0,0 100 200 300 400 500 60,0 700 0,0 100 20,0 300 40,0 500 60,0 70,0
p/MPa p/MPa

Fig. 3: Experimental density data for 273.15 K Fig. 4: Experimental density data for 393.15 K
(¢ 1% mol toluene; A equimolar mixture; x 1% (¢ 1% mol toluene; A equimolar mixture; x 1%
mol methylcyclohexane). mol methylcyclohexane).

Density data have been obtained for the pure compounds of the
Toluene/Methylcyclohexane pair at the working temperatures and pressures described in
section 2.1. These data have been correlated with a modified Tammann-Tait, represented
in equation (3) proposed by [13].

p(T, prer)

B(T) +
1 - cin [ty rps] (3)

p(T,p) =

Table 2 presents the statistical data analysis of experimental data correlated with
Tammann-Tait equation; mean absolute relative average (ADD) and the maximum

absolute relative deviation (MAD).

Table 2. Statistical parameters of the measurements for the compounds.

Compound MAD% AADY%
Toluene 0,5938 0,1981
Equimolar composition 0,0407 0,0190
Methylcyclohexane 0,0438 0,0214

Summary

The densities of toluene and methylcyclohexane have been measured in a wide range of
temperature, pressure and compositions. For this purpose, a vibrating tube densimeter

with an expanded relative uncertainty of 0.1 % (k = 2) was used. The density data of the
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pure components show a similar behavior in terms of the effect of pressure and
temperature; the density shows an increasing behavior when pressure rise and
decreasing with temperature. The results of the pure components densities in comparison
with the equimolar mixture, at a given temperature, the density increases with increasing
toluene mole fraction and pressure. The results of the modified Tamman-Tait equation
proved to be suitable for correlating experimental density data that depend on temperature
and pressure. This model achieved good absolute average relative deviations compared

with the experimental density.
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Introduction

In recent years, the chemical recycling of waste polymers has attracted greater attention
as a means of recovering valuable products from plastic waste [1]. Polycarbonate (PC),
an engineering thermoplastic, is increasingly being used in various applications. Its use,
especially in outdoor applications, is increasing due to its favourable properties such as
good transparency, low density, and high mechanical strength, making it one of the most
widely used engineering thermoplastics [2]. There are two main ways for recycling PC:
physical recycling and chemical recycling. Physical recycling, where the chemical
composition of the material is not changed, cannot provide a comprehensive solution to
the dilemma of environmental pollution. Even though physical recycling can extend the
lifespan of PC, the purity of the material deteriorates with each cycle of reuse, while it
continues to take up space in the form of residual waste [3]. Chemical recycling is
therefore preferred, as plastics can be converted into their monomers, which are then
reused as raw materials for polymer production [4]. In the case of PC, the monomeric unit
is bisphenol A (BPA). Water in a subcritical state is a medium that could provide optimal

conditions for various chemical reactions, including the degradation of various plastics [5].

In this study, the decomposition of virgin PC was carried out in subcritical water in order
to determine the optimum reaction conditions (temperature, time). The composition of the
oil phase was determined in order to facilitate the comparison of the results obtained with

the selected process parameters and to determine the possible degradation pathway.
Experimental

The hydrothermal decomposition of PC was carried out in a high-temperature, high-
pressure batch reactor (Parr Instruments, Moline, IL, USA). The temperature range was
between 250 °C and 350 °C, and the reaction time was between 5 min and 120 min.
Initially, the appropriate amount of material and deionised water was added to the reactor
to obtain a material to water ratio of 1:5 (g:mL). The reactor was purged three times with
nitrogen through the valve system before heating. After the desired reaction time was
reached, the reactor was quenched in cold water to lower the temperature as quickly as

possible. Once the reactor reached room temperature, the water-oil mixture was subjected
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to vacuum filtration to isolate the solid phase, and the reactor and filter paper were washed
with diethyl ether (DEE) to avoid losses. The filter paper was then dried overnight at 70°C.
The aqueous and oil phases were separated in a separatory funnel, followed by removal
of the DEE from the oil phase in a rotary evaporator under vacuum. The oil, solid and
aqueous phase yields were determined gravimetrically, while the gas yield was calculated
based on the mass balance.

The composition of the oil phase was determined using a Shimadzu GC-2010 gas
chromatograph equipped with flame ionization detector (FID). The compounds of the oll
phase were separated using an HP-5MS capillary column with helium as the carrier gas
and DEE as solvent. The identification and quantification of the compounds was based on
an external calibration for BPA, 4-isopropylphenol (4-IPPH) and phenol. The composition

of the oil phase is expressed as mass of component w (%) per mass of oil.
Results

Fig. 1 shows the recovery of oil (y(0)), solid (y(s)), aqueous (y(aq)), and gas (y(g)) phases
after hydrothermal degradation at different reaction conditions. At a reaction temperature
of 250 °C and a reaction time of 60 min, the degradation of PC only started and a lot of
undegraded material remained, which is reflected in a high yield of the solid phase (94.5
%). When the reaction time was increased to 120 min the degree of degradation
increased, but the amount of remaining undegraded material was still high (59.7 %). When
the reaction temperature was increased to 300 °C, the time of 5 min was still too short for
degradation. When the time was increased to 15 min, almost all the material was degraded
and a high yield of the oil phase was observed (94.9 %). Similar results were reported by
Y. Huang et al. [3], where 100 % depolymerization was achieved at 300 °C after 45 min.
The difference in the reaction time to achieve 100 % depolymerisation could be due to the
influence of the heating rate and the type of reactor. The maximum yield of the oil phase
at 300 °C was achieved after a reaction time of 30 min and was 95.1 %. With further
increasing the reaction time, the yield of the oil phases started to decrease, while the yield
of the gas phase started to increase, reaching 9.9 % after a reaction time of 120 min.
Increasing the reaction temperature to 350 °C resulted in faster degradation and the yield
of the oil phase was 96.7 % after only 5 min. The maximum oil yield (97.7 %) was achieved
at 350 °C and a reaction time of 15 min. At a temperature of 350 °C, the gasification
process was also significantly faster, and the yield of the gas phase increased from 0.4 %
to 24.0 % when the reaction time increased from 5 min to 120 min. The decrease in the

yield of the oil phase with increasing reaction time was also reported by Seshasayee and
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Savage [6], who increased the reaction time from 30 to 60 min at a reaction temperature
of 350 °C. The yield of aqueous phase was low at all reaction conditions and did not

exceed 1.1 %.
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Fig. 1. Yield of oil (y(0)), solid (y(s)), aqueous (y(aq)) and gas (y(g)) phase after
hydrothermal degradation of PC.

In the oil phase, the three most important products (BPA, 4-IPPH and phenol), which were
formed during the degradation of PC, were determined and the composition of the oil

phase is shown in Fig. 2.
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Fig. 2. Composition of the oil phase after hydrothermal degradation of PC by weight
fraction w (%) of the component in the oil phase. BPA — bisphenol A, 4-IPPH — 4-
isoprophylphenol.

At 250 °C, the BPA content in the oil phase increased from 19.9 % to 40.9 % with
increasing reaction time. Similarly, the phenol content increased from 4.0 % to 8.9 %,

indicating the subsequent decomposition of BPA. At 300 °C, the BPA content is high at
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short reaction times (5 min, 15 min), but since decomposition is not yet complete, the
times after 15 min were relevant. The content of BPA decreased from 38.2 % to 7.7 %
when the time increased from 15 min to 120 min, and the content of phenol increased
from 10.1 % to 37.7 % in the same period. In the study by Y. Huang et al. [3], the maximum
yield of BPA at 300 °C was observed after 30 min of reaction time and was about 40 %,
which is similar to our results after 15 min of reaction time at the same temperature. The
difference may be due to the different equipment and heating rate used for decomposition.
Rapid decomposition of BPA was observed at 350 °C, with only 3.8 % of the BPA
remaining in the oil phase after 15 min. With increasing reaction time, the amount of 4-
IPPH increased steadily from 0.6 % to 21.0 %. Since 4-IPPH is a degradation product of
BPA [5], the increase in 4-IPPH content was expected. Similar to the lower degradation
temperatures, an increase in phenol content was also observed at 350°C, but it was more
pronounced (from 23.1 % to 58.2 %). Based on the results obtained, the degradation
pathway was constructed (Fig. 3).

Cco,

tao Lag — Y - ¢

4-IPPH phenol

-
™

Fig. 3. Degradation pathway of polycarbonate in subcritical water.
Summary

The decomposition of PC to valuable products such as BPA monomer, 4-IPPH and phenol
was successfully carried out in subcritical water. An investigation of the influence of the
process parameters (temperature and time) showed the maximum vyield of the oil phase
(97.7 %) at a reaction temperature of 350 °C and a reaction time of 15 min. Poor stability
of the BPA monomer was observed in subcritical water, which rapidly degrades to
valuable chemicals such as 4-IPPH and phenol at higher reaction temperatures (300°C
and 350 °C) and longer reaction times. Further studies could include investigating the
degradation of different PC waste materials and analysing additional process parameters

such as the material-to-water ratio.
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Introduction

Low-density polyethene (LDPE), which is synthesized under high-pressure conditions, is
one of the most important polymers due to its versatility. By adding polar comonomers,
such as acrylic acid (AA), the range of properties of the polymer can be extended. The
variation of the type and content of the comonomer allows to increase for example the
flexibility of the polymer compared to LDPE. Copolymers of ethene and acrylic acid (EAA)
have very good adhesive properties on metal, paper or plastics as well as good sealing
properties. In addition, these copolymers are particularly hard and flexible. This results in
a wide range of applications. Ethene-acrylic acid copolymers can be used in special
packaging films for food products or in cable seals.['?

To understand the synthesis of copolymers such as EAA, it is necessary to know the
relation between comonomer content in the reaction mixture and polymer. For this
purpose, the system can be described by reactivity ratios. Knowledge of the reactivity
ratios is essential for better process control and for the development of new polymer
grades. By increasing the AA content, the data range of the copolymerization diagram can

be expanded, which reduces inaccuracies.l23!

Experimental

Reactivity ratios of a copolymerization can be described with the ratio of the rate
coefficients of the homo-polymerization step to the cross-polymerization step. This
relationship is shown in equation 1 and describes the incorporation behavior of a

comonomer in the polymer.!4]

k k
n = =i (1)

k12 21

Different methods are available for determining reactivity ratios. Nowadays, the nonlinear
least square method is used. This method is based on the MAYo-LEwisP®! copolymer

equation (equation 2). A useful tool for determining reactivity ratios using the nonlinear
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parameter estimation was developed by REISCHKE®. It enables the consideration of a
dependent error structure in F and f, when determining the corresponding values for r

and ra.

3 _ f(rfi+ f2)
F,  f(afi+f)

To determine reactivity ratios of the EAA-system, continuous experiments were carried

(2)

out in a corrosion-resistant autoclave R-1 between 220 °C and 250 °C at 2000 bar. The
autoclave has a volume of 60 mL and is designed for a maximum pressure/ temperature
of 3000 bar/ 300 °C. For the continuous high-pressure polymerization, ethene is
compressed to 2000 bar with a three-stage membrane compressor C-1. The comonomer
AA can either be fed with a membrane pump MP-1 directly into the reactor or with the
high-pressure metering pump KP-1 via the third compressor stage in the reactor.
The MP-1 can feed large flows between 80 g h-' and 2000 g h-', while the KP-1 can feed
2 mL min-'. Moreover, the initiator solution can be fed with the syringe pump SP-1. Via a
mixer, the compressed ethene is mixed with the feed substances and afterwards fed into

the reactor. Figure 1 shows a flow diagram of the used mini-plant.

Compressor
S Compressor Stage
SP  Syringe Pump

KP  Piston Pump

MP  Membrane Pump
Ex.  Exhaust

CN  Collecting vessel
P Pressure

L) Temperature

R Reactor

RD  Rapture Disc

Fig. 1.: Flow diagram of the experimental setup of the continuous high-pressure

mini-plant.
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In order to estimate the reactivity ratios from the received EAA polymer, the AA content
within the copolymer Faa and within the monomer mixture faa must be determined. The
former is measured using 'H-NMR and ATR-IR spectroscopy. To calculate the
composition of the monomer mixture, the mass feed of the monomers at the reactor inlet
as well as the polymer yield per time unit are required. The existing calibration for higher
AA contents in the copolymer could be extended up to 45 wt. % by using the two analytical

methods and by changing the 'H-NMR solvent from TCE to the polar one DMSO (see

figure 2).
5o V= 0.3258x2 + 7.3402x + 0.0898
) R? = 0.9991
40 ~
o\o 30
E
€ 204
W 20
10
0+
I " 1 " 1 " I ' I ' I "
0 1 2 3 4 5 6

Relative IR Peak Intensity (C=0)

Fig. 2.: Calibration curve for the determination of the AA content in the copolymer. The

orange data points represent the added values, expanding the validity range to 45 wt. %.

The most data points for the copolymerization diagram are available at 240 °C, which can
be seen in figure 3. The highest experimental AA content achieved is 25.98 mol %
(47 wt. %). This is a significant increase in the AA content in the copolymer compared to
the literature (6.98 mol %). Furthermore, the determined reactivity ratios are in the same
order of magnitude as those of WiTTkowski? (re = 0.05 + 0.005 and raa = 8 £ 2) and
MAHLINGE! (re = 0.043 £ 25 % and raa = 7.8) for the same condition (240 °C and 2000 bar).
Thus, AA is preferentially incorporated in copolymerization with ethene. The reactivity
ratios compared to those in literature are smaller for raa and slightly higher for re. This

leads to a lower AA incorporation than expected.
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Faa/ mol %

s =6.451 £ 1.240
0.0 + re = 0.087 + 0.003

1
0.0 0.2 0.4 0.6 0.8 1.0
fAA / mol %

Fig. 3.: Copolymerization plot of the EAA system at 240 °C and 2000 bar.

Summary

It can be summarized that it was possible to increase the AA content in the copolymer and
thereby expand the data range in the copolymerization diagram for 240 °C at 2000 bar.
With "TH-NMR and ATR-IR it was also possible to extend the calibration curve for higher
AA contents. Additionally, the phase behavior of EAA copolymer with increasing AA
contents must be investigated and the homogeneity of the samples verified, because this

is an important prerequisite for determining kinetic parameters like reactivity ratios.

We acknowledge the generous support of SK Innovation.
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Introduction

Over the last 20 years, the industry of transport has been the second largest contributor
to global greenhouse gas and COz2 emissions [1]. In particular, aviation is responsible for
approximately 2.1% of global CO2 emissions [2]. Since alternative energy resources, such
as hydrogen or electricity, are not the best fit for large aircrafts, one of the most promising
options is the use of Sustainable Aviation Fuel (SAF). SAF will reduce the industry’s
carbon while also reducing the dependence on the petroleum industry. SAF can be
produced from lignocellulosic waste biomass through different processes, one of the most
interesting being hydrothermal liquefaction (HTL), which produces a biocrude oil that can
be used as an alternative fuel after a catalytic upgrading [3-7]. The aim of this project is
the optimization of HTL of lignocellulosic biomass, specifically pine, eucalyptus and coffee

grounds, for bio-oil production in a batch reactor.

Experimental

Batch reactions were carried out in a stainless-steel reactor from Autoclave Engineers. In
all reactions, a 12% (w/w) mixture of biomass and water was used. Table 1 shows the

reaction conditions studied in this work.

Tab 1. Reaction conditions of batch experiments

Reaction time Temperature pH
Evaluate 4 contitions

Step 1 (0-60 minutes)

Fixed (2502C) Fixed (natural)

Evaluate 4 contitions

Fixed (60 min) (150-3502C)

Fixed (natural)

Evaluate 2 contions

Fixed (optimized) Fixed (optimized) e
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The reaction product was filtered to separate the liquid (hereafter referred to as aqueous

phase) from the solid fraction. Bio-oil (or oil phase) was extracted from the solid fraction

using

acetone, which was later evaporated and recovered using a rotavapor. Gas

generated during reaction was also recovered. The following analyses were performed for

each phase:

a)

d)

Aqueous phase

HPLC analysis was carried out to determine aqueous phase composition, both
qualitative and quantitatively, by comparing samples chromatograms with
chromatograms of standards for typical bio-oil compounds. Carbon content was
determined through Total Organic Carbon (TOC) analysis.

Oil phase

Elemental analysis of bio-oil determined its carbon percentage. Besides, a gas-
chromatography analysis, with a mass spectrometry detector (GC-MS) was carried
out to identify some of the compounds present in the samples.

Solid phase

Elemental analysis was also performed to the solid phase to find out carbon
content. FTIR (Fourier Transform Infrared) analysis allowed a qualitative
identification of molecule bonds.

Gas phase

Gas chromatography was performed for both qualitative and quantitative analysis.
The analysis with thermal conductivity detector (GC-TCD) identified and quantified
main compounds in the sample (CO, CO2, Oz, N2, among others), and gas-
chromatography with a mass spectrometry (GC-MS) identified other minority

compounds of interest.

To evaluate the results, severity factor (ts) was calculated for each experiment using

equation (1). This parameter combines the effect of time and temperature, including

heating, isothermal and cooling processing, and provides a useful tool to compare results

for hydrothermal processing carried out at different temperatures and times [6, 7].

- T.—T

i — 1bp
e
i=1 w

Eq. 1. Severity Factor equation
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Where n is the number of measurements, ti the reaction time (minutes), Tithe reaction
temperature (°C), To the reference temperature (250°C), and w a parameter calculated
with the activation energy of the reactions in place, which in most studies is based on the

activation energy of hemicellulose hydrolysis (111 kd/mol).

As shown in Figure 1, carbon content (%C) in the aqueous phase was hardly affected by
reaction conditions, and only the harshest conditions made it decreased significantly.
However, carbon yield in oil and solid phase was affected by reaction conditions, revealing
opposite tendencies: at low severity factor, carbon percentage in oil phase was the lowest,
increasing gradually when severity factor also increased, showing a maximum at severity
factor around 40 - 100 minutes, and then decreasing at higher severities. For the solid
phase, this behaviour was reversed, and the lowest carbon content was found at mild
severities, around 40-100 minutes, whereas the lowest and highest severities showed the

maximum carbon yield.

Pine: %C vyield vs. t,
90%
80%
70%
60%

©
T 50%
>
Q 40% °
30% ®
[
[ J [ J [ ]
20% ‘ [ ]
° ) .. e o° 3 .
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) ® )
® [
0% L 1 o—00 @ @ ‘ LX)
0,1 1,0 10,0 100,0 1000,0 10000,0 100000,0
Severity, minutes
®AQUEOUS @OIL CHAR @ GAS
Fig. 1. Carbon yield (%) vs. severity factor for batch experiments with pine
Summary

Hydrothermal liquefaction of lignocellulosic biomass in a batch reactor for bio-oil as a
sustainable aviation fuel precursor production has been optimised. Best results, in terms

of amount of bio-oil and carbon percentage were obtained at mild reaction conditions.
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Introduction

While searching for replacements for fossil fuel-based energy sources with renewable
ones, the focus in the research area expanded to further investigate the usage of different
waste materials, aiming to avoid their disposal by analyzing the potential recovery of
useful compounds. Sustainable decisions and ecological practices are promoted within
the industries by finding alternative applications of the products made from waste

materials.

Especially interesting are the natural waste materials such as different plant residues. One
of the examples is the tomato pomace which is a by-product of the ketchup and tomato
juice industry, with the data showing that dried pomace consists of 44% seeds and 56%
pulp and skins [1]. These residues come from both preparation and production processes
in the tomato industry. To separate the peel and seeds, the pomace has to be first soaked
in water in which the peels stay at the surface of the mixture, while the seeds fall at the
bottom of it. One of the biggest constituents of the tomato peel is cutin, a biopolyester with
a complex 3D network, which makes up between 40% and 85% of the tomato’s cuticle [2].
The other important constituents are fatty acids, polysaccharides, polypeptides, phenolic
compounds, and several carotenoids. Tomato seeds are also rich in antioxidant,
tocopherol, and carotenoid compounds, as well as fatty acids, which are placed in the
tomato seed oil that makes up between 19.5% and 25.7% of the tomato seeds [3]. The
content of peel and seeds is further analyzed in other research that has shown that the
percentages of carbon, hydrogen, oxygen, and nitrogen in tomato peels are 56.8%, 8.1%,
28.8%, and 2.4%, respectively. The same data for the seeds shows that the percentages
of these elements in the same order are 57.3%, 8.5%, 25.0%, and 4.9% [3]. Other
elements such as chrome, copper, and nickel have a similar amount present in both seeds

and peel, while sodium and potassium analyses show that these elements are more
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present in peels than seeds [3]. The total amount of carotenoids found in tomato peels is
793.2 ug g™, out of which 734.0 ug g~ represents lycopene, and the rest represents a-
carotene, B-carotene and cis-B-Carotene. The total amount of carotenoids found in tomato
seedsis 157.9 ug g, out of which lycopene represents 130 ug g~'and the rest represents
carotenes [4]. The amount of lycopene in the tomato seed oil, depending on the solvent
used, is between 17 ug g™' and 26 ug g~', while the B-carotene found in it is ca. 4 ug g’
regardless of the solvent [5]. Tomato seed oil analyses have shown that the content of the
oil is made up of 57% linoleic acid, 21% oleic acid and 14% palmitic acid [3]. Because of
the potential use of tomato seed oil as a vegetable oil, as well as the possibility to remove
the cuticular waxes from tomato peel as a form of a pretreatment, the idea of this
investigation is to extract these compounds and find the optimal conditions of temperature

and solvent flow rate in which the maximum vyield is achieved.

The standard solvents used for the extraction are organic solvents such as ethanol and
hexane. But with the development of the high-pressure fluid technology, it is found that
carbon-dioxide in the supercritical state (further used scCO2) could be used as a
replacement for organic solvents for extracting polar compounds as its dissolution power
increases when compressed above the critical point [6]. The scCO:2 is available at a
relatively low cost and high purity, and it is a non-toxic, non-inflammable, and non-
explosive compound that doesn’t require high operating temperatures as its critical point
is at 31.1°C and 73.76 bar [6]. One research compares the extracted tomato seed oil
yields in the case of three different solvents: hot ethanol, hot hexane and scCO2. Even
though the highest yield was achieved with ethanol (23.1%), then hexane (20.0%) and
then scCOz2 (17.3%), the yield achieved with scCOz is still high enough to be significant
and scCO:z2 considered as a solvent for this extraction process [5].

Experimental

Two types of experiments were conducted in the extraction pilot plant using scCO2 —
extraction of oils placed in the tomato seeds and of waxes placed in the tomato peel. The
extraction from tomato seeds was done in four different sets of conditions, while the
extraction from tomato peels was done in two different sets, that in both cases varied in
the values of scCO:2 flow rate and temperature set in the extractor. Reaction curves of the
extraction and yields will be shown in the presentation, as well as the interpretation of the
results of further analyses of the product, and the feed material before and after the

process.
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Summary

Waste tomato peels and seeds, which are by-products in the food industry, have not yet
found widespread application, although they have significant potential as a source of
natural oils and waxes. The development of high-pressure fluid technology enables the
use of scCO, as an efficient and environmentally friendly extraction solvent compared to
the standard extraction methods that use organic solvents. In order to promote sustainable
development and resource optimization, this study will investigate the possibilities of
applying scCO, for the extraction of waxes and oils from tomato waste under various
conditions, and further analyze the obtained products which will provide insight into the

efficiency of the method.
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Introduction

Biogenic waste (namely secondary animal products - bones, cartilage, skins, plumage,
talons etc.) and mixed animal biomass waste e.g. from supermarkets represent a group
of large-volume biomass waste which is commonly sell to rendering plants to be treated
in spite of the fact that it may be further yielded to value-added natural products such as
collagen, aminoacids, cholesterol, fatty acids and hydroxyapatite by using modern green
technologies. Supercritical CO2 extraction (without or with pressurized hot fluids as a co-
solvent) or subcritical water extraction belong among these technologies [1, 2]. The
yielded natural substances can be used for animal nutrition in agriculture sector or
production of animal food and cosmetics. Moreover, developed green technologies may
offer the alternative way how to treat/sterilize and dilapidate the bonegrafts e.g. before

being implanted in orthopaedic surgery practice [3].

Experimental and aim of the work

The aim of this work is to study the effect of process conditions of supercritical CO2
extraction and subcritical water extraction on the quality and quantity of yielded natural
substances. The effect of pressure, temperature, the addition of co-solvent (water) to
scCOz2 and extraction by pressurized hot ethanol was investigated on aminoacids yields
distribution and the quality of solid bone residue (bonegrafts) by using high-pressure liquid
chromathography with mass-spectroscopic detection (HPLC-TQ), thermogravimetric
analysis (TGA), organic elementary analysis (OEA) and nitrogen physisorption at 77K.
Fresh beef bones (ribs) were taken from TeSinské jatky, s.r.o. (Slezské uzeniny, Ceska
Republika). They were cryogenically cut to smaller pieces ~5mm. After that 30 g of bone
substrate was extracted using 1.) subritical water at 50-225°C and 10-30 MPa, 2.)
supercritical CO2 at 60°C at 10-70 MPa and 3.) supercritical CO2 with added 30 and
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60 wt.% of H20 as a co-solvent at 60°C or 150°C at 10 MPa. The set-up used for extraction

are shown in Figure 1.

TGA analysis of extracted bones performed on thermogravimetric analyser TGA 701
(LECO, USA) according to the ASTM D7582 standard was done for proximate analysis
including determination of moisture, volatile matter, fixed carbon and ash in wt.%. OEA of
extracted bonegrafts was realized using CHNS 628 (LECO, USA) according to standard
ASTM D3172-13 and D5373-16 in order to do ultimate analysis including determination of
elementary C, H, N in wt.%. Nitrogen physisorption at 77 K on extracted bones was
measured to characterize textural properties of residual bones such as the specific surface
area and pore-size distribution. HPLC-TQ was measured on Shimadzu (Nexera X2) to

determine extracted aminoacids.

Fig. 1.: Set-up for (a) subcritical water extraction, (b) supercritical CO2 extraction (without
or with a co-solvent), (c) bonegrafts after extraction and (d) fatty acids-based product from

extraction.

Since temperature and pressure affect significantly the dielectric constant of solvent

characterizing its polarity/nonpolarity and dissolving power, thus, affect the solubility of
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valuable natural substances in H20, CO2 and COz2 enriched with another solvents (H20,
ethanol etc.), their effects were investigated in yielding of aminoacids and the quality of
residual bonegrafts. While using subcritical water extraction the highest yields of alanine,
isoleucine and gylcine were achieved, using supercritical CO2 extraction tyrosin, threonine
and phenylalanine were the most frequent yielded aminoacids. Increased temperature of
subcritical water extraction (50-225°C at 10 MPa) increased yields of aminoacids and this
corresponded to the decreased volatiles amount and increased ash amount in residual
bonegrafts. Addition of H20 as a co-solvent to supercritical COz increased the yields of all
aminoacids (in pg/g) by one order, in general. The effect of extraction temperature (60°C
vs. 150°C at 10 MPa) on aminoacids yields and quality of bonegrafts was proved.

Summary

Subcritical water extraction and supercritical COz2 extraction (without and with co-solvent)
with COz2 recycling represent the environmentally-friendly and sustainable ways how to

yield valuable natural products from animal waste biomass and treat the bonegrafts.

Acknowledgement

Experimental results were accomplished using Large Research Infrastructure ENREGAT
supported by the Ministry of Education, Youth and Sports of the Czech Republic (projects
No. LM2018098 and LM2023056). Authors’ grateful thanks is also aimed to ERAMSUS+
BIP ESS-HPT 2024 and ERASMUS+ Staff Mobility Programme. Authors thanks
Mr. Jaroslav Kuchyna from IET, CEET, VSB-TUO for HPLC analysis.

References
[1] Baiano, A. Molecules 2014, 19, 14821-14842.

[2] Silva, J.C., Barros, A.A., Aroso, |.M., Fassini, D., Silva, T.H., Reis, R.L., Duarte, A.R.C.
Ind. Eng. Chem. Res. 2016, 55, 6922-6930.

[3] Fages, J., Jean, E., Frayssinet, P., Mathon, D., Poirier, B., Autefage, A., Larzul, D. J.
Supercrit. Fluids, 1998, 13, 351-356.

-38 -



ERASMUS+ BIP ESS-HPT 2024 "The European Summer School in High Pressure Technology"
7.7.-20.7.2024

Numerical Modelling of Thermoplastic Foaming by Supercritical CO:
Assisted Extrusion: Exploring the Process-Microstructure

Relationship

M. Altinisik 2 ', M. Sauceau ? 2, R. D’Elia # 3, R. Sescousse P 4,
F. Baillon®> G. Michon? ®
alnstitut Clément Ader (ICA), UMR-CNRS 5312,”INSA, UPS, Mines Albi, ISAE” 31077,
Toulouse, France
b Centre RAPSODEE IMT Mines Albi, CNRS, Université de Toulouse, 81013, Albi,

France

"mustafa.altinisik@isae-supaero.fr; 2martial.sauceau@mines-albi.fr;

Sraffaele.delia@mines-albi.fr; “romain.sescousse@mines-albi.fr;

Sfabien.Baillon@mines-albi.fr guilnem.michon@isae-supaero.fr

Introduction

Sandwich structures are largely used in lightweight applications thanks to their enhanced
strength-to weigh-ratio. Nomex® and aluminium honeycombs are widely used as core
materials due to their mechanical properties, ease of processing along with fire, smoke
and toxicity compliancy with standard transportation regulations. However, their lack in
sound insulation, damping capabilities and recyclability for Nomex® honeycombs,
represent a major concern. A promising and emerging solution consists in the use of
multifunctional thermoplastic foams developed by supercritical CO2 assisted extrusion
foaming technology. This green, non-inflammable solvent/solute can be used as physical
blowing agent during an extrusion process, allowing a fine control of foaming process and
thus of the final foam microstructure. Several functional properties can be associated to
the material: enhanced sounds insulation can be obtained for fine open cells, while closed
fine cells provide an enhanced thermal insulation capability [1], the nature of the
functionality of the foam clearly residing in the structures of the porosity. Starting from this
assumption, it is important to establish a clear processing-microstructure relation, in order
to tune the foam for a desired functional property. To follow this, we have decided to
develop a numerical model of the COz2-assisted extrusion foaming process. Experimental
analyses are associated with numerical modelling as shown in Figure 1. The experimental
approach, based on Chauvet and Dimos previous works [2,3], consists in three different

phases, spanning from the foam manufacturing by CO2-assisted extrusion foaming, foam
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assembly and final vibro-acoustic characterization using a Kundt tube. These
experimental phases will then be simulated using existing literature models. A first step,
describing bubble nucleation, growth and coalescence will be implemented in Matlab®
using a microscopic approach based on Shafi and Taki models [4,5]. A macroscopic
approach will then be implemented in a finite element software, in order to simulate foam
assembly and vibro-acoustic response. The objective of this work, in partnership between
Institute Clément Ader (ICA) and RAPSODEE laboratories, is therefore to understand and
predict by different digital tools the microstructure of a thermoplastic polymer foam
extruded and assisted by supercritical CO2 and establish the link between the foaming/

assembly process and vibro-acoustic properties

Bubble Nucleation
. Growth and
Foam manufacturing C— Coalescence

Evolution of the
porosity

Assembly

Vibro-acoustic
characterization

Predict vibro-acoustic
properties

Experimental Numerical

Figure 1: Representation of the main step of the current work

Experimental

Polylactic acid (PLA) foams studied in this work have been fabricated by supercritical CO2
assisted extrusion process. which offers a route to control porosity parameters such as
pore morphology and density. This process consists of 4 majors steps: polymer melting,
injection of supercritical CO2, mixing to have one phase system and finally foaming by
pressure drop. As shown in Figure 2, the extrusion process is a continuous process in

contrast with batch processes.

Polymer Supercritical

Figure 2: Schema of extrusion process [6]
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First experimental results have shown, in Table 1, that processing temperature and COz2
mass fraction strongly influence density, inner cell’s structure and material crystallinity. By
dropping the extrusion temperature (90°C), a crystalline foam (crystallinity rate Xc =24 %)
with reduced cells size and diameter is obtained, while at higher extrusion temperature
(110°C), as shown in Figure 3, results indicate a more expanded and amorphous foam

(Xc =7 %) with higher cell diameter.

Table 1: Foam characteristics according to extrusion temperature

Die Temperature Density Pore diameter Cristallinity
(°C) (kg/m?) (Hm) (%)
110 37 500 7
100 29 290 12
90 23 140 24

Figure 3 : Foam structure after extrusion process

Modelling Approach

First simulations based on the Shafi and Taki [4,5] models are currently under
development and will be used to correlate the processing-microstructure relationship
during the continuous extrusion process. The modelling approach employed in this work
is based on the influence volume approach (Figure 4), developed by Shafi and coworkers
mainly for batch foaming approaches [4]. Bubbles are modelled as non-overlapping cells,
with a volume saturated in gas and which cannot be affected to more than a single bubble.
This model is described by Equations 1, 2 and 3, while nucleation rate equation is
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derivated by Gibbs, Blander and Katz works (Equation 4). Coupling these equations, it is
possible to describe the nucleation and growth during the foaming process.

!
|
|

[ o
| crr.!) i
Cre)

r

Figure 4: Influence of volume approach
cell 7 Tpolymer
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Equation 1: Force balance around the bubble
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Equation 3: Flux of gas into a bubble
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Equation 4: Equation needed for nucleation rate

As explained above, depending on the porosity microstructure, foam functional properties
can be tuned: in the case of sound insulation, open porosities are required, in order to
dissipate the acoustic energy in the intricated open microstructure of the foam, by viscous
and thermal dissipative effects. Starting from this assumption, the goal of this work is to
extend this approach, successfully implemented by Chauvet [ref] in the case of continuous
extrusion processes, in order to integrate bubbles coalescence, thus evaluating the
appearance of open porosities during the process. The coalescence and visualisation
models employed are derivated from Taki’s work [5], where coalescence is regulated by
biaxial elongation at bubbles interfaces. The limiting factor to this phenomenon is the

polymer viscosity, as shown in Figure 5 and Equation 5.
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6na

T= ——
|PD1_PD2|

Equation 5: Convenient time scale of coalescence

Figure 5: Biaxial elongation model

The last step of this approach is the visualization of the final microstructure in order to
compare its distribution with experimental results using tools such as optical microscopy,
scan electron microscopy (SEM) and micro-tomography. The numerical results export and
analysis, such as bubbles position, radius and coalescence will be performed using
Paraview® software. An example of the preliminary results is shown in Figure 6.

Figure 6: Porosity visualization (without coalescense)
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Introduction

Among different carbon capture technologies, membrane separation has gained a lot of
attention due to lower energy consumption with respect to solvent-based methods.
Despite the high potential of polymeric membranes and their versatile characteristics, they

are subjected to permeability/selectivity trade-off which limits their performance.

The trade-off is depicted by an empirical correlation known as Robeson upper bound
which allows comparing the performance of polymeric membranes based on this
shortcoming [1]. To surpass the mentioned bound, different agents can be explored to
maintain a facilitated transport through the membrane which result in an enhanced
selectivity of CO2 rather than transport via solution diffusion mechanism. These agents,
which have high affinity for CO2, act as carriers and speed up its transfer by binding with
COz2 reversibly and forming a complex while other gases (such as N2) diffuse through the

membrane which is a much slower process.

In general, the preferred membrane should have high thermo-mechanical properties,
stability, durability along with high separation performance for an efficient performance [2].
Beside the choice of material, operating conditions such as feed pressure and
temperature can have a significant impact on the potential of the developed membrane

for separation [3].

Also, humidity can affect the microstructure of the membrane depending on its chemical
structure of the polymeric material and it is possible to exploit humidity as a privilege for
transport of CO2 [4]. Therefore, it is required to explore this effect along with variations of
operating conditions for a thorough characterization of a polymeric membrane during

separations.

Another important consideration is the membrane’s robustness and stability for a long-
term, effective performance. Several phenomena such as plasticization, degradation and
carrier saturation (in case of facilitated transport membranes) can reduce the efficiency of
the membrane by reducing its permeability and selectivity. These phenomena can be
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induced by exposure to CO2, moderately high pressure, temperature and humidity. The
stability and durability of the membrane depends on the resilience that each material show

with respect to these parameters which can be challenging to sustain [5].

Lowering the thickness of the membrane can be an important factor in increasing its
energy efficiency. However, fabrication of a defect-free thin film membrane which can
maintain the same separation performance is difficult and challenging. Both fabrication
method and processibility of the polymer play an important role in development of a thin-
film membrane. Besides, using a suitable support layer with a good compatibility with the
polymer is an important parameter to consider for a successful result. For reducing the
thickness of the selective layer, choosing a suitable fabrication method and addition of

CO2-philic agents are necessary to improve the processibility of the membrane.

With proper knowledge about polymeric material, it is possible to exploit the unique
properties of each material. Optimizing the separation performance can be achieved
through adjusting different parameters such as addition of a compatible carrier,
functionalization, crosslinking and even adjusting humidity after a comprehensive study

and experimentation on the effect of each parameter on the separation.

In this case, the project will be mainly focused on selection and characterization of bio-
based polymers for development of a “green” membrane for CO2 separation. The focus
on natural-based biopolymers is due to their biodegradability which fulfils global
sustainability and goals of circular economy [6].

As an example, natural biopolymers like nanocellulose and chitosan are abundant,
renewable, nontoxic and biodegradable. Although they have gas barrier properties in dry
state, several studies have explored their gas permeability properties upon exposure to
humidity which makes their microstructure moisture sensitive [7], [8]. Natural biopolymers
with different functional groups have a great potential for different chemical modifications
which makes them flexible to suite specific applications [6]. However, these materials must
exhibit high durability and resistance to withstand a wide range of operating conditions
and exposure to degrading agents. This requirement poses one of the primary challenges

in developing polymeric membranes from green sources.

Experimental

Each membrane is thoroughly assessed in terms of its chemical structure, separation
performance, and surface morphology to achieve comprehensive characterization.

Additionally, different fabrication methods—including solvent-casting, layer-by-layer
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technique, knife casting, and spin coating—will be evaluated and compared to develop
defect-free membranes with varying thicknesses.

FTIR analysis can be used to determine the chemical structure both before and after gas
permeation test to determine any possible modifications on the structure during the
separation process. Also, the evaluation of surface morphology by AFM technique is

another aspect which will be studied for characterization of the developed membranes.

Due to high importance moisture and its effects on biopolymers, it is crucial to study the
effect of water on the membrane including its swelling and water sorption. This effect can
be studied by various methods such as pressure decay apparatus and automated spring

balance as well as a simple method like immersion in water and mass measurement.

The separation performance of the membranes can be evaluated through a single-gas or
mixed-gas permeation test under certain operating conditions. The permeability is
measured in a thermostatic manometric system which operates based on constant
volume/variable pressure according to the following scheme. The magnetic stirrer on the
upstream side of the cell helps with preventing concentration polarization by ensuring a
homogeneous mixture during the test. The upstream and downstream pressures are
monitored by manometers and recorded through LabView software during the test.
Presence of two different manometers on the downstream side of the cell makes it
possible to conduct the test both in low pressure (via PT02) or high pressures up to 500
psia (via PT03).

Fo

Figure 1-Scheme of Gas Permeation System

This apparatus allows measurements in both dry and humid conditions to evaluate the

effect of water sorption and swelling on separation efficiency of the membrane which is of
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high importance for bio-based polymers. The humid permeation tests are done in static
mode by equilibrating the membrane with desired relative humidity for an adequate
amount of time. This process in controlled via monitoring the pressure by downstream
manometer. A scheme of a mixed and pure gas permeation system can be observed in

Figure 1.

The results of the permeation tests are used to calculate the inherent property of each
material for permeation of each gas. Selectivity of each material for CO2 with respect to
different gases can also be evaluated based on permeability of each gas for selected

material.

Apart from single-gas permeation, this apparatus makes it possible to use a gas
chromatography technique for conducting a mixed-gas permeation test and evaluate the
efficiency of separation when the membrane is exposed to different gases at the same

time.

Summary

Despite various studies on polymeric materials, the development of a green membrane
based on biopolymers has yet to be fully optimized and requires more detailed
investigation. Characteristics such as low environmental impact, biodegradability,
abundance, non-toxicity, low cost, and versatile inherent functionalization make
biopolymers a promising option for exploration. However, to address their limitations, it is
essential to explore different techniques such as chemical modification, functionalization,
and the implementation of compatible carriers to achieve durable, long-lasting, and
efficient operation. Characterization of membranes will be conducted under various
conditions to evaluate the effects of temperature, pressure, humidity, and modifications
on this group of biopolymers, with a focus on providing a green solution for CO, capture

applications.
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Introduction

Excessive use of antibiotics causes the bacteria in the microbe to become increasingly
resistant, making such treatment less effective. This problem can be reduced by limiting
the use of antibiotics in animals and humans and discovering new compounds that have
antibacterial properties ' . One of promising candidates are the components of hops (a-
and B-acids), which also have antioxidant, anticancer, antiviral, antifungal and anti-
inflammatory properties due to their composition 2. Hops have been used in the past to
treat diseases and symptoms 3 8 7. However, the utilisation of its antibacterial properties
is limited by poor bioavailability and therefore low biological efficacy & 810, Bioavailability
can be improved by micellization 8 © ', This is achieved by adding surface-active
substances that form a micelle at a certain concentration, the so-called critical micelle
concentration. The value of the critical micelle concentration varies from the type of
surfactant, the temperature, the solvent, the addition of salt and other dissolved
substances, the pH value and the ionic strength '2. Therefore, research into the influence
of Hop and its constituents on the micellization of surface-active substances is of crucial
importance for developing or discovering new compounds that would be suitable for

treating diseases.

Experimental

The value of the critical micelle concentration was determined using fluorescence. The
measurements were carried out with a Jasco FP-8550 spectrofluorometer (Jasco, Japan)
at a temperature of 25 °C and between wavelengths of 350 to 650 nm. The excitation

wavelength of fluorescein was 491 nm and the initial concentration in the cuvette was
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2,510%M. We selected the three most frequently analysed surfactants
(dodecytrimethylammonium bromide - DTAB, tetradecytrimethylammonium bromide -
TTAB and hexadecyltrimethylammonium bromide - HTAB) so that the measured values
could be compared with literature values. The initial concentration of conumulone (CH) in
the cuvette was 1 mM. In Figure 1 structures of cohumulone (left) and surfactants
(right), (n values are 10, 12, and 14 for DTAB, TTAB, and HTAB, respectively) are
depicted.

H,C

H,C,
Br H,C >u
C—
e _\[\‘}%
n

n=10,12, 14

HC =~

CH,
Fig. 1.: Structure of cohumulone (left) and surfactants (right).
Figure 2 shows the experimental measurements for DTAB, TTAB and HTAB, and the
fitting curve. If we compare plots a and d, b and e and c and f, we can see that the shape
of the sigmoid curve changes and its inflection point, which represents the value of the

critical micelle concentration, also shifts, when cohumulone is added to surfactants.
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Fig. 2.: Plots of fluorescein in a DTAB, b TTAB and ¢ HTAB solution and with added
cohumulone in d DTAB, e TTAB and f HTAB and the fitted curves.
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When cohumulone is added to the surfactant, 2 inflection points can be observed on the
curve, one in the premicellar region and the other in the micellar region, where the critical
micellar concentration is determined. In Table 1 we can see that the value of the critical
micelle concentration increases slightly after the addition of cohumulone. The addition of
cohumulone also increases the value of Ax, which represents the width of the inflection
point (transition) of the curve.

Tab. 1.: Values of critical micelle concentration and Ax without and with cohumulone.

DTAB TTAB HTAB

without CH | with CH without CH with CH without CH | with CH

CMC

12,2 13,7 23 4,1 0,7 2,0
(mM)

Ax 3,74-10% | 2,10-10° | 4,39-10* | 1,06-10° | 6,24-10° | 4,21-10*

Summary

We investigated the influence of cohumulone on the micellization of the three most
commonly used surfactants. We found that cohumulone changes the value of the critical
micelle concentration (the peak of the sigmoid curve) and also changes the shape of the

curve itself.
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Introduction

Polyethylene (LDPE) is produced by radical polymerization at temperatures of up to
300 °C and pressures of up to 3000 bar. During the process, long- and short-chain

branches are formed which are important for the properties of the material.[1, 2]

Autoclaves and tubular reactors are used for the industrial production of LDPE. The
advantage of tubular reactors is their surface-to-volume ratio which allows a conversion
of up to 35 %. The LDPE from these reactors is characterized by a comb-like structure
due to the few long-chain branches and by a narrow molecular weight distribution.
Compared to tubular reactors, industrial autoclave reactors exhibit back-mixing. This
produces LDPE products with a broader molecular weight distribution and an increased
number of long chain branches, resulting in a tree-like branched structure. The autoclave
leads to a lower conversion of 20 % because of the reduced surface-to-volume ratio,
which hinders the removal of polymerisation heat. Both structural features are important

for extrusion coating applications.[3, 4]

Multi-zone autoclaves are used to combine the unique tree-like branched structure of
autoclave-produced LDPE with the higher conversion of tubular reactors. This type of
autoclave gives a similar conversion to tubular reactors due to multiple fresh ethylene
feeds and a moderate temperature increase along the autoclave. The tree-like branched

structure is obtained by back-mixing.[3, 4]

Experimental

All multi-zone autoclave experiments are carried out in a continuous high-pressure
polymerization plant, which is located in a reinforced concrete room. The flow sheet of this

plant is shown in Figure 1.
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C: compressor

CN:  container

CV:  check valve

E flow

MP:  membrane pump
P: pressure

R: reactor

RD: rupture disc

SP: syringe pump

L temperature V-5 V-6
valve

QB
!

Fig. 1.: Schematic flow sheet of the continuous high-pressure multi-zone autoclave.

Ethene is compressed by a Hofer three stage membrane compressor and enters the
multi-zone autoclave from the top. Between the second and the third stage, chain transfer
agents (CTAs) can be supplied by a Lewa membrane pump. Other chemicals can be
added between the same stages by a Fink Chem+Tech high-pressure dosing pump. In
the reinforced concrete room initiators can be supplied by syringe pumps. Chemicals that
need to be pumped at higher flow rates are added to the multi-zone autoclave by using
an Orlita membrane pump. To add initiator from the side of the autoclave, a side feed is
required. This feed requires one syringe pump for the initiator and one membrane pump
for the carrier feed. The carrier feed is necessary to flush the initiator into the multi-zone
autoclave due to the low flow rate. The polymer produced is transferred in a collecting
vessel via a heated outlet line. The autoclave is heated by ceramic heating jackets. The
pressure is controlled by a pneumatic outlet valve. This leads to periodic fluctuations in
the temperature and the pressure throughout the experiment. Outside the reinforced
concrete room, the process parameters are measured, recorded and controlled by a
Beckhoff Automation unit using LabVIEW.

The multi-zone autoclave can be operated at a maximum pressure of 2500 bar and a
maximum temperature of 300 °C. The volume of the autoclave is 300 mL and it is made
of 1.7707 steel. The Computer Aided Design (CAD) of the multi-zone autoclave is shown

in Figure 2.
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Fig. 2.: Cross section of the high-pressure multi-zone autoclave.

The multi-zone autoclave is divided into three reaction zones by the design of the agitator.

The temperature of each zone can be measured by a thermocouple. For adding

substances into the second and the third zone a side feed is required.

Figure 3 shows a typical temperature profile of an LDPE-experiment in the multi-zone

autoclave.[9]
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Fig. 3.: Temperature profile of an LDPE-experiment after the start of the initiator feed

into the third zone of the multi-zone autoclave.
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The multi-zone autoclave shown on the left is color coded to illustrate the zones. The first
zone (green) is the coldest because there the cold ethylene feed enters the autoclave. In
the diagram on the right the switch-on and switch-off behavior is illustrated. After initiator
has been added to the third zone (red) the temperature of this zone increases. This can
be explained by the fact that the initiator starts new exothermic reactions in the radical
process. After the initiator supply was stopped, the temperature dropped. After
263 minutes, the initiator was added again and the temperature rose again. The
advantage of this is that the temperature can be increased in a controlled manner, which
means that the final product properties can be influenced.

Figure 4 also shows a temperature profile of an LDPE-experiment.

main feed

reaction zone 1
reaction zone 2
——reaction zone 3

280

increase in initiator quantity Z 2
260

<«— side feed Z 2
240 -

<«— sidefeed Z 3

I~ 220

start preheater

200

180

160 T T T T T T T T T T T T T T v

100 110 120 130 140 150 160 170 180 190 200 210 220 230
I—> outlet ¢t/ min

Fig. 4.: Temperature profile of an LDPE-experiment after the start of the initiator feed

into the second zone of the multi-zone autoclave.

Until the 100" minute, initiator was only added to the third zone from the side and from
above. Then initiator was also added to the second zone. After 152 minutes the starting
behavior of the initiator in the second zone occurs. This can be seen by the slight drop in
temperature. After the drop, the temperature of the second and the third zone increases.
As a result, a temperature gradient of 52 °C is achieved in the multi-zone autoclave. This
means that the second zone of the autoclave can also be addressed. It is also
recognizable that the temperature difference between the first and second zone is bigger

than the temperature difference between the second and third zone. The preheater can
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be used to heat the main feed that enters the first zone of the multi-zone autoclave. This

is also shown in the diagram in Figure 4.

Summary

The maijority of mini-plants for high-pressure polymerization around the world focus on
CSTRs, while industrial autoclaves are used as multi-zone autoclaves. To move closer to
industrial scale, a 300 mL multi-zone autoclave was designed to operate at 2500 bar and
300 °C. Further scale-up strategies are investigated to obtain representative samples on
a small low-cost scale. In this work, the targeted addressing of the individual zones of the
multi-zone autoclave was shown. A switch-on and switch-off behavior of the autoclave
was demonstrated by adding initiator to the third zone. Furthermore, a temperature
gradient of 52 °C along the autoclave was achieved by adding initiator to the second zone.
Here, the temperature difference between the first and second zone was the biggest. The

main feed could also be heated by a preheater, which made the first zone warmer.

We acknowledge the generous support of Siam Cement Group Chemicals (SCGC).
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Introduction
Polyphenols are natural compounds found in plants, which is why they are present in
many plant-based foods and beverages. They are known for their antioxidant,
antimicrobial and anti-inflammatory properties, as well as their ability to reduce the risk of
metabolic disorders, cardiovascular disease, type 2 diabetes and some types of cancer.
Their antioxidant power makes them excellent candidates for protecting and preventing
the body from oxidative stress. For this reason, and because of the direct relation between
diet, good health and disease prevention, the presence of quality foods rich in polyphenols
in the diet has generated a great deal of consumer interest (Nazzaro et al., 2022).
However, it has been established that, although polyphenolic compounds are present in
many diets, the health benefits depend not only on the nature and quantity of the
polyphenols ingested, but also on their bioavailability and bioaccessibility, which in the
case of flavonoids is poor (Bié et al., 2023)
Bioavailability is defined as the fraction of a nutrient ingested from food that remains
available for absorption in the intestine and metabolic processing and storage (Jackson,
1997, Cited in Hedrén et al., 2002). Structural differences between the various compounds
affect their bioavailability (Bié et al., 2023)
The positive influence of polyphenols on wellbeing and health and the versatility of the
properties represents a great opportunity for industries. In particular, the pharmaceutical
and food industries, allowing them to formulate new technological processes or new
functional products that can improve the properties of polyphenols such as their water
solubility and thus their bioavailability. (Nazzaro et al., 2022)
In order to improve their solubility, different techniques have been developed such as
micronisation and particle encapsulation (Wang et al., 2023). The formulation of natural
substances with a biocompatible or biodegradable carrier material to form composites or
encapsulates is of great importance in various industries. Various supercritical fluid
precipitation methods can be successfully implemented to produce these materials, most
notably the SAS process (Cocero et al., 2009).
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The objective is therefore to develop a formulation of rutin by studying its precipitation and
encapsulation in Eudragit® using the SAS technique, in order to enhance its dissolution
rate and improve its bioavailability.

Rutin is a polyphenol that belongs to the flavonoid group and is found in the flavonols,
being the glycosylated form of quercetin. Its molecular formula is C27H30016. As its
nomenclature indicates, it is a rutinoside formed by quercetin (aglycone) to which a
rutinose disaccharide (glucose and rhamnose) is attached at position 3 of the C ring (as
a substituent to the C3 hydroxy group) (Moravkar et al., 2023; Remanan & Zhu, 2023 ,
Figure 1).

Rutin consists of the basic phenolic part attached to the sugar molecule (Patel & Patel,
2019). It usually appears together with quercetin as a consequence of rutin hydrolysis,
which occurs due to the action of glucosidase, giving rise to quercetin with rutinose (Frutos
et al., 2019).

Figure 1: Chemical structure of rutin (Remanan & Zhu, 2023)
The main characteristic of rutin, and of most flavonoids, is its antioxidant activity, as it acts
by scavenging free radicals. Its antioxidant power is associated with the hydroxyl groups
present in its aromatic rings (Frutos et al., 2019)
Rutin can be found in various plants, especially in fruits and vegetables. Its main sources
among these are grapes and buckwheat (Frutos et al., 2019; Remanan & Zhu, 2023)
Rutin has a low water solubility of 0.125 g/L (Frutos et al., 2019), which limits its
incorporation in foods and food supplements. In addition, its stability under processing
conditions and possible interactions with other components must be taken into account.
Therefore, the application of rutin to the development of functional foods, which affects its
bioavailability and absorption, is a problem (Frutos et al., 2019)
Regarding the general uses of rutin, its main applications are in the pharmaceutical
industry, medicine, animal feed, cosmetics and the chemical industry (Patel & Patel,

2019). Rutin exhibits different pharmacological activities: cardiovascular activity,
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anticancer activity, anti-inflammatory activity, antidiabetic activity or antioxidant activity
(Semwal et al., 2021).

Therefore, rutin has excellent therapeutic potency, but despite these benefits, it has
limitations such as poor water solubility, low bioavailability and poor absorption. Due to
these drawbacks of rutin, different techniques such as encapsulation are investigated as
a strategy that can overcome these limitations (Frutos et al., 2019; Remanan & Zhu, 2023)
To improve the bioavailability of these molecules, in addition to facilitating product dosage
and reducing their storage volume requirements, the aim is to create particles of specific
size and morphology. Apart from size reduction, amorphous compounds are more soluble
than crystalline ones (Rodriguez-Rojo et al., 2022)

The SAS technique can be used for the preparation and formation of pharmaceutical
granules, generating ultrafine particles and microcapsules (Wang et al., 2023)
Supercritical carbon dioxide (SC-COz2) is commonly used as an antisolvent in SAS, as it
has a relatively low critical point (31.26°C and 73.8 bar), is inexpensive and non-toxic
(Wang et al., 2023)

The SAS technique takes advantage of the low solubility of solid organic molecules and
bioactive compounds in supercritical carbon dioxide and the high or complete miscibility
of most solvents in SC-CO2. To obtain a good final product, the organic solvent must be
completely miscible with CO2 under the operating conditions. Typical pressure and
temperature conditions are in the range of 80-150 bar and 35-50°C respectively (Fraile et
al., 2014; Rodriguez-Rojo et al., 2022).

During the process, the solute is dissolved in an organic solvent to form a solution that is
pressurised and mixed with CO2. The anti-solvent fluid (SC-CO2) supersaturates this
solution, expanding it and inducing precipitation or co-precipitation/encapsulation of the
solute in the form of dry micro- or nanoparticles (Machado et al., 2022; Rodriguez-Rojo et
al., 2022)

The SAS process can also be used for co-precipitation or co-precipitation of an active
compound with a support material (Fraile et al., 2014). When the precipitation process
occurs with a single solute, micro- and nanoparticles with a large specific surface area are
formed, thus increasing their bioavailability (Machado et al., 2022).

The precipitation of composite systems (or co-precipitation) gives rise to microcapsules
that have the capacity to be used in the controlled delivery of bioactives (Machado et al.,
2022)
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Experimental

In the first part of this work, the precipitation of rutin and its encapsulation in Eudragit®
was studied using the SAS (supercritical antisolvent) technique with supercritical CO2, to
develop a formulation that improves the bioavailability of rutin and its solubility in solvents

and polar substances such as water. A schematic of the SAS process is shown below:
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Figure 2: Scheme of the SAS process
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First, supercritical CO2 was introduced into the precipitator (flowrate 2kg/h) until the
desired pressure and temperature conditions were reached (in this case 100 bar and 40
°C, respectively). These conditions were kept constant throughout the experiment. The
solution was then injected at a rate of 5 ml/min. Finally, once all the solution had been
introduced into the vessel, the flow of supercritical CO2 was kept constant for a further 30
minutes in order to eliminate the remaining organic solvent from the precipitate so that it
would be completely dry.

Once these three steps were completed, the precipitator was decompressed with the help
of the back pressure valve and the particles were collected from the filter and the vessel
walls for further analysis. These samples were examined by scanning electron microscopy
(SEM) and X-ray diffraction.

In this second part, in vitro release assays were performed simulating intestinal fluids and
using the rutin products obtained in the precipitation and encapsulation with SAS
previously performed. To begin with, the solution that simulates intestinal fluid must be
prepared. To do this, 6.8 g of potassium phosphate is weighed and dissolved in 1 L of
ultrapure distilled water (miliQ). The pH is then adjusted to the desired value, in this case
6.8, by adding NaOH from a previously prepared solution.

The rutin product is placed in a basket which is immersed in the intestinal fluid solution
and kept at constant temperature and agitation. The experiments were performed with a

gut fluid volume of 475 mL, at a temperature of 37°C and a speed of 100 rpm.
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During the experiment, 3 mL samples are withdrawn at various time points and an
equivalent volume of fresh intestinal fluid is added. The defined periods of sample
extraction are 2, 5, 10, 20, 20, 30, 30, 40, 40, 50, 60, 60, 70, 80, 90, 100, 110 and 120
min.

To remove undissolved particles from the samples, they are filtered using cellulose
acetate syringe filters with a pore size of 0.22 um. They are thus prepared for further

analysis in the spectrophotometer.

Figure 3: (A) Equipment used for in vitro release testing (B) Detail of the basket
containing the rutin sample during testing

In vitro dissolution experiments were carried out with:

e Pure rutin samples

¢ Physical mixtures of pure rutin with Eudragit® L-100 (1:1 ratio)

e Physical mixtures of pure rutin with Eudragit® E-100 (1:1 ratio)

¢ Rutin samples processed with SAS

¢ Rutin samples coprecipitated with Eudragit® L-100

¢ Rutin samples co-precipitated with Eudragit® E-100

.
Results
The product obtained from the SAS experiments was studied in order to characterise its
morphology and crystalline structure. Figure 4 shows that the pure rutin has irregular
particle aggregates. The processed rutin shows very porous particles and a reduced size
distribution. It is shown that the characteristics of the processed rutin particles are

favoured by the SAS process.
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Figure 4: SEM images of: (a) pure unprocessed rutin and (b) SAS-processed rutin. The
magnification ratio of the images from left to right is 1000x, 4000x, 16000x and their
scale is 100 ym, 30 um and 5 ym, respectively (Giraldes Fernandez, 2022).

For coprecipitation of rutin and Eudragit®, it can be seen how the particle growth has been
restricted by the polymer coating the rutin core. The polymer surrounds the particle and

enters the particle interstices to achieve complete encapsulation.

Figure 5: SEM images of: (a) rutin and Eudragit® E-100 co-precipitated with SAS and
(b) rutin and Eudragit® L-100 co-precipitated with SAS. The magnification ratio of the
images from left to right is 1000x, 4000x, 16000x and their scale of 100 um, 30 ym and
5 um.

For in vitro release tests, looking at Figure 6, the most significant result can be seen with
the SAS-processed rutin, which shows a much faster dissolution than the other samples,
as well as a higher final solubility. This behaviour can be attributed to the particle size

reduction achieved by SAS micronisation, which increases their available surface area.
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On the other hand, samples obtained from a physical homogenisation of rutin with
Eudragit® at a 1:1 ratio revealed a higher solubility and faster dissolution compared to
pure rutin samples. This increase in solubility is possibly due to the modification of the
solution properties with the addition of Eudragit® polymers, which may improve the
dissolution of the active compound.

Finally, samples coprecipitated with Eudragit® show a much more controlled release than
those corresponding to the physical mixtures. When processing these samples with SAS,
the rutin is coated with the polymer, which can lead to a much slower release and
dissolution. This behaviour could also be favourable for the application of the formulation,
as the controlled release could improve the stability of rutin in the gastrointestinal tract.

250

200
—8—RUTINA PURA
150

—@— RUTINA+L100
RUTINA+E100

100 —@—RUTINA SAS
X’A RUTINA+L100 SAS
50 / RUTINA+E100 SAS

0 50 , 100 150
Time (min)

Concentration (mg/L)

Figure 6: Results of drug release tests in simulated intestinal fluid

Summary

The main objective of this work is to develop a formulation able to potentially improve the
water solubility and bioavailability of rutin in order to apply its potential benefits in industry
and human health.

To achieve this objective, first, rutin was precipitated with the SAS (Supercritical
Antisolvent) technique, and then rutin was co-precipitated with different polymers of
Eudragit® as support material by encapsulation with the same technique.

Subsequently, the morphology and structure of the particles were characterised by
scanning electron microscopy (SEM) and X-ray diffraction. The results indicated a

significant reduction in particle size and crystallinity.
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Finally, dissolution tests were carried out in simulated intestinal fluid and the results
showed an improvement in the dissolution behaviour of the rutin with respect to the

untreated compound.
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Introduction

Poor management of agricultural waste leads to environmental pollution due to by-
products from intensive agricultural production as well as those from the processing of
raw agricultural materials into finished products. However, some bioactive components
derived from fruit, plants and vegetable waste are considered interesting from a health
perspective. Indeed, they can play an essential role as anticancer, antiviral, antioxidant,
anti-inflammatory, antimutagenic agents, etc. For example, essential oils, carotenoids,

phenolic acids, polyphenol and vitamins can be mentioned.

Nowadays, tea is the second most consumed beverage in the world after water, with 18
to 20 billion cups of tea consumed every day (Debnath et al., 2021). The increase in tea
production involves significant agricultural waste (leaves, buds, stems) or infusion
residues. Furthermore, tea is well known for its health benefits. Indeed, tea is rich in
polyphenols, and the main composition of tea waste is presented in Tab. 1. It contains 25
to 30% polyphenols (dry mass). Polyphenols are a family of molecules that can be divided
into two main groups: flavonoids (flavones, flavonols, anthocyanidins, isoflavones,

flavanones, catechins) and non-flavonoids (resveratrol, phenolic acids, lignans).
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In tea, the most abundant flavonoids are catechins, which offer numerous benefits
(cardioprotective, neuroprotective, hepatoprotective, etc.) (Bedrood et al., 2018;
Rodrigues et al., 2013). In green tea waste, catechins include epigallocatechin gallate (48
to 55% of total flavonoids), epicatechin gallate, epigallocatechin, and epicatechin
(respectively 9 to 12%, 9 to 12%, and 5 to 7% of total flavonoids) (Debnath et al., 2021).
Based on catechins physico-chemical properties, it is necessary to control temperature,
pH, oxygen concentration, ions, and exposure to light to prevent epimerization, hydrolysis,
and oxidation of catechins during the process (Ananingsih et al., 2013; Mehmood et al.,
2022; Rodrigues et al., 2013). Encapsulation using a polymer thus protects catechins from
external factors that could degrade them and increases the stability of the molecules over
time. The second advantage of encapsulation is to improve the bioavailability of the active

molecules during administration by enabling targeted and controlled release.

Classical molecule extraction methods use large amounts of organic solvents (Soxhlet,
maceration, distillation) and require a significant amount of energy (heating, drying, etc.).
Moreover, these methods still rely on organic solvents such as chloroform, acetone,
acetonitrile, methanol, which contributes strongly to the waste stream, higher toxicity and
consequently are not suitable in the agri-food and pharmaceutical fields (Agrawal et al.,
2020; Serdar et al., 2017; Vuong et al., 2010). For these reasons, it is needed to establish
a green extraction method for tea catechins without the use of organic solvents. Unlike
the classical method, supercritical CO2 extraction does not require high-temperature
heating, avoids the use of harmful solvents, consumes less energy, and it is suitable for

sensitive molecules to heat and organic solvents.

The main objective of this project is to develop a process for the simultaneous extraction
and encapsulation of molecules of interest extracted from agricultural waste, as well as to
develop a pharmaceutical formulation for the oral administration of catechins in order to

improve their stability and bioavailability.

Tab. 1.: Main components of a tea leaf as a percentage of dry mass

Compounds % Compounds % Compounds %
Polyphenols 25 to 30 Lignin 6,5 Organic acids 1,5
Fibre 26 Minerals 5 chlorophylls 0,5
Proteins 1510 20 Lipids 2 Carotenoids 0,5
Carbohydrate 5t07 Amino acids 1a4 Vitamins
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Experimental

The extraction and encapsulation of catechins are carried out using the supercritical COz,
shown in Fig. 2, adapted from that of T. Massias PHD thesis (Massias, 2020). In the first
autoclave (Fig. 2. A), COz2is cooled to the liquid state and pressurized beyond its critical
pressure with a pump (Fig. 2. P), then heated beyond its critical temperature (Fig. 2. HE)
to obtain supercritical CO2. The supercritical CO2 then reaches another autoclave (Fig. 2.
B) containing the tea waste, where it dissolves the molecules of interest (catechins), which
are then sent to the atomization nozzle (Fig. 2. N). Simultaneously, a polymer in solution
(Fig. 2. D) is pumped to the nozzle using an HPLC pump. Thus, in the recovery autoclave

(Fig. 2. C), tea extracts rich in catechins will be obtained.

Once the process is optimized, this study can potentially be extended to other agricultural
wastes. A biopolymer will be used for encapsulation (like chitosan), helping to prevent
degradation of the molecules of interest and to improve its bioaccessibility and/or
bioavailability. An HPLC analytical method has been developed to quantify catechins in
tea waste. This method allows bioactive compounds assay (i.e. catechin, epicatechin,
epigallocatechin, epicatechin gallate, epigallocatechin gallate). Dissolution tests
simulating gastrointestinal environment will be also conducted to assess the release of

catechins over time.
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Fig. 2.: Supercritical CO2 extraction and encapsulation process

Summary

In summary, this study aims to develop a one-step method for extracting and

encapsulating bioactive molecules from tea agricultural waste, simultaneously.

A preliminary bibliographic study was conducted to select a model waste, namely tea, and
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an analytical method using HPLC was implemented to quantify the extracted catechins.
In parallel with the supercritical CO2 extraction, a physico-chemical and biopharmaceutical
characterization of extracts obtained will be performed in order to evaluate the process
and encapsulation impact on bioactive compound stability and behaviour in a simulated

gastrointestinal environment.
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Introduction

Carbon Capture and Storage (CCS) is a promising technology to reduce Greenhouse Gas
emissions from the industrial sector [1]. Based on promising outcomes from two distinct
pilot plant test campaigns, the novel solvent HS3, namely a blend of a primary (3-amino-
1-propanol, AP) and tertiary (2-hydroxy-ethyl-pyrrolidine, PRLD) amine, is proposed as an
alternative blend to benchmark monoethanolamine (MEA) 30 wt% to reduce the energy
requirements of the CO2 capture process and increase its economic and environmental
sustainability [2]. The work mainly includes the development of a model of the new amine
blend in a process simulator, its validation, and its testing for CO2 capture from a real

refinery.

Model development and validation
Model implementation

The HS3 model has been implemented in Aspen Plus® V11.0 according to the
ELECNRTL framework, dealing with vapor-liquid equilibrium first and then adding kinetics
and mass transfer. The reaction scheme has been defined following previous modelling
works on similar blends, and equilibrium constants have been retrieved from the literature.
In-house data have been exploited to regress the thermodynamic models for the vapor
pressure, Henry constant and physical properties such as density, viscosity, heat capacity
and heat of vaporization. Lab-scale VLE data have been used to tune interaction
coefficients between molecules and ions. The proposed model accounts for only 24
temperature-independent and 10 temperature-dependent coefficients to avoid overfitting.
The model stability is confirmed by a correlation matrix among the regressed parameters
and the smoothness and accuracy of the VLE model have been checked (Fig. 7a) and
compared against the available experimental data at different temperatures using a
statistical test. As a matter of fact, the developed Aspen Plus® model can provide
reasonable speciation in the liquid phase and can estimate the absorption reaction heat
with an AARD lower than 8% in a temperature range between 40°C and 100°C (Fig. 7b).
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This outcome is extremely relevant since an accurate estimate of the reaction heat is
essential to demonstrate the correctness of energy balances and to achieve a consistent
calculation of the process energ