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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 
 ESS-HPT 2024 Graz/Austria 

This year ESS-HPT 2025 will take place at Graz University of Technology in the period 
6.7.2025 till 19.7.2025. Further this Summer School includes an Online Phase (21.7. 
till 22.8.2025) where students have to perform a project work based on the topics of 
the course. 

 

 
 
 
 
 
 
 
 
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 2025 
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Modelling of the High-Pressure Copolymerization of Ethene and 

Acrylic Acid: Integrating Kinetics in Computational Fluid Dynamics 

Simulations 

Alexander Keßler, Markus Busch* 

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

Darmstadt, *markus.busch@pre.tudarmstadt.de  

 

Introduction 

This work presents a detailed modeling approach for the high-pressure copolymerization 

of ethene with acrylic acid, integrating reaction kinetics into computational fluid 

dynamics (CFD) simulations. This integration bridges the gap between molecular-level 

polymerization mechanisms and reactor-scale transport phenomena. By implementing 

kinetic models into CFD frameworks, it becomes possible to predict the spatial distribution 

of species concentrations, temperature, and polymer properties within a reactor. The 

experiments with the corrosion resistant autoclave had previously shown unstable 

operational behavior in laboratory experiments, in some cases leading to flame-outs. The 

present study contributed to identifying the underlying causes of this instability. 

 

Modelling 

To describe the copolymerization of ethylene with acrylic acid, a complex reaction network 

must be implemented. Figure 1 presents the network, which includes initiation, 

propagation, termination, and transfer reactions. The model incorporates several 

simplifications, such as describing initiation with a single reaction equation instead of 

treating initiator decomposition and chain initiation as separate steps. 

Polymerization processes can be modeled using two principal approaches: deterministic 

and statistical methods. Statistical approaches, such as Monte Carlo simulations, are 

based on probabilistic theory. While these methods are highly powerful, they often lack 

integration of detailed kinetic process knowledge. In contrast, deterministic modeling 

techniques, such as the Method of Moments, are based on kinetic approaches and 

typically derived from material balances. Modeling polymerization via kinetic approaches 

requires the formulation of material balances for all chain types and lengths, leading to an 

infinite set of differential equations. The Method of Moments reduces this to a smaller set 
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of equations. However, this reduction comes at the cost of losing information about 

individual chains, such as the molecular weight distribution. As a result, only average 

polymer properties can be predicted. Nevertheless, these are often sufficient, making the 

Method of Moments widely applicable.[1] 

In this work, the copolymerization of ethene with acrylic acid is modeled using the Method 

of Moments. Particular attention is given to the polymer populations of primary and 

secondary radicals, as well as inactive (dead) chains. Based on the calculated moments, 

average properties of the polymer can be predicted, including the number-average 

molecular weight ��, the weight-average molecular weight ��, and the dispersity Đ. 

High-molecular-weight transfer reactions can lead to the formation of branching points, 

which have a significant impact on the rheological properties of the resulting polymer. 

Characteristics such as melt viscosity, crystallinity, and solubility are strongly affected by 

the formation of branching points. To account for this, so-called counter species are 

introduced in the model to quantify the frequency of short-chain branching (SCB, ����), 

long-chain branching (LCB, �	��), and terminal double bonds (tDB, �
��).  

Figure 1: Overview of the kinetic system for EAA copolymerization, including 

corresponding kinetic coefficients with simplifications. The indices �, 
 ∈ {1, 2} denote up 

to four reaction steps for each reaction type. I represents the initiator, M the monomer, R 

the radical, and P the polymer. The indices n and m refer to the chain length. The 

symbol "=" indicates the formation of a terminal double bond. 
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The radical copolymerization of ethene with acrylic acid occurs under extreme conditions, 

typically at temperatures between 200 and 250 °C and pressures around 2000 bar. Under 

these conditions, the reaction mixture reaches a supercritical state, allowing the polymer 

to dissolve completely in the monomer phase. To account for these effects, this study 

uses empirical correlations to describe the pressure and temperature dependence of the 

thermophysical properties. Mixing rules are applied to estimate the overall properties of 

the mixture based on the thermophysical correlations of ethene, acrylic acid, and LDPE. 

In the experiments, a heating jacket is used to heat the reactor. The heat transfer from the 

jacket to the inner reactor wall is described by the following equation: 

�� = ����� !"
 − ���$$% 

For the simulation, the heat transfer coefficient � and the jacket temperature ��� !"
 must 

be specified. The implementation was validated using Predici® 11 under ideal plug-flow 

reactor conditions. 

 

Summary 

A residence time analysis was conducted based on the methodology described by 

G. Li [2], using the transport equation for steady, incompressible flow to simulate the 

spatial distribution of the mean residence time, as shown in Figure 2 (left). The results 

revealed generally efficient mixing within the reactor but also identified a backmixing effect 

from the autoclave body and extending into the region surrounding the stirrer shaft. To 

investigate this flow phenomenon in greater detail, Figure 2 (right) presents a vector plot 

illustrating the velocity magnitude (indicated by arrow length) and the x- and y-components 

of the velocity field (indicated by arrow direction). Two dominant flow patterns are 

observed: a flow near the inner cylinder directed towards the reactor (towards the outlet) 

and a flow near the outer cylinder indicating back-mixing towards the inlet. This behavior 

is attributed to the high stirrer speed, which forces fluid from the reactor space into the 

lower stirrer lens region. 

In addition, pulse tracer experiments were simulated by modeling the tracer as a separate 

species to determine the residence time distribution (RTD).[2] Based on these simulations, 

time-resolved reactor images were generated to provide insight into the transient mixing 

behavior. The reactor images resulting from tracer injection are shown in Figure 3 for 

various viscosities of the fluid. Simulations were also performed at different stirrer speeds. 
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The results demonstrate that the backmixing effect decreases with increasing viscosity 

and decreasing stirrer speed. 

The implemented kinetic model was then applied to the geometry of a laboratory-scale, 

corrosion-resistant high-pressure autoclave. The simulation was performed using 

boundary conditions from an experiment at low monomer conversion. The corresponding 

results are shown in Figure 3. 

Figure 2: Contour plots of the mean residence time & (left) and vector plots (right) of the 

velocity magnitude |(| = )(*+ , (-+, derived from the x- and y-velocity components  

((*, (-) as functions of x- and y-positions. The plots show the region around the lower 

stirrer lens, with the stirrer shaft on the right and the lower stirrer lens wall on the left. 
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Figure 3: Reactor images of the pulse tracer injection as a function of viscosity (rows) 

and time (columns). The region near the outlet lens was excluded from the images. 
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CFD simulations incorporating the implemented kinetics revealed that the previously 

mentioned backmixing effect leads to a localized temperature increase near the stirrer 

shaft. Due to the low decomposition temperature of the initiator used, initiation occurs 

predominantly in this region and is already complete before the initiator reaches the main 

body of the autoclave. This finding highlights the need for initiators with higher 

decomposition temperatures in future experiments to shift the initiation into the autoclave 

body. 

 

References 

[1] E. Mastan, S. Zhu, European Polymer Journal 2015, 68, 139–160. 

[2] G. Li, A. Mukhopadhyay, C.-Y. Cheng, Y. Dai, In Proceedings of the ASME 2010 3rd 

Joint US-European Fluids Engineering Summer Meeting and 8th International Conference 

on Nanochannels, Microchannels, and Minichannels, ASME, 2010. 

Figure 4: Contour plots of temperature � (left) and reaction rate of Initiation ./ (right). 
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Foaming of Recycled Plastics with Water and Supercritical CO2 

Beatriz Martín-Gómez, Aránzazu Redondo, Mariana Fortunatti Montoya, Alberto 

Mangas, Danilo Cantero 

The Institute of Bioeconomy, Department of Chemical Engineering and Environmental 

Technology, University of Valladolid, beatriz.martin.gomez@uva.es 

 

 

Introduction 

Plastics, valued for their strength, stability, and low cost, face a major 

environmental challenge due to their exponential production and resulting waste. Global 

plastic production rised exponentially from two million tonnes annually in 1950 to over 450 

million tonnes per year, a number expected to increase even further in the coming 

decades (Fig. 1). These plastics predominantly end up in landfills or nature. Traditional 

methods to solve this accumulation, like incineration and landfilling, offer insufficient and 

unsustainable solutions, while mechanical recycling often leads to downcycled, lower-

quality materials [1–3]. 

 

 

Fig. 1. Global plastic production (1950 – 2019) 
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Addressing this crisis requires more sustainable approaches, aligning with the 

Circular Economy model. This framework promotes treating plastic waste as a resource 

for continuous recirculation. Upcycling, in contrast to downcycling, enhances the value of 

waste plastics by transforming them into new, high-quality products, reducing raw material 

demand and boosting resource efficiency [4]. 

Polymer foaming stands out as a promising upcycling technology. This process 

introduces gas into a solid polymer, creating a porous cellular structure. The resulting 

foamed plastics are lightweight and can achieve high specific strength, low thermal 

conductivity, and excellent sound absorption. These properties make them highly useful 

across diverse industries, simultaneously reducing material density and plastic 

consumption while improving performance – an efficient solution to plastic waste [5]. 

While polymer foaming is typically carried out using only CO2, the incorporation of 

water significantly influences both the foaming process itself and the resulting foam 

properties. This is particularly evident in the ability to produce ultra-lightweight foams 

characterized by very high expansion ratios and excellent thermal insulation [6,7]. 

Building upon this promising approach, this work investigates the use of water and 

supercritical CO2 for the foaming of high-density polyethylene (HDPE), low-density 

polyethylene (LDPE), polystyrene (PS), and polypropylene (PP), which constitute the 

majority of plastic waste streams. 

 

Experimental 

The experiments were conducted using Siphon 1, a novel batch system developed by 

PressTech at the University of Valladolid in collaboration with the University of Villanova. 

A schematic drawing of the system is shown in Fig. 2. This system consists of: 

1. A CO2 inlet line. 

2. A heated high-pressure tubular autoclave. 

3. A pneumatic valve and expansion vessel configured for rapid decompression. 
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Fig. 2. Scheme of Siphon 1. 

 

Samples of the plastic were placed in the tubular autoclave. If water was included in 

the trial, it was also introduced into the autoclave. The autoclave was then heated to a 

specific temperature and pressurized with CO2 at a target pressure for a set time. 

Following this period, rapid depressurization was performed via the pneumatic valve, 

which resulted in the ejection of the foamed plastic into the expansion vessel for collection. 

To optimize the foaming process for different plastics, the influence of saturation 

temperature, pressure, time, and the quantity of water addition (including trials without 

water) on the resulting foam's density, cell size, cell density and thermal conductivity was 

systematically investigated. 

 

Summary 

The experimental results indicated that the addition of water into the foaming 

process was found to generally lead to an observable increase in the degree of expansion 

obtained across the range of plastics evaluated in this study. This specific effect proved 

to be particularly significant and exhibited a remarkable influence in the case of HDPE. 

For HDPE, the presence of water not only enhanced the overall expansion achieved but 

also demonstrated the capability of enabling successful foaming to occur even when 

HPF-700

CO2 

1 

2 

3 
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processed at higher saturation temperatures than would typically be feasible with CO2, 

widening the overall processing temperature window available for the foaming of HDPE, 

a consequence that is likely attributable to the inherent cooling effect provided by the 

presence of the added water within the system.  

In addition, when foaming PP, it was observed that the incorporation of water within 

the foaming mixture led to the formation of an open-cell structure, although this specific 

structural characteristic was noted to occur only under certain processing conditions. 

Maximum expansion ratios reached 15 for LDPE, 20 for PS and PP, and 50 for 

HDPE. Pore sizes across all obtained foams ranged from 1 to 100 μm. 
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Design and Characterization of Hydrophilic Natural Deep Eutectic 

Solvents for Application in Absorption Heat Pumps and Absorption 

Thermal Batteries 

Christoph Weinzettl, Paul Demmelmayer, Marlene Kienberger 

Institute of Chemical Engineering and Environmental Technology 

Graz University of Technology  

c.weinzettl@tugraz.at 

Introduction 

Deep eutectic solvents (DESs) are a relatively novel type of solvent, first mentioned by 

Abbott et al. in 2003 (1), formed by mixing a hydrogen-bond acceptor (e.g., choline 

chloride) and a hydrogen-bond donor (e.g., urea). This combination results in a 

homogeneous liquid at room temperature (RT) by significantly lowering the melting point 

of the mixture compared to that of the pure substances. This melting-point depression 

arises from strong deviations from ideal mixing behaviour driven by van der Waals 

interactions, particularly hydrogen bonding. Natural deep eutectic solvents (naDESs) are 

defined as a subclass of DESs that, by definition, are composed solely of substances 

derivable from natural resources and are therefore potentially highly biodegradable and 

sustainable (2, 3). In theory, an infinite number of natural deep eutectic solvents exist, 

since producing one requires only a mixture containing at least one hydrogen-bond 

acceptor and one hydrogen-bond donor. The main properties of a naDES can be tailored 

to its intended application—making it, for example, hydrophobic or hydrophilic depending 

on its constituents—which allows for the specific design of solvents for defined 

applications such as absorption heat pumps (AHPs) and absorption thermal batteries 

(ATBs). 

The state-of-the-art working medium for both AHPs and ATBs is an aqueous lithium-

bromide solution. Although this salt-based medium addresses some issues, it still suffers 

from high corrosivity and a tendency to crystallize under certain operating conditions (4, 

5). Using hydrophilic natural deep eutectic solvents instead of aqueous salt solutions may 

help overcome these problems, making them more economically feasible and increasing 

their sustainability. However, naDESs are relatively under-researched solvents, and 

hardly any data on their water-absorption capacity are available. Furthermore, most 

naDESs exhibit high viscosity due to strong intermolecular interactions, which can impede 

circulation and reduce both mass-transfer and heat-transfer rates. 
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Experimental and Results 

For the preparation of naDESs, 37 different substances derivable from natural resources 

were used as precursors. All constituents are free from halides, non-oxidizing, non-

harmful to humans and animals upon exposure, non-toxic, and environmentally benign. 

Except for one substance, based on their molecular structures, all others can act as both 

hydrogen-bond acceptor and hydrogen-bond donor. To determine which binary mixtures 

yield a homogeneous transparent liquid at RT, each potential naDES was prepared by 

mixing two different substances in a specific molar ratio, then heating the mixture at 80 °C 

and stirring for 16 h. Of 89 binary mixtures, 25 remained liquid after cooling back to RT. 

Of the remaining 64 mixtures, 10 were discarded because no interaction between the 

constituents was observed. To the other 54 mixtures, 10 wt.% water was added—since 

water helps to weaken the strong hydrogen-bond interactions of the precursors—yielding 

another 17 successfully prepared mixtures that stayed liquid at RT. When another 10 wt.% 

water was added to the remaining 17 mixtures, 20 more were discarded due to lack of 

observable interaction. The pictures in Fig. 1 show, representatively, several mixtures that 

resulted in homogeneous, transparent liquids at RT (Fig. 1 a), and some that showed little 

interaction and thus did not form homogeneous liquids at RT (Fig. 1 b). 

(a) (b) 

  

Fig. 1.: The picture on the left side (a) shows four different naDESs that remained liquid 

at RT. The solvents are composed of the following constituents from left to right: 

Betaine:Citric Acid; Betaine:Isosorbide; D-Fructose:Citric Acid; D-Glucose:Citric Acid. 

Each of them contains 10 wt.% water.  

The picture on the right side (b) shows four different solvents that not remained liquid at 

room temperature. Each of them was composed of Betaine and either Tartaric Acid, 

Phenylacetic Acid, Pentaerythritol, or 1,2-Propanediol. 

 

A binary mixture is not classified as a DES solely by its melting-point depression, but by 

the magnitude of that depression relative to the theoretical value predicted under ideal 
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mixing behaviour. This is visualized in the solid–liquid equilibrium diagram in Fig. 2, where 

the red curves show theoretical liquidus lines calculated for ideal mixing, whereas the blue 

curves represent the real liquidus lines of a binary mixture that forms a DES through strong 

deviations from ideality.  

 

Fig. 2.: Solid-liquid equilibrium diagram of a simple eutectic mixture (continuous red line) 

and a deep eutectic mixture (continuous blue line), figure taken from (6). 

DES tend to form undercooled liquids that exhibit a phase-transition range between solid 

and liquid rather than a sharp melting or solidification point, which makes the experimental 

construction of reliable solid–liquid equilibrium diagrams nearly impossible. Since no clear 

definition exists in the literature for the magnitude of melting-point depression relative to 

simple eutectic mixtures required for DES classification, the binary mixtures in this work 

were classified as deep eutectic if they remained liquid at -18 °C and stayed stable over 

extended periods at RT under UV protection. By this simplified criterion, 11 of the 44 

solvents qualified as DES.  

Mass and heat transfer are strongly influenced by liquid viscosity, so dynamic viscosities 

were measured at various temperatures and water loadings. At 25 °C, all investigated 

naDESs exhibited viscosities roughly 20 to 2 500 times greater than that of pure water. 

Raising the temperature to 80 °C reduced dynamic viscosities drastically, yielding values 

approximately 2 to 160 times higher than water at the same temperature. When each 

solvent was loaded with 0.25 gram of water per gram of solvent, the most viscous mixture 

at 80 °C proved only 19 times more viscous than pure water at 80 °C. These results are 
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promising for use in AHPs and ATBs, since these applications operate at elevated 

temperatures with continuous water uptake.  

 

Summary 

This study demonstrates that hydrophilic naDESs can specifically be designed to 

potentially replace a Lithium Bromide solution as working media in AHPs and ATBs. 89 

binary mixtures were prepared from 37 naturally sourced, halide-free compounds, 

resulting in 44 mixtures that remain liquid at RT. Using a simplified criterion for the 

definition of eutectic mixtures as deep eutectic, remaining liquid below -18 °C and stable 

at RT over a period, 11 of these liquids were classified as deep-eutectic. Viscosity, often 

a limiting factor for applying DESs, proved manageable under real operating conditions in 

AHPs and ATBs. Although pseudo-pure naDESs were initially 20 to 2500 times more 

viscous than water at 25 °C, thermal and hydration effects drastically decreased these 

values. At 80 °C and 0.25 gram water per gram naDES, the most viscous mixture was 

only 19 times more viscous than water. Because AHP/ATB generators and absorbers 

operate at elevated temperatures and continuously uptake water, the effective viscosities 

during operation should lie well inside practical pumping and heat-transfer limits.  

Overall, these results suggest naDESs are a promising, greener alternative to salt 

solutions in absorption systems. The straightforward preparation (80 °C, ambient 

pressure), flexible choice of natural components, and favourable viscosity at operating 

conditions make them strong candidates for further development. Next steps may include 

the investigation of water uptake and following desorption under operating conditions and 

the determination of long-time stability at elevated temperatures besides studying the 

probability of hydrolyses as it may lead to solvent degradation. 
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Introduction 

Proteins have become a vital part of modern therapeutic strategies since the 

introduction of the first recombinant drug – insulin – into clinical use. Today it’s a rapidly 

growing market estimated to be worth hundreds of billions of dollars. Protein therapeutics 

are designed to replicate natural protein mechanisms such as catalysis, signalling, 

transport of molecules and ions, and involvement in the immune system response, to 

name but a few [1]. Common classes of protein therapeutics include antibodies (e.g., 

monoclonal antibodies - mAbs, antibody-drug conjugates - ADCs) [1, 2], enzymes (e.g., 

sacrosidase, pegvaliase, laronidase [1]), coagulation factors, hormones [1, 2], cytokines 

[1] and others. The majority of these are used in oncology, haematology, 

cardiology/vascular diseases, dermatology, and gastroenterology [2]. 

When we evaluate the efficacy of protein therapeutics, we usually compare them 

to small molecule drugs (SMDs). Unlike SMDs, protein therapeutics are more selective, 

resulting in reduced interference with normal host biological processes and, consequently, 

fewer and less severe side effects. They are also more potent and can perform more 

complex functions [1]. However, protein therapeutics can easily undergo unwanted 

variations through various physical and/or chemical processes such as aggregation [1, 3, 

4], degradation, denaturation [1], oxidation [1, 4, 5], deamidation [1, 5] and others. In some 

cases, these processes may be interrelated (e.g., oxidation followed by fragmentation or 

aggregation) [4]. Furthermore, these degradation processes are closely associated with 

poorer clearance from the body, non-specific distribution [1], immunogenicity [1, 2], and 

toxicity. Therefore, care must be taken when using such therapeutics, not only during 

manufacturing, but also in subsequent transport, storage and handling [1]. They are more 

difficult to produce because they require special living cell lines or organisms. They also 

need to undergo various post-translational modifications [2] (e.g., phosphorylation, 

glycosylation) to perform their optimal functions. Their instability is demonstrated by their 

thermal instability, reactivity in the presence of reactive oxygen species (ROS) or light, 
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interfaces between protein solution and container material, variations in pH value, and 

changes in buffer solution [1, 5]. ROS (e.g., HO·, ROO·, 1O2, O3) induce oxidative stress 

on proteins, altering their structure and consequently their biological activity [3, 4]. Amino 

acids which are known to be susceptible to oxidation induced by ROS are cysteine (Cys), 

methionine (Met), tryptophan (Trp) [3–5], tyrosine (Tyr), histidine (His) [4, 5], and 

phenylalanine (Phe) [4]. 

A variety of analytical techniques are available to assess protein damage caused 

by oxidative stress. Commonly employed methods include 1D or 2D electrophoresis, 

ELISA test, HPLC-MS, circular dichroism (CD), light scattering, small-angle neutron 

scattering SANS), small-angle X-ray scattering, turbidity methods, X-ray crystallography, 

and NMR spectroscopy. These methods can be used for detection of chemical 

modification, quantification, mass and particle size observation, and solubility changes. 

Despite the broad range of analytical tools, most methods are optimized for the analysis 

of purified proteins rather than complex biological samples. Typically, two or more 

methods must be used to characterize samples (coupled methods are also possible). But 

still the main technique for amino acid analysis is performed with HPLC/UPLC (ultra high-

performance liquid chromatography) as separation, which is followed by quantification 

with MS, fluorescence, UV absorption, or by other electrochemical methods. Separating 

amino acids often requires the addition of ion-pairing reagents such as heptafluorobutyric 

acid (HFBA). This reagent artificially increases the hydrophobicity of the molecules in our 

samples, enabling the amino acids to bind more effectively to the stationary phase. This 

increases the elution time of more polar amino acids, preventing them from eluting 

immediately after column dead time (tD) [4]. 

 

Experimental 

Protein modifications mainly occur on amino acid residues, which are bonded 

together by a polypeptide chain to form a molecule with specific functions and properties. 

As previously mentioned, several amino acids are more susceptible to oxidation and form 

the basis of the experimental work. These are Cys, Met, His, Trp, and Tyr. In the presence 

of an oxidising agent, Met converts to methionine sulfoxide (MetO). If a strong oxidant is 

present, further oxidation occurs, forming methionine sulfone (MetO2). Figure 1 describes 

the entire oxidation process of Met. 
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Figure 1: The oxidation of the amino acid Met to MetO. If a stronger oxidant is present, 

then MetO undergoes further oxidation and converts into MetO2. 

Oxidation involves more than just the addition of atoms or functional groups (e.g., 

-OH). It can also involve two or more amino acids combining to form aggregates. This 

process is well known for Cys, where linking of two amino acids by a disulphide bridge (-

S-S-) is a common occurrence in proteins that stabilises their structures against thermal 

stress. However, in this case disulphide bridges form intermolecularly, and later 

aggregation occurs. A formed dimer of two molecules of free Cys is known as cystine. The 

formation of dimer cystine is represented in Figure 2. 

 

Figure 2: Oxidation of Cys to cystine. 

Any oxidation product can alter the biological activity of proteins, including protein 

therapeutics. Therefore, it is important to be aware of any potential changes. In some 

cases, unwanted chemical modifications lead into formation of aggregates and can be 

detected by looking for turbidity in the protein solutions. However, the vast majority of 

degradations are not so easily observed. Therefore, other approaches must be 

considered. In our experimental work we used high-performance liquid chromatography 

(HPLC) (Vanquish Core, Thermo Scientific, USA) to separate amino acids (L-Met, L-Cys, 

L-His, L-Trp, and L-Tyr) from their oxidised products (L-MetO, L-MetO2, L-Cystine, L-

Asparagine (L-Asn), L-Aspartic acid (L-Asp), L-Kynurenine (L-Kyn), and 3-(3,4-

dihydroxyphenyl)-L-alanine (L-DOPA)). L-Met, L-Cys (Sigma Aldrich, Japan), L-Kyn (TCI, 

Japan), L-Asn, L-His (Sigma Aldrich, USA), L-Trp (Sigma Aldrich, China), L-DOPA 

(ThermoFisher Scientific, China), L-MetO2 (Sigma Aldrich, Germany), L-Asp (Sigma 

Aldrich, France), L-Tyrosine (Carlo Erba, France), L-Cystine (Sigma Aldrich, India), and 

L-MetO (Sigma Aldrich, Switzerland), were all commercially available.  

Since not all amino acids are easily and in large quantities soluble in MiliQ water 

(Adrona, Latvia), we had to prepare them in 0.1 M or 1M HCl (HoneyWell Fluka, Austria) 

solution, depending on their solubility. Primarily we prepared individual standards and mix 
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standard with concentrations of amino acids above 0.1 mg/ml so that their absorbance at 

221 nm during separation remained constant. We prepared standard samples for every 

amino acid and their oxidised product, as well as the standard which contained all of the 

amino acids. Crafts et al. [6] provided a method for separating amino acids. We later 

modified this method due to the presence of several other compounds that were not 

present in the initial study. The steps of the gradient mode were also altered because the 

column does not possess the same parameters. Amount of volume that was injected on 

to the column was set on 10 µl, and the temperature of both column and sample chamber 

was 20 °C. We used as a solvent A MiliQ water with 0.4% heptafluorobutyric acid - HFBA 

(Sigma Aldrich, Switzerland), and as solvent B acetonitrile - ACN with 0.4% HFBA. We 

used Acclaim Polar Advantage II HPLC Column (150×4.6 mm; 3 µm) (ThermoFisher 

ScientificTM, USA) with polar embedded stationary phase. We used reversed-phase high-

performance liquid chromatography (RP-HPLC) method, where we began using polar 

solvents and later slowly adding more non-polar solvent, before repeating the method for 

another separation. Changing the polarity of solvent greatly influences the separation of 

amino acids. At the beginning more polar amino acids elute, but when we increase the 

ratio of ACN the more non-polar amino acids start to elute through the column. The flow 

rate was set on 0.500 ml/min. Measured chromatographic peaks were analysed using 

software Chromeleon 7 (Thermo Scientific Dionex Chomeleon 7 Chromatography Data 

System, USA). When separation method was fully developed, we continued our 

experimental work on coupling HPLC with X-Pulse benchtop NMR (Oxford Instruments, 

United Kingdom). 

NMR spectroscopy is an established method in protein analysis. Sample is placed 

in a strong, constant magnetic field in which we apply radio frequency (RF) pulses to 

detect specific nuclei (e.g., 1H, 13C, 15N, 31P). Here we focused on the flow-through method 

where we use the flow from HPLC to transfer the separated amino acids and their oxidised 

products through the NMR probe and measure their NMR spectra over time. To 

successfully measure NMR signals we must properly increase the concentration of 

previously prepared amino acid samples, so that the NMR probe can in short time detect 

the compounds passing through. As we have been using Water type I (and later ACN) as 

the mobile phase during the separation, we have also measured the NMR peak(s) for the 

mobile phase. To avoid solvent peak we used solvent suppression pulse sequence. Every 

NMR spectrum was analysed and optimized using software MestReNova x64 (Mestrelab 

Research, Spain). The goal was to couple together HPLC-benchtop NMR for early 
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detection of degraded amino acids. This provides a better resolution of chemicals for their 

detection ad quantification. Figure 3 describes the entire procedure, from the separation 

of amino acids and their oxidised products to their detection using a UV/VIS detector and 

an NMR spectrometer. 

 

Figure 3: Scheme representing separation of amino acids and their oxidised products 

using HPLC, followed by the detection of compounds using benchtop NMR 

spectroscopy. 

A major advantage of using NMR coupled to HPLC is that in many cases the 

separated chromatographic peaks on HPLC could contain two or more undetectable 

compounds. This problem is usually neglected when mass spectrometry (MS) is used to 

measure the weights of molecular fragments. NMR can also be used in a similar way, 

where we do not detect specific molecular fragments, but rather specific fingerprints, or 

better still, specific NMR peaks that are assigned to specific amino acids. This allows us 

to analyse samples that are not sufficiently separated but can still indicate if oxidation has 

taken place. Experimental work did not consider any pre-separation modifications of 

amino acids. 

 

Summary 

Despite being used to treat many diseases, protein therapeutics still exhibit several 

disadvantages. The biggest risk is their ability to trigger a life-threatening immune 

response due to presence of aggregates. This is primarily due to their size, whether native 

or resulting from improper management and degradation over time. Therefore, it is 

important to develop precise and accurate analytical techniques for screening them to 

prevent toxic proteins from being administered to the patients. One such method could be 
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HPLC coupled to benchtop NMR. By adding an ion-pairing reagent (HFBA) to the mobile 

phase, we were able to separate free amino acids from their oxidised products. We then 

coupled the HPLC to the benchtop NMR, and by using the flow-through method, we were 

able to detect the separated compounds in the NMR probe using the flow formed by the 

HPLC pump. As a result, we obtained many NMR spectra, enabling us to detect and 

quantify separated components.  
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Introduction 

Polymerisation is a fundamental chemical process that plays a crucial role in a wide range 

of everyday applications and industrial processes.[1] A specialised form of polymerisation 

is emulsion polymerisation, which has many advantages and a broad scope of applicable 

uses. Unlike conventional methods such as bulk or solution polymerisation, emulsion 

polymerisation occurs in an aqueous phase, with the monomers dispersed as small 

droplets stabilised by surfactants.[2] This technique provides superior control over the 

exothermic reaction and allows for high scalability. In radical polymerisation, the reaction 

takes place in nanoscale particles, resulting in high polymerisation rates and the formation 

of high-molecular-weight polymers that can be processed without significant viscosity 

issues. These benefits make emulsion polymerisation the preferred method for producing 

synthetic textiles, coatings, and adhesives, among other materials.[3] 

However, emulsion polymerisation is inherently complex, involving three main phases: the 

polymer phase, the droplet phase, and the aqueous phase. Given the multiphase nature 

of the system, advanced simulation tools such as Predici[4] offer an efficient means of 

analysing the process kinetics and thus speeding up the development of new products. 

Nevertheless, accurate experimental data are essential for validating these simulation 

models prior to their application to process development. 

 

Overview of the Simulation Model  

In this work a kinetic simulation model in Predici 11[4] developed in the Zentel research 

group[5] is to be validated. This model can predict monomer conversions in homo- and 

copolymerizations, as well as the number and size of particles formed during the reaction. 

The model uses the masses of the reaction mixture as input. For initiator decay reactions, 

the Arrhenius equation is employed. Scripts containing the reaction temperature 

measured during the experiments are also incorporated into the model for simulation 

purposes. 
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Previous work in the Zentel research group[5] investigated the ability to predict conversion 

and diameter with the redox-initiating system in both styrene homopolymerization and 

copolymerisation systems composed of styrene and BA in a batch reactor. In addition, 

reactions were carried out in a continuous 3D-printed tubular reactor and the results were 

compared with simulations. The results of this comparison showed good agreement with 

the simulations. 

The focus of this work was the validation of the model in batch reactor for 

homopolymerization of n-BA with two different initiating systems. 

 

Experimental 

Experimental validation was performed in a 1 L double-jacketed glass reactor. Sodium 

dodecyl benzenesulfonate (SDBS) was used as the emulsifier, n-BA as the monomer, and 

water as the continuous phase. Two initiation systems were studied: a redox system 

containing tert-butyl hydroperoxide (TBHP) and ascorbic acid (AsAc), as well as an iron-

based catalyst (Ammonium iron (III) sulfate- dodecahydrate, Fe-cat). A simplified reaction 

scheme for this system is shown in Figure 1. 

 

 

Figure 1: Simplified rection mechanism of the used redox system consisting of 

TBHP/AsAc/Fe-Cat.[6] 

 

In addition to the redox system also the behaviour of the thermal azo initiator 

2,2'-Azobis[N-(2-carboxyethyl)-2-methylpropionamidin] tetrahydrate (VA-057) was also 

investigated. The decay reaction of this azo initiator is shown in Figure 2. 
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Figure 2: Decay reaction of the thermal azo initiator VA-057. 

 

Throughout the reactions, numerous samples were collected and analysed to track the 

progression of the reactions. For this gravimetric analysis of the solid content of each 

sample were performed, and the particle size was also measured using dynamic light 

scattering (DLS). The experimentally collected results were then compared with the 

simulation results. Figure 3 shows the comparison results for both initiating systems. 
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Figure 3: a) Comparison of experimentally determined monomer conversion with 

simulation results. b) comparison of measured hydrodynamic diameter of particles with 

simulated values. 

 

Comparing experimental and simulated data showed that the model accurately predicts 

monomer conversion and particle size evolution. The results confirm the model’s efficacy 

in describing radical distribution and polymer growth under various initiation conditions. 

The model's ability to simulate the emulsion kinetics of n-BA at different temperatures and 

with different initiators is also evident. 

 

Summary and outlook 

With the aim of validating a Predici 11 simulation model, a number of n-BA 

homopolymerisations were carried out using two different initiators. The temperature was 
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measured continuously during the reaction, and this data was used as input for the 

simulation model alongside the weighted reaction components. The results were then 

compared with those collected experimentally and showed good agreement. This proves 

that the simulation model is able to predict the reaction kinetics and correctly calculate the 

distribution of radicals on particles, thus determining the number and size of particles 

formed during polymerisation. 

Building on these results, our next step is to expand our setup to include semi-batch 

reactions and validate the model using these experiments. Furthermore, we seek to 

enhance our understanding of n-BA behaviour in both one-phase and multi-phase 

reactions, laying the groundwork for n-BA copolymerisations with ethylene at moderate 

pressures. 
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Introduction 

Beers with an alcohol content not exceeding 0.5% alcohol by volume (ABV) are typically 

called non-alcoholic beers. Recently, consumer interest in non-alcoholic beer has been 

increasing, and it is estimated that between 2024 and 2029, it will reach a growth rate of 

10.01% (Brewers Journal, 2025). 

Low-alcohol beers usually have worse sensory qualities, such as taste, unwanted wort-

like aromas, or too much sweetness. The lower the alcohol content, the stronger these 

problems become. These issues are related to the production methods of non-alcoholic 

beer, where not only alcohol but also other volatile compounds are removed (Pater & 

Frączek, 2024). 

Pervaporation is a membrane process used for the separation of liquid mixtures. It is a 

highly effective technique for separating ethanol and water, making it suitable for the 

dealcoholization of beverages. The feed solution is applied to the membrane under 

atmospheric pressure, while the opposite side is kept under reduced pressure or vacuum. 

In these conditions, the permeating components evaporate, are collected in the gas 

phase, and then condensed in a receiver tank outside the system, from which they can be 

removed. The separation of components is based on their affinity for the membrane 

material (Bodzek Michał, 1997; Konieczny & Rychlewska, 2016; Van der Bruggen & Luis, 

2015).  

Pervaporation is a technology with great potential for beer dealcoholization, but it requires 

precise adjustment of operating conditions to avoid aroma loss and low selectivity. 

Therefore, it is necessary to study how the efficiency of ethanol removal from beer is 

affected by specific membranes and process conditions. Another challenge is the transfer 

of volatile compounds through the membrane, which can negatively impact the sensory 

profile of the beer (Castro-Muñoz, 2019). 
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Experimental 

The study used a dark beer produced at the University Brewery. Before pervaporation, 

the beer was degassed and micro-filtered to remove solid particles. Its alcohol content by 

volume and density was determined using the "FermentoFlash" beer analyzer (Fluke 

Gerber, Germany). 

Tab. 1.: Parameters of the beer sample. 

Alcohol content [% v/v] 4.39 

Alcohol content [% w/w] 3.46 

Density [g/cm3] 1.0054 

 

Pervaporation was carried out using the setup schematically shown in Fig. 1, applying  

a PERVAP 4155-40 membrane (Sulzer Chemtech, Switzerland) with a surface area of  

A = 200 cm². The process was conducted in two temperature ranges: 40–45 °C and 50–

55 °C, with a beer flow rate of 30 L/h. 

 

 

Fig. 1.: Scheme of the pervaporation setup. 

 

1L of beer was placed in a jacketed feed tank, the feed pump was activated, and the 

heating temperature was set. Simultaneously, the cold trap tank was filled with an ice-

water mixture to ensure a low temperature in the permeate collectors, enabling vapor 

condensation. Effective cooling was maintained by regularly adding ice or replacing the 

water. Once the beer reached the target temperature, the vacuum pump was switched on. 

During the process, the pressure on the permeate side of the membrane was kept 

between 50 and 130 mbar. 
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Pervaporation was continuous, and permeate samples were withdrawn from the collectors 

during the process. Fig. 2 presents the permeate flow rate throughout pervaporation. 

 

 

Fig. 2.: Comparison of volumetric permeate flux at 40-45 °C and 50-55 °C.  

 

The density of the collected permeate samples was measured using a DMA 38 density 

meter (Anton Paar, Austria). Based on these measurements and with the use of a 

densimetric table for aqueous ethanol mixtures, the approximate alcohol content in the 

tested samples was estimated. 
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Tab. 2.: Density of permeate samples collected during pervaporation using the  
PV 4155-40 membrane. 

Sample 
No. 

Density 
[g/cm³] 

Alcohol  
[% v/v] 

Process  
duration [h] 

Temperature [°C] 

1A 0.9975 <1% 1.0 50 
2A 0.9979 0% 1.5 50 
3A 0.9979 0% 1.9 50 
1B 0.9973 <1% 0.5 40 
2B 0.9974 <1% 1.0 40 
3B 0.9979 0% 1.5 40 
4B 0.9980 0% 2.0 40 
5B 0.9979 0% 2.5 40 

 

The permeate was also subjected to chromatographic analysis using a GC-2014 gas 

chromatograph (Shimadzu, Japan) equipped with a flame ionization detector (FID) and an 

automated injection port (AOC-20). Data acquisition was carried out using the ChromaX1 

2007 software (ver. 1.0b), and the results were processed with the Chr-mod1 2007 

software (ver. 1.0). The column used for compound separation was a Zebron ZB-WAX 

plus (30 m length, 0.25 mm inner diameter). 

The chromatograph operating parameters were as follows: injection port temperature  

– 250 °C, detector temperature – 250 °C, injection volume – 1 μL, split ratio – 2:1, helium 

as the carrier gas with a flow rate of 2 mL/min. The temperature program started at 40 °C 

(held for 2 minutes), followed by an increase to 60 °C at 5 °C/min, then to 240 °C at 

15 °C/min, with a final hold at 240 °C for 5 minutes. 

For each sample, chromatographic peaks with the highest areas were identified and are 

presented in Table 3. 
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Tab. 3.: Chromatographic analysis. 

 

Summary 

Fig. 2 shows a trend: the volume of permeate collected during pervaporation decreases 

over time for both temperature ranges, 40–45 °C and 50–55 °C. When the process was 

carried out at the higher temperature range (50–55 °C), the permeate flow rate was 

greater compared to the lower temperature range (40–45 °C). 

 
Peak No. 

Retention 
time 
[min] 

Compound 
Peak area 

[µV·1/100 min] 
Peak 

height [µV] 
Peak width 

[min] 
Calculated 

amount 
Unit 

SAMPLE NO. 1A 
A/1 1.913 Acetaldehyde 502727 52327 0.075 2.1613 mg/ml 
A/2 2.513 Etanol 189269 14899 0.07 0.8137 mg/ml 
A/3 2.932 Etanol 737908 54913 0.077 3.1724 mg/ml 
A/4 3.253 Etanol 168305 8503 0.113 0.7236 mg/ml 

SUMA   1598209 130642  6.871 0 
SAMPLE NO. 2A 

A/1 2.502 Etanol 4218 530 0.058 0.0181 mg/ml 
A/2 2.908 Etanol 230524 19212 0.065 0.9911 mg/ml 
A/3 3.345 Etanol 57203 1703 0.308 0.2459 mg/ml 

SUMA   291945 21445  1.255 0 
SAMPLE NO. 3A 

A/1 1.908 Acetaldehyde 21637 2775 0.06 0.093 mg/ml 
A/2 2.503 Etanol 44382 4226 0.06 0.1908 mg/ml 
A/3 2.907 Etanol 192730 11737 0.065 0.8286 mg/ml 

SUMA   258749 18738  1,112 0 
SAMPLE NO. 1B 

A/1 2.507 Etanol 18038 1695 0.067 0.0775 mg/ml 
A/2 2.933 Etanol 872804 73397 0.072 3.7524 mg/ml 
A/3 3.328 Etanol 179221 5767 0.282 0.7705 mg/ml 

SUMA   1070063 80859  4.6 0 
SAMPLE NO. 2B 

A/1 1.905 Acetaldehyde 43116 12156 0.053 0.1854 mg/ml 
A/2 2.503 Etanol -22487 3388 0.043 -0.0967 mg/ml 
A/3 2.922 Etanol 386593 48363 0.06 1.662 mg/ml 

SUMA   407222 63907  1.751 0 
SAMPLE NO. 3B 

A/1 1.9 Acetaldehyde 45946 6234 0.055 0.1975 mg/ml 
A/2 2.498 Etanol 43438 6066 0.055 0.1868 mg/ml 
A/3 2.905 Etanol 229618 19344 0.06 0.9872 mg/ml 

SUMA   319002 31644  1.372 0 
SAMPLE NO. 4B 

A/1 1.903 Acetaldehyde 955183 121757 0.06 4.1065 mg/ml 
A/2 2.502 Etanol 257327 23883 0.06 1.1063 mg/ml 
A/3 2.908 Etanol 411584 26656 0.07 1.7695 mg/ml 

SUMA   1624094 172296  6.982 0 
SAMPLE NO. 5B 

A/1 1.898 Acetaldehyde 187489 26058 0.052 0.8061 mg/ml 
A/2 2.492 Etanol 95613 9474 0.053 0.4111 mg/ml 
A/3 2.897 Etanol 281314 19835 0.063 1.2094 mg/ml 

SUMA   564416 55367  2.427 0 
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The density of the permeate collected in both temperature ranges was similar, with 

differences between samples remaining below 0.1%. The first collected samples 

contained a small amount of ethanol in both cases. 

The gas chromatography results showed only a few peaks per sample, which may indicate 

that only a limited number of compounds passed into the permeate. Based on the 

retention time analysis, ethanol was identified, as the observed peaks had retention times 

close to that of the ethanol standard, which was 3.132 min under the applied 

chromatographic conditions. 
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Introduction 

Nowadays, there is growing interest in the valorization of waste and by-products from 

agrifood industries, not only by using them as alternative raw materials for different 

processes, but also to reduce their environmental impact. Most of these by-products are 

disposed or degraded, thus creating a pollution problem, yet these feedstocks hold large 

potential to produce added-value materials with applications in pharmaceutical, cosmetic 

and nutraceutical industries [1]. 

In the European coffee sector, the primary by-product generated during the roasting 

process is coffee silverskin (CS), a thin layer that covers the green coffee bean and 

detaches during roasting [2-3]. As Europe imports and roasts already-processed green 

coffee beans, silverskin is the main solid residue produced at this stage of the value chain. 

In Portugal, coffee production reached 46 thousand tons in 2023. This volume of roasting 

generated an estimated 465 tons of coffee silverskin, which are typically discarded as 

waste, highlighting the potential of this by-product for valorization.[4]  

Coffee silverskin is mainly composed by dietary fiber (cellulose, hemicellulose, and lignin), 

lipids, proteins and minerals [5-8]. Despite its promising composition, most chemical 

processes used to decompose lignocellulosic materials and extract polyphenols are time 

consuming, require the use of significant amounts of acid, alkali, and organic solvents, 

raising environmental concerns [9-10]. 

A promising alternative to these conventional methods is the use of subcritical water 

(SBW), i.e., liquid water at temperatures above 100°C and pressures above its vapor 

pressure [11-12]. Subcritical water presents interesting properties such as extraction and 

reaction solvent medium: it dissolves less polar compounds since its dielectric constant 

decreases as temperature increases (78 to 20 decrease from 20 to 300°C) [12]. 

Simultaneously, its ionic product increases significantly (pKw drops from 14 to 11.1 
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between 25°C and 259°C at 25 MPa), enhancing its ability to promote both acid- and base-

catalyzed reactions [13]. 

It is an environmentally safer alternative process as it does not require the use and further 

disposal of added chemicals, is relatively fast, and has moderate energy requirements 

(water stays at liquid state so no vaporization occurs).[12] 

Extraction of water-soluble extractives is efficiently achieved at low temperature range 

100 - 140°C but further increase in temperature may lead to degradation of polyphenols. 

At temperatures ranging 140 - 230°C, SBW hydrolyses carbohydrates to 

monosaccharides, lignin to monolignols, lipids to fatty acids, and proteins to aminoacids 

[12]. 

Given its potential to treat and value agri-food residues, subcritical water emerges as a 

promising green technology for sustainable processing. This work focuses on assessing 

the sustainability of valorizing by-products from the coffee industry, particularly coffee 

silverskin, using subcritical water as an environmentally friendly solvent. In addition, it 

aims to develop a mathematical model of the subcritical water process, grounded in both 

experimental data and theoretical analysis. 

 

Experimental 

Initially, coffee silverskin was characterized in terms of its main compositional 

components, including lipids, carbohydrates, lignin, and ash content. SBW experiments 

were then carried out in a batch reactor system (Figure 1). The objective was to selectively 

extract and/or hydrolyze the biomass into distinct fractions by leveraging the tunable 

properties of subcritical water, and thus to evaluate the influence of key process 

parameters, such as temperature, residence time, and water-to-biomass ratio, on the 

composition and yield of the resulting hydrolysates. A first approach focused on 

extractions performed at temperatures ranging from 120°C to 280°C, with a fixed 

residence time of 10 minutes and a solid-to-liquid ratio of 1:10. 
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Fig. 1.: Lab-scale batch apparatus. 

 

Summary 

At this initial stage, subcritical water extraction proved to be an effective and 

environmentally friendly method for recovering bioactive compounds from coffee 

silverskin, with particularly high efficiency in extracting carbohydrate-rich fractions. Even 

with a short residence time of only 10 minutes, the process yielded favorable extraction 

results. These findings also revealed the transition point at which subcritical water shifts 

from functioning primarily as an extraction solvent to exhibiting hydrolytic and catalytic 

activity, demonstrating its tunable nature and broad applicability. 

Following these initial results, the study will focus on a more detailed exploration of 

process conditions, such as residence time and solid-to-liquid ratio, to further optimize the 

extraction and hydrolysis of key components.  
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Introduction 

Banana peels, a major by-product representing approximately 35% of the fruit's weight, 

account for over 40 million tons of waste annually worldwide, often discarded despite their 

richness in bioactive compounds such as phenolics, catecholamines (e.g., dopamine), 

dietary fibers, and free sugars [1.2]. In recent years, growing interest in sustainable 

valorization of agro-industrial residues has motivated research on the recovery of high-

value compounds from banana peel for use in food, pharmaceutical, and materials 

applications [3,4]. 

This work explores a systematic strategy to valorize banana peels using hydrothermal and 

solvent-based extraction techniques on pilot scale. The study focuses on extracting and 

characterizing target molecules such as dopamine, L-Dopa, phenolic compounds, soluble 

sugars, and hemicelluloses under controlled conditions in a pilot-scale reactor. Particular 

attention is given to the influence of temperature, extraction time, and solvent composition 

on the yield and stability of the bioactive compounds.  

 

Experimental 

Bananas (Musa acuminata Colla) from discarded production were supplied by Fruta Viva 

Valladolid. The fruits were harvested on January 16, 2024, in Puntallana, Gran Canaria, 

Spain, and classified at ripening stage 4–5 according to the standard scale. A sequential 

approach was adopted to valorise the entire discarded fruit. The bananas were manually 

peeled, and the peels were cut into rectangular pieces (approx. 4 × 3 cm). These were 

loaded into a pilot plant equipped with five batch-operated reactors (2 L each), which were 

used to investigate the influence of process parameters on compound extraction. Initially, 

a 1:1 ethanol–water mixture was used to extract polyphenolic compounds at temperatures 

ranging from 45 to 75 °C. After this step, the reactors were emptied, and the solvent was 

replaced with water to perform hydrothermal extraction at 120 to 160 °C. In all cases, the 
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solvent-to-biomass ratio was approximately 2 (w/w). Liquid samples were collected at 

various time intervals to monitor extraction kinetics. 

In parallel, part of the banana pulp was homogenised and mixed with an appropriate 

amount of water to prepare a slurry containing 10.57 wt.% total solids. This slurry was 

processed in a continuous Sudden Expansion Reactor (SER). The feed was pumped at 

an average flow rate of 10 kg/h through the SER, which had a length of 2 m and an internal 

diameter of 3.05 mm. Inside the reactor, the slurry was contacted with hot water to reach 

reaction temperatures of 280 °C, 340 °C, and 360 °C, under corresponding pressures of 

170, 170, and 340 bar, respectively. Depressurisation was achieved using a needle valve, 

which induced a rapid pressure drop and cooling via the Joule–Thomson effect, effectively 

quenching the reaction and preventing thermal degradation. 

The extract obtained from the 1:1 ethanol–water extraction at 65 °C was concentrated by 

rotary evaporation to a total solids content of 4 wt.%. It was then blended with equal 

amounts of maltodextrin and gum arabic to achieve a final mixture containing 15 wt.% 

total solids. This formulation was spray-dried using a GEA Mobile Minor™ (model MM 

Basic, Düsseldorf, Germany) equipped with a rotary atomizer. The atomization pressure 

was set at 0.6 MPa, with an air flow rate of 30 kg/h. Drying was performed at an inlet air 

temperature of 200 °C and an outlet temperature of 95 °C, using a feed rate of 1 kg/h. 

The hydrothermal extract obtained at 140 °C and the processed pulp treated at 360 °C 

were subjected to a sequential ultrafiltration process. Four ultrafiltration membranes were 

employed: three Pellicon 2 Mini Biomax polymeric membranes (flat-sheet configuration, 

polyethersulfone material) with molecular weight cut-offs (MWCO) of 30, 10, and 5 kDa, 

each with a filtration area of 0.1 m²; and one Prep Scale-TFF membrane (spiral-wound 

configuration, regenerated cellulose) with a MWCO of 1 kDa and a filtration area of 

0.23 m². 

The extracts were analysed via high-performance liquid chromatograph (Hitachi 

Chromaster HPLC) equipped with a Bio-Rad HPX-87C carbohydrate column and a 

refractive index (RI) detector (Hitachi 5450 RI Detector). The injection volume was 10 μL, 

and the mobile phase consisted of a 1.2 mM calcium sulphate solution at a flow rate of 

0.6 mL/min while the column temperature was maintained at 50 °C. The total phenolic 

compounds of the extracts were estimated using the Follin-Ciucalteou method, using gallic 

acid as reference. The molecular weight of the extraction solutions was assessed using 

size exclusion chromatography (HPLC-SEC). A GPC column (SB-803 HQ; Shodex) with 

a guard column (SB-G; Shodex) was maintained at 35 °C. The mobile phase comprised 
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NaNO3 0.1 M + NaN3 0.02% in Milli-Q water, with a flow rate of 0.5 mL/min. A Waters IR 

2414 detector was used. Polyethylene glycol of different molecular weight was dissolved 

in Milli-Q water, covering a weight-average molecular weight range from 0.4 to 20 kDa. 

For the quantification of dopamine, L-Dopa, and α-tocopherol, a known quantity of extract 

was diluted in methanol and filtered through a 0.22 μm nylon syringe filter prior to 

chromatographic analysis. Analyses were carried out using an HPLC system equipped 

with a UV detector and a Daicel ChiralPak IB column. Methanol was used as the mobile 

phase, at a flow rate of 1 mL/min. The column was maintained at 42 °C. 

 

Summary 

The yield profile of total extracted compounds from the processed banana peels using the 

ethanol–water mixture is shown in Fig. 1(a), together with the corresponding temperature 

profiles. The distribution of the compounds detected in the experiment conducted at an 

average temperature of 80 °C is presented in Fig. 1(b). Overall, the extraction process is 

clearly enhanced by increasing the temperature, as reflected by higher concentrations of 

solubilised material in the liquid phase. High-performance liquid chromatography (HPLC) 

revealed the presence of several soluble sugars, including fructose, glucose, sucrose, and 

cellobiose, which are likely released from both the residual pulp and hemicellulosic 

fractions of the banana peel. 

The total phenolic content followed an increasing trend with extraction time (Fig. 1(c)), with 

no evidence of degradation under the tested conditions, suggesting that the phenolic 

compounds present in the peel matrix exhibit thermal stability within the studied 

temperature range. This observation is further supported by the monotonic relationship 

between phenolic content and total extractives shown in Fig. 1(d). Additionally, bioactive 

compounds in the ethanol–water extract obtained at 65 °C confirmed the presence of 

dopamine (1089.85 ppm), L-Dopa (75.17 ppm), and α-tocopherol (57.39 ppm). 

 



ERASMUS+ BIP ESS-HPT 2025 "The European Summer School in High Pressure Technology" 
6.7. - 19.7.2025 

-41- 

0 20 40 60 80 100 120 140
0

10

20

30

40

50

60

70

80

 R1  R2  R3  R4
 R1 (model)  R2 (model)  R3 (model)  R4 (model)

Time (min)

T
e
m

p
e
ra

tu
re

 (
°C

)

E
x
tr

a
c
ti

o
n

 (
g

/1
0
0
g

 d
ry

 b
a
s
is

)

(a)

0

5

10

15

20

25

30

35

40

45

18 35 49 78 109 138
0

5

10

15

20

25

C
o

m
p

o
u

n
d

s
 (
g

/ 
1
0
0
g

 d
ry

 b
a
s
is

)

Time (min)

 Cellobiose (%)  Sucrose (%)  Glucose (%) 
 Fructose (%)  TPC (%)

(b)

 

0 20 40 60 80 100 120 140

0

200

400

600

800

1000

0 0.5 1 1.5 2

0

200

400

600

800

1000

 R1  R2  R3  R4

T
o

ta
l 
P

h
e

n
o

li
c

 C
o

m
p

o
u

n
d

s
 (

m
g

 G
.A

.E
q

/L
)

Time (min)

(c)

 R1  R2  R3  R4

T
o

ta
l 
P

h
e

n
o

li
c

 C
o

m
p

o
u

n
d

s
 (

m
g

 G
.A

.E
q

/L
)

Total Solid (%)

(d)

 

Fig. 1.: Extraction experiments carried with banana peels using 1:1 ethanol/water 
mixture in batch extractions: (a) profile of extractives in the liquid phase and temperature 

profile, (b) distribution of detected compounds as a function of time for experiment at 
80°C, (c) evolution of total phenolic compounds, (d) total phenolic compounds vs total 

solids. 

 

Fig. 2 shows the scanning electron microscopy (SEM) image of the microcapsules 

obtained from the spray-drying of the ethanol–water extract at 65 °C. The microcapsules 

exhibited a predominantly spherical morphology, with minimal deformation and a smooth 

surface, indicating good encapsulation conditions and structural integrity. The stability of 

total phenolic compounds (TPC) during storage at 4 °C was evaluated over time and 

compared with the non-encapsulated extract. As shown in Fig. 2(b), the encapsulated 

polyphenols demonstrated good stability throughout the monitored shelf-life, while the 

liquid extract experienced a significant degradation, losing approximately 40% of its TPC 

after 57 days.  
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Fig. 2: scanning electron microscopy (SEM) image of the microcapsules obtained from 
the spray-drying of the ethanol–water extract at 65 °C 

 

The results of the hydrothermal extraction of banana peels are shown in Fig 3. As 

observed, the process is highly temperature-dependent, with significant hydrolysis only 

occurring at 160 °C within the screened time window—particularly after 2 hours of 

exposure. At this temperature, partial degradation of the released sugars was also 

observed, as illustrated in Fig. 3(b), indicating that prolonged exposure to high 

temperatures may compromise the integrity of the extracted compounds. For applications 

that require the preservation of hemicelluloses and pectins, milder thermal conditions 

(e.g., around 140 °C) and extended extraction times are recommended.  
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Fig. 3.: Hydrothermal extraction of banana peels: (a) profile of extractives in the liquid 
phase and temperature profile, (b) distribution of detected compounds as a function of 

time for experiment at 160°C. 

 

The extraction performed with banana pulp under continuous operation resulted in 

significantly more concentrated extracts. This is attributed to the ability of the technology 

to process the biomass as a slurry, enabling effective contact with the solvent and 

achieving a higher degree of hydrolysis. Importantly, this was accomplished with minimal 

(a) 
(b) 



ERASMUS+ BIP ESS-HPT 2025 "The European Summer School in High Pressure Technology" 
6.7. - 19.7.2025 

-43- 

formation of undesired by-products, owing to the short residence time characteristic of the 

system. Following the extraction, ultrafiltration allowed for the separation of low-molecular-

weight fractions, yielding a solution primarily composed of monomeric and dimeric sugars. 

These fractions are of particular interest for future production of sugar alcohols, which are 

valuable in the pharmaceutical and food industries. The molecular weight distribution of 

the extracted compounds. was assessed by size exclusion chromatography (SEC), clearly 

showing the removal of high-molecular-weight compounds (Fig. 4). 
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Fig. 4. Size exclusion chromatography (SEC) profiles of the extract obtained from 
banana pulp processed at 360 °C and 340 bar under continuous operation, and 

corresponding permeates from the sequential ultrafiltration steps. 
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Introduction 

The significant relationship between the algal phytochemical profile and the habitat 

conditions is well known. Salinity changes, high solar radiation levels, and adverse climatic 

conditions induce the release of bioactive compounds by these macro-organisms. In this 

context, the Adriatic Sea is notable for its high solar irradiance, a high salinity gradient, 

and for being a hotspot in terms of multiple climatic hazards. Thus, although a relevant 

concentration of the phytochemical arsenal of macroalgae inhabiting the Adriatic Sea can 

be assumed, the characterisation of its diverse species has been little explored. In this 

context, 12 Adriatic Sea algal species are explored, including 7 brown algae (Ericaria 

amentacea, Fucus virsoides, Cutleria multifida, Cystoseira compressa, Cystoseira 

corniculata, Gongolaria barbata, and Padina pavonica), 3 green algae (Codium 

adhaerens, Codium vermilara, and Ulva lactuca) and 2 species of red algae of the genus 

Asparagopsis catalogued as invasive, but with an important bioactive potential, so their 

use in industrial applications could be a suitable strategy to reduce their population. The 

species are shown in Fig. 1. 

 

Fig. 1: Twelve Adriatic Sea algae Species  
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Experimental 

In accordance with previous research, matrix solid phase dispersion (MSPD) is proposed 

as an extraction technique, using solvents generally recognised as safe (GRAS) to obtain 

algal extracts without prior drying pre-treatments. In addition to that, this technique is 

considered environmentally friendly based on its greenness degree (Castillo et al. 2023). 

 

Fig. 2: Matrix Solid Phase Dispersion 

 

The extracts were analysed by quantifying their total polyphenolic content TPC and 

antioxidant activity using ABTS method. A bioactive response of these 12 species is 

shown for the first time, revealing a significant response of the polyphenolic content. 

 

Fig. 3: Total Phenolic Content (TPC) of 12 Algal Species 
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Fig. 4: Antioxidant Activity (AA) of 12 Algal Species 

 

A proportional response of polyphenolic content (TPC) and antioxidant activity (AA) is 

detailed, assuming this antiradical activity to the content of phenolic compounds in the 

algae. Fucus virsoides is shown to be far superior. This alga, endemic to the Atlantic Sea, 

shows an order of magnitude higher than the other species evaluated with a TPC of 26 

mgGAE·g -1 (2.6%) and AA 38.5 mgTRE·g -1 (3.8%). 

Furthermore, a targeted analysis of more than 50 phenolic compounds was performed 

using LC-MS/MS, detecting 19 of them, with 7-hydroxycoumarin, narigenin and 

hydroxybenzoaldehyde derivatives being the most present in the green algae, in the 

brown algae hydroxybenzoic, chlorogenic and rosmarinic acid derivatives, and in the red 

algae myricetin and quercetin as shown in Fig. 5. 

 

 

Fig. 5: Polyphenolic Profile of 12 Green, Brown and Red Algal Species 
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As Fucus virsoides demonstrated the strongest bioactivity, it was selected for further in-

depth analysis aimed at evaluating its suitability for pharmaceutical or nutraceutical 

development. In addition to the MSPD method, the ultrasound-assisted extraction method 

(UAE) was also used for obtaining extracts rich in polyphenolic compounds. The 

effectiveness of these two extraction methods was evaluated based on the TPC and AA 

results shown in Fig. 6. 

 

Fig. 6: Comparison of Ultrasound-assisted and Matrix Solid Phase Dispersion Extraction 

Methods 

 

While the antioxidant activity was comparable between both extracts, the total phenolic 

content (TPC) obtained via MSPD was significantly lower than that of the UAE extract. 

Nevertheless, this suggests that MSPD may be more efficient at selectively extracting 

phenolic compounds with high antioxidant activity, despite the lower overall phenolic yield. 

To determine the polyphenolic profile of Fucus virsoides LC-MS/MS technique was used 

once again. Since 4-methoxybenzaldehyde was the most present compound in Fucus 

virsoides, relative concentrations of the polyphenols present in relation to 4-

methoxybenzaldehyde are shown in Fig. 7. The next compound present in significant 

concentrations was 4-hydroxybenzaldehyde followed by 2-4-6-trihydroxybenzoic acid. 
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Fig. 7: Polyphenolic Profile of Fucus virsoides 

 

Additionally, an untargeted analysis was performed using ultra-high-performance liquid 

chromatography quadrupole time-of-flight  (UHPLC-QToF) revealing compounds highly 

specific to sea algae as can be seen in Fig. 8. 

 

 

Fig. 8: Compound Profile from Untargeted Analysis of Fucus virsoides 
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Summary 

This study focuses on the Adriatic Sea macroalgae, with an emphasis on Fucus virsoides, 

which, despite its biological value, remains insufficiently studied. As a representative of 

brown algae, it is a rich source of bioactive compounds, including complex 

polysaccharides, polyphenols, fatty acids, and vitamins, which may have significant health 

benefits. For the isolation of bioactive compounds, a green solvent ethanol/water in a 1:1 

volume ratio was used, as well as two environmentally friendly extraction methods: 

ultrasound assisted extraction (UAE) and matrix solid phase dispersion (MSPD 

Spectrophotometric methods TPC, DPPH, and ABTS were used to determine the total 

phenolic content and antioxidant activity of the extracts. The phenolic profile was analysed 

using liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS). 

Furthermore, UHPLC-QToF was used to identify new compounds, which provided 

detailed insight into the chemical composition of the algae. The results obtained as part 

of this research can be used as a database on the bioactivity and analytical profile of these 

mostly understudied algae, showing their potential as a natural source of functional 

compounds. 
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Introduction 

Hydrothermal processes are a collection of technologies where water is used as a solvent 

at temperatures beyond the atmospheric boiling point. At elevated temperature, increased 

pressure ensures that water remains in the liquid state. Water is most commonly used 

under subcritical conditions, which refers to the loosely defined temperature and pressure 

range slightly below supercritical conditions. While water is in its liquid state under 

subcritical conditions, its important physical-physicochemical parameters such as density, 

polarity or rate of autoprotolysis change significantly as a function of temperature and 

pressure. This means that hydrothermal systems are suitable for a wide variety of 

processes ranging from synthesis of nanostructured materials to waste conversion. 1–3 

Along with unique hydrothermal processes, the benefits of the hydrothermal environment 

can be exploited in already existing technologies to substitute harmful, toxic, costly or 

otherwise problematic solvent systems. 

Waste conversion is a rapidly broadening field for hydrothermal processes. As the many 

issues caused by the overuse of natural resources gain increasing recognition, the need 

to lessen impact on the environment drives interest in waste conversion technologies, 

ranging from utilisation of agricultural waste to efforts to recover material from plastic 

waste.4,5 

The most common way of recovering polymeric material is physical recycling, which 

usually is based on the remelting of the polymer. While it is relatively simple and, in some 

cases, even economically competitive, both the recyclable waste streams and the quality 

of the recovered material are severely limited. This led to a surge in the development of 

chemical recycling processes to obtain valuable material streams, substances by the 

decomposition of the end-of-life polymers. Controlled decomposition and high selectivity 

result in better efficiency in recycling, which is both crucial for waste reduction and 

economic viability. 
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Controlled decomposition is a viable strategy when dealing with polycondensation 

polymers, as the heteroatoms of the main chain provide an opportunity for selective 

cleavage to yield the monomers, which in turn can be intensively purified and then directly 

used to synthesize new polymers of virtually any quality. 

This process, the chemolytic recycling of polycondensation polymers is most commonly 

performed in organic solvents such as methanol or ethylene glycol. While this means 

decomposition at milder conditions (as low as 180-240°C in case of polyethylene 

terephthalate6 and 80-150°C in case of poly(bisphenol A carbonate)7), it also necessitates 

the usage of high amounts of organic, fossile-based solvents, which raises environmental 

concerns and operational hazards alike. In contrast, in hydrothermal recycling, the used 

solvent is water. The main challenge in the development of hydrothermal chemical 

recycling processes is to develop technologies that can be considered competitive in 

comparison with organic solvent-based chemolysis. 

In this work, we present how properly designed non-stationary processes such as 

decomposition in semi-continuous reactors can overcome many of the challenges present 

in the field of hydrothermal chemical recycling. We present a uniquely designed semi-

continuous reactor system that can be used for the rapid, efficient, and selective monomer 

recovery from polycondensation polymers such as polyethylene terephthalate (PET) or 

poly(bisphenol A carbonate) (PC).  

A significant challenge when developing such processes is that for hydrothermal 

decomposition, most kinetic studies are based on batch reactor experiments. While it can 

be used to design flow systems to some extent, the overall decomposition process usually 

incorporates mass transfer steps, that are reflective of the experimental setup, which is 

usually highly unique. For both design of such systems, and correct interpretation of the 

experimental results, we must strive for reported data as indifferent of the exact setup as 

possible. This is especially true for complex setups with coolers, mixers and other 

following units characteristic for hydrothermal reactors. These units usually does not 

influence the hydrothermal reactions directly as they are usually located downstream in 

relation to the reactor. On the other hand, their presence significantly influence product 

concentration profiles at the end of the whole system and in turn the behaviour and 

measurable performance of the setup. For the sake of increasing interpretability and 

usability of results acquired by ex-situ measurements in hydrothermal flow systems, the 

effects of the follow-up units must be minimised on the experimental results.  
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In this work, we present how residence time distribution (RTD) measurements coupled 

with deconvolution can aid the recovery of information on concentration in a hydrothermal 

reactor from ex-situ results. As no established universal method exists for the 

mathematical operation of deconvolution, an algorithm and software were developed for 

the task. 

 

Experimental 

First, an in-house developed reactor system is presented, with which the controlled 

hydrothermal decomposition of some polyesters is examined. (Fig. 1.) 

 

Fig. 1. Schematic of the experimental setup. 1a, 1b: HPLC pumps, 2a, 2b: reservoirs of 

main stream (water) and sidestream (NaOH solution) respectively, 3: air thermostat, 4: 

reactor, 5: mixing point of sidestream, 6: cooler, 7: back pressure regulator, 8: exit point. 

Based on Ref. 8.8 

 

During chemical recycling of PET, the otherwise untreateable waste PET streams are 

selectively hydrolysed to yield the monomers terephthalic acid (TPA) and ethylene glycol 

(EG). At the temperature range of 250-300°C and pressures between 10-30 MPa, PET 

chains are rapidly hydrolysed, with the time of total conversion falling between 15-30 

minutes without the aid of catalysts. The parameter range is set so that both products are 

stable and as such high recovery with good purity can be achieved. The main challenge 
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of the work besides finding optimal parameters for efficient chemolysis lies in the 

consequences of the semi-continuous setup. While the constant exchange of water in the 

reactor enhances the decomposition reaction, it also creates a potential operational 

instability, as the main product TPA’s solubility diminishes while the product solution cools 

to room temperature from hydrothermal conditions. To allow stable operation, an alkaline 

side-stream is used to stabilise the products in salt form. With the presented setup, total 

conversion and preparative yields above 92% in respect to TPA content were achieved at 

300°C and 12 MPa under less than 20 minutes of total reaction time and approximately 1 

minute average water residence time in the hydrothermal section. The purity of the 

recovered TPA exceeds 99% without additional purification steps.9 

The same semi-continuous hydrolysis process was successfully applied to the more 

challenging chemical recycling of PC. In case of PC, the main target monomer, the 

Bisphenol A (BPA), itself is unstable under the conditions of the decomposition. The semi-

continuous setup therefore presents an advantage to batch reactors: constant solvent flow 

means the constant removal of the unstable product from the reactive environment, as 

BPA is dissolved in water at hydrothermal conditions. Using already available kinetic 

data10, the system could be planned in such a way, that the decomposition of the product 

was limited without having to compromise total decomposition time and as such 

conversion of the polymeric feedstock. As BPA, similarly to TPA, has poor solubility in 

ambient water, solution-stabilisation is also necessary. In the designed reactor system, 

total conversion of PC was achieved under 70 min at 300°C, with the obtained BPA 

crystals having a purity of 94% with phenol as the only identifiable contaminant, 

showcasing the effective control on the decomposition achieved by controlling the 

residence time in the reactor.8 

In case of both polyesters, it was found that semi-continuous hydrolysis coupled with 

alkaline solvent stabilisation resulted in simple and efficient product recovery, stable 

operation, and in most cases faster reaction than any of the batch hydrothermal systems. 

The non-catalytic route is also beneficial as it permits the utilisation of possibly 

contaminated waste plastic as feedstock, which is one of the most important tasks for 

chemical recycling. Both studies highlight that pressure in the region of 10-30 MPa does 

not influence the progress of decomposition significantly, and its role practically exhausted 

by keeping water in the liquid state. 

Further investigation of these decomposition reactions required us to gather time-related 

information on the product concentrations in the system. While the most relevant to the 
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reaction itself would be the development of product concentration in the reactor, or at the 

end of the hydrothermal section of the system, direct measurement in the hydrothermal 

environment is difficult. In contrast, ex-situ measurement of concentration is easy, 

however, data gathered from ex-situ measurements must be correlated to conditions in 

the reactor. 

With properly designed experimental conditions, the connection between concentrations 

in the reactor and data gained by ex-situ measurements can be drawn with the aid of the 

residence time distribution of various segments of the setup. With the measurement of 

these distributions, approximate concentration profiles in the reactor can be calculated by 

the mathematical method of deconvolution. As there is no obvious or established best 

process for deconvolution, a calculation algorithm suitable for this task, and its 

implementation in Python was developed, with which a better understanding of the 

hydrothermal system can be reached. With deconvolution, the residence time distribution 

of the reactive segment was approximated without the need to directly measure in the 

hydrothermal environment. Moreover, investigation on the plausibility of approximating 

RTDs of hydrothermal system components from ex-situ measurements was investigated 

via tracer-based experiments. The proposed deconvolution method, while not suitable to 

calculate the perfectly accurate concentration profiles, is able to approximate 

concentration profiles in the reactor with acceptable accuracy. 

 

Summary 

Hydrothermal decomposition as a way of chemical recycling of polymers presents unique 

issues and opportunities. Hydrolytic decomposition creates the opportunity to effectively 

and selectively regain monomers from polycondensation polymers such as PET or PC 

without the need for organic solvents or catalysts. While the problematic feeding of 

polymers, especially contaminated streams, to elevated pressures renders a continuous 

setup problematic, semi-continuous reactors are a suitable compromise between the 

advantages and drawbacks of batch and continuous reactors. Studies on PET and PC 

showed that the continuous exchange of water over the polymer accelerates 

decomposition reactions, as the products are sufficiently soluble in subcritical water and 

as such can be carried out from the reactor. The recovery of unstable intermediers is also 

possible since the residence time of these molecules can be effectively controlled in a 

semi-continuous reactor by the appropriate choice of flowrates. Our experiments on the 

hydrothermal decomposition of PET and PC yielded above 90% conversion, excellent 
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yield, and above 94% purity in the recovered crystals for the target monomers. Under 

300°C and 10-30 MPa pressure PET and PC can be completely hydrolysed under 16 and 

70 minutes respectively, which are both competitive with already existing, organic solvent-

based and catalytic methods. 

The deeper understanding of semi-continuous flow reactors is aided by residence time 

measurements, and subsequent deconvolution of these RTDs from the end-of-pipe 

concentration profiles. An algorithm and software were developed, with which the special 

case of deconvolution representative of this case can be effectively calculated. 

The presented methods are a promising way to develop hydrothermal chemical recycling 

technologies for polycondensation polymers, which would prove invaluable in the effort of 

reducing plastic waste and improving the circular economy of fossil-based materials. 
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Introduction 

Each year in the European Union, 15% of processed peas are discharted due to damage 

and imperfections, resulting in approximately 135‘000 tons of pea waste annually. The 

current method of managing damaged peas, anaerobic digestion, leads to the loss of 

valuable components such as proteins, carbohydrates, and fibers, which still have 

nutritional values and functional properties comparable to those of fresh peas. 

The main challenges which are nowadays hindering the development of a biorefinery 

process for the recovery of pea waste have been identified as i) raw material challenge 

(low storage stability of fresh pea waste), ii) technological challenge (absence of process 

optimization aiming at obtaining value ingredients like flours and proteins) and iii) 

feasibility challenge (lack of information on process scalability and applicability of the new 

ingredients in foods).  

In this contest, UPea is going to investigate the use of innovative technologies to stabilize 

fresh peas and enhance protein extraction. A feasibility study will determine potential 

obstacles related to process efficiency, scalability, food safety and regulatory compliance. 

Ultimately, UPea will provide innovative and sustainable alternative solutions to the 

current pea waste management, which will pave the way for the definition of industrial 

cascade bio-refinery processes aiming at exploiting pea waste into a source of value 

ingredients for the food industry.  
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Experimental 

Pea is an agricultural commodity belonging to the Leguminosae family which is 

commercialized as fresh or canned green peas, or yellow dried peas. The world 

production amounts for more than 35 million tons [1] and in EU about 0,9 million tons of 

green peas are processed yearly [2]. 

Peas reach the processing site without leaves and pods and after the preliminary cleaning 

and grading, damaged peas (yellowish, stained, sub-standard dimension peas) are 

discarded and mainly subjected to anaerobic digestion [2]. This waste management 

results in the loss of valuable compounds contained in pea waste (5% of fresh weight is 

made of proteins, 14% of carbohydrates and 5% of fibres) [3]. Since this type of waste is 

highly perishable and deteriorates within just a few days due to microbial and enzymatic 

activity, extending its shelf life is crucial for any industrial valorisation. 

Conventional high-temperature thermal treatments (e.g blanching above 80°C) is used as 

stabilization process for fresh food, however the high temperature may reduce the 

nutritional and functional properties of the valuable compounds in peas. Therefore, UPea 

investigated new strategies for the stabilization of raw peas like supercritical CO₂ (ScCO2). 

Stabilization was performed using ScCO2 at lab-scale and the results were compared with 

conventional thermal treatments [4].  

The efficiency of the treatment was investigated on the inactivation of the total bacteria 

count (TBC) and by challenge tests with surrogate microorganism (i.e. E. coli). Process 

optimization was carried out to determine the effects of the main process parameters (e.g. 

temperature, pressure and treatment time).  

ScCO2 was also investigated as drying technology alone and in combination with High 

Power Ultrasound (HPU) [5]. The combination of the processes led to the highest 

reduction in weight and achieved the lowest levels of moisture and water activity, 

indicating improved product stability compared to using ScCO₂ alone. Results 

demonstrated the efficacy of the technology to reduce the microbial load on the samples 

and, when the technology is used for drying, the capacity to dry peas at lab scale in less 

than 8 hours.  

Once dried, peas were valorised by two strategies: the development of whole flour and 

the production of protein powders which were characterized and used for the preparation 

of food prototypes. An example of application of pea derivatives is the production of food 

powders with specific functional and sensory qualities. For this purpose, ethanol solvent 

exchange and supercritical CO₂ drying (SE + SCD) were investigated as innovative 
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production processes [6]. This processing method produces a pea-based powder with 

excellent rehydration and oil absorption capabilities, thanks to its low density, highly 

porous microstructure, and conformational changes in the biopolymers. Additionally, the 

SE + SCD treatment yields a powder that is neutral in colour, taste, and smell, so it 

effectively removes the characteristic sensory traits of green peas, which are often 

undesirable in various food applications. These distinctive functional and sensory 

properties make the powder a promising high-protein, high-fiber ingredient for use in 

diverse food formulations. Another application of pea-based proteins is the development 

of novel microaerogel particles and their implementation as ingredient for low-saturated 

fat cocoa spreads [7].  

No data are currently available on regulatory issues potentially associated with novel 

ingredients derived from legume waste. Furthermore, valorisation strategies for legume 

waste are mostly limited to the laboratory scale, highlighting the need for scalability data 

to support the practical feasibility of the proposed approaches.  

For this reason, the last objective of the project is to assess the feasibility of the proposed 

processes and products for the industrial exploitation of pea waste. The aim is to collect 

preliminary data to support the scalability of these valorised strategies. A workflow for the 

new processes was developed and an estimate of the implementation cost was carried 

out by scaling up laboratory data and performing preliminary design of necessary 

components, including estimates of energy and labour cost at larger scale. These data 

were then used to conduct predictive environmental and economical sustainability 

assessment using Life Cycle Assessment (LCA) and Life Cycle Costing (LCC) 

methodologies.  

A risk characterization was conducted across the entire process workflow to identify 

potential hazards such as chemical contaminants, pesticide residues, allergens, and 

pathogens and to evaluate the associated risks related to the future consumption of the 

newly developed ingredients. This analysis serves as a foundation for future, more 

detailed risk assessment studies.  

In conclusion, UPea’s outcomes could pave the way for future initiatives aimed at 

implementing a zero-waste approach to legume by-products, transforming them into raw 

materials for sustainable food ingredient production. The identification and development 

of new processes for converting pea waste into innovative ingredients, along with 

feasibility data, are expected to support industrial development and implementation of 

legume valorisation strategies. 
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Summary 

Every year millions of tons of peas are wasted, resulting in the loss of valuable 

compounds. The UPea project aims to develop and optimize innovative, environmentally 

sustainable processing technologies for the valorisation of pea by-products, with the goal 

of producing high-value functional food ingredients. The current increasing market 

demand of pea flours and protein extracts [8] supports the recovery of pea waste into 

these dried ingredients. The results achieved by the UPea project are expected to provide 

a foundation for the development of sustainable food prototypes incorporating ingredients 

not only from pea waste valorisation but also from other legume by-products. Furthermore, 

this approach could deliver significant economic and environmental benefits by promoting 

circular economy strategies that reduce food waste and enable the creation of new, 

economically valuable food products. 
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Introduction 

Every year, millions of tons of plastic waste are generated, yet only a small fraction is 

recycled, while a significant portion accumulates in landfills or the natural environment [1]. 

As plastic pollution escalates into a critical global concern, developing efficient recycling 

strategies is increasingly urgent. Among these, pyrolysis stands out as a promising 

approach that converts plastic waste into oil and gas, potentially serving as feedstock for 

industrial applications. However, upgrading techniques such as hydrogenation must be 

further investigated and optimized to render pyrolysis oil viable for integration into existing 

systems. 

While hydrogenation processes have been extensively studied for biological feedstocks, 

such as vegetable oils, fatty acids, triglycerides, and esters [2-6], comparatively little 

attention has been paid to the hydrogenation of pyrolysis oil derived specifically from 

plastic waste. Although some studies address the treatment of bio-oil, coal tar, and other 

heavy oils, focused research on plastic-derived pyrolysis oils remains limited. This gap 

presents a valuable opportunity to contribute to a growing field of industrial significance. 

For instance, Adamou et al. have highlighted the need for effective catalysts in the 

hydrotreatment of polyethylene-derived pyrolysis oil  [7], while others note the 

hydrogenation of plastic oils remains largely unexplored [8].  

A key challenge in conventional hydrogenation is the limited solubility of hydrogen in the 

oil phase, which hinders reaction efficiency. The use of supercritical propane as a co-

solvent offers a promising solution, as it improves miscibility between hydrogen and the 

oil, thereby facilitating more effective hydrogenation [6, 9].  

Plastic pyrolysis oils are generally unsuitable for direct industrial use due to their low 

stability, high acidity, and the presence of oxygenated compounds such as aldehydes, 

acids, and ketones. These compounds, along with unsaturated hydrocarbons and high 

aromatic content, compromise fuel quality and increase corrosiveness. According to 

Belbessai, hydrotreating has been identified as a viable method to improve oil properties 
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by reducing olefins and aromatics and eliminating heteroatoms such as nitrogen, oxygen, 

sulfur, and chlorine [10].  

Methodology 

A model mixture representing typical components of plastic-derived pyrolysis oil was 

defined based on the literature. According to the work of Budsaereechai and colleagues 

[11], the five most common compounds in catalytically derived polypropylene (PP) 

pyrolysis oils, detected by GC-MS analysis, are listed in Table 1. 

Table 1. Five main compounds in oil from catalytic pyrolysis of polypropylene (PP) waste  

 Component %mole 

2,4 Dimethyl-1-heptene (C9H18) 15.71 

1-Tricosene (C23H46) 7.87 

1-Nonadecene (C19H38) 7.38 

1-Hexadecene (C16H32) 7.27 

3-Eicosene (C20H40) 7.11 

A simplified hydrogenation mixture model is shown in Table 2. The composition presented 

in Table 2 was obtained using the same proportion of hydrocarbons as in Table 1, but 

adding propane and hydrogen according to the oil/hydrogen/propane ratio proposed by 

Pereda et al. (2002) [2] and Rovetto et al. (2003) [5]. 

Table 2. Composition of a simplified pyrolysis oil model from polypropylene (PP) waste, hydrogen, and propane. 

Component %mole 

Hydrogen (H2) 2.6 

Propane (C3H8) 94.1 

2,4 Dimethyl-1-heptene (C9H18) 1.2 

1-Tricosene (C23H46) 0.5 

1-Nonadecene (C19H38) 0.5 

1-Hexadecene (C16H32) 0.5 

3-Eicosene (C20H40) 0.6 
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Figure 1. Process flow diagram of the experimental set-up. 

Figure 1 shows the proposed setup for the hydrogenation process. The system consists 

of a high-pressure and high-temperature view cell reactor to observe the phase changes. 

The catalyst selected is palladium on Al2O3 [3, 12]. The composition of the mixture will be 

analyzed using Gas Chromatography (GC) before and after the reaction to measure the 

yield.  

The key experiments and simulations objectives include: 

 Mapping phase behavior (1-phase vs. 2-phase regions) under varying operating 

conditions. 

 Identifying critical points and determination of the pT-envelopes of the mixtures. 

 Studying the influence of temperature, pressure, and feed ratios on the system’s 

phase stability. 

 Studying the effect of supercritical fluids on the hydrogenation of pyrolysis oil from 

plastic. 

The experimental results will also be used to validate simulations in Aspen Plus. All 

simulations will be conducted using the Peng–Robinson equation of state (PR EOS) for 

phase behavior modeling, due to its ability to accurately represent systems involving 

hydrocarbons [13]. 



ERASMUS+ BIP ESS-HPT 2025 "The European Summer School in High Pressure Technology" 
6.7. - 19.7.2025 

 

-65- 

Summary 

This research explores the phase behavior of pyrolysis oil, hydrogen, and propane in 

catalytic hydrogenation under supercritical conditions through experimentation and Aspen 

simulations. By focusing on the phase behavior of the system, the study aims to identify 

optimal process conditions for the process to reintegrate plastic waste into the production 

cycle as a sustainable raw material for industrial applications. Therefore, this research 

aligns with the principles of sustainability and circular economy, contributing to the 

development of green technologies and reducing environmental waste. 
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Introduction 

In the LDPE-Process, ethene is used under harsh temperature and pressure conditions. 

These conditions make a decomposition of ethene into methane, hydrogen and soot 

possible. The exothermic decomposition increases the pressure and temperature, which 

can cause severe damages in the plant. To prevent the damage, pressure relief devices 

such as rupture disk and safety valves are used to reduce the pressure in the system. An 

important fact is that the decreasing pressure and temperature affect the decomposition 

reaction vice versa. Normally the decomposition experiments are recorded with pressure 

sensors and thermocouples. This gives information about the pressure and temperature 

rise in the reactor, but less information about the flame front which moves through the 

reactor. With more thermocouples, the flame front geometry can be assumed. [1] With a 

view cell and a high-speed camera the flame front can be directly observed. 

 

Experimental 

The volume of the view cell is 34 mL or 70 mL depending on the setup and the experiment. 

A stirrer can also be implemented. This is shown in Fig. 1. As in other experiments, the 

pressure and temperature are also recorded with a fast-measuring system. Additionally, 

the decomposition is also recorded with a high-speed camera, which is placed on the right. 

The decomposition is started with a direct current pulse and an ignition coil, which is made 

of a tungsten wire. A capillary and a pneumatic valve simulate the relief facilities, which 

are attached at a top bore in view cell, and the opening and closing pressure of the valve 

can be set differently. The visual examination is done with the TRACKER © software. This 

software enables to measure the position and the speed of the flame front. With this set-

up, decompositions at reactor and at high-pressure separator conditions are examined 

especially the flame front behaviour. 
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Fig. 1.: view cell for decomposition experiments without (left) and with stirrer (right) 

 

On the one hand, experiments at reactor conditions were executed. At 2000 bar the flame 

front propagates differently compared experiments with lower inital pressures. At high 

pressure conditions the flame front is more spherical, which is shown in the following 

figure. The reason for this is the higher density and higher viscosity at higher pressure 

conditions. [2] 

 

 

 

Fig. 2.: Flame front at 2000 bar (top) and 450 bar (bottom) 0.5 s, 1.0 s, 1.5 s, 2.0 s after 

the ignition. 

 

On the other hand, experiments with vinyl acetate were executed. Vinyl acetate has a 

larger thermal conductivity and a larger density then ethene, which influences the flame 

front propagation. PRENZEL assumes, that through the higher density, vinyl acetate 

accumulates at the bottom of the view cell at first. [3] The mixture is homogenized with the 

stirrer before the decomposition is ignited. The stirrer was stopped 30 seconds before the 

ignition to keep sure, that no rotational moving of the mixture has an influence on the 
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decomposition or the relief. The mixing especially influences the relief during the 

decomposition, which indicates that the homogeneity is not reached without stirring. This 

is shown in the following Figure. 

 

Fig. 3.: Pressure profile of stirred and unstirred decomposition experiments with the 

ignition coil at the top or bottom of the view cell. 

At first during the decomposition and before the relief, the pressure rises quite similarly, 

but if the relief starts, the pressure falls faster in stirred experiments than in unstirred 

experiments. In the experiment with ignition at the bottom, pressure rises slightly even the 

valve has open completely. That could become critical if the pressure still rises. To prevent 

that, a shorter nozzle or a nozzle with a larger diameter can be used. The stirring has only 

a small influence on the flame front behaviour, which is shown in the Figure 4. The flame 

front is a little bit faster in the unstirred experiment because at top there is a lesser 

concentration of vinyl acetate than in the stirred experiment.  
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Fig. 4.: Flame fronts in experiments with 30% vinyl acetate at 450 bar and 250°C 

unstirred (top) and stirred before the decomposition (bottom) at 1.0 s, 1.5 s,2.0 s,2.5 s 

and 3.0 s after the ignition. 

 

Summary 

In this work, the influence of the initial pressure at reactor conditions is examined. 

Therefore, the pressure and temperature profile and the flame front behaviour is studied. 

PRENZEL assumes that the vinyl acetate is not homogeneously distributed in the view 

cell at high-pressure separator because vinyl acetate has a higher density. [3] Therefore 

a stirrer is implemented to homogenesis the mixture. 
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Introduction 

High-pressure technologies employing subcritical and supercritical fluids (SCFs) 

represent advanced approaches for the development of novel products characterized by 

distinctive physical properties, minimal toxic residues, and reduced energy requirements, 

all within an environmentally sustainable framework. In particular, supercritical fluids 

exhibit considerable potential as alternative solvents in green chemistry, offering a viable 

replacement for conventional organic solvents that are detrimental to the environment. 

The selection of an appropriate SCF for industrial or chemical applications requires 

consideration of multiple practical factors. Carbon dioxide (CO₂) is the most widely used 

SCF due to its favorable critical constants, non-toxic and non-flammable nature, and 

chemical inertness. Additionally, CO₂ is inexpensive and readily available, making it the 

second most economical solvent after water. SCFs are well-established as 

environmentally friendly processing solvents in a variety of polymer-related applications, 

including polymer modification, composite formation, polymer blending, microcellular 

foaming, polymerization, and particle production. Of particular interest is the application 

of SCFs in the micronization of biodegradable polymers for pharmaceutical purposes, 

especially in the context of controlled drug delivery systems. Among the most commonly 

utilized biodegradable polymers in such processes is polyethylene glycol (PEG), which is 

a water-soluble, biocompatible polymer that is generally recognized as physiologically 

acceptable, making it highly suitable for biomedical and pharmaceutical applications 

(Budisa & Schulze-Makuch, 2014; Knez et al., 2014, 2015). 

I focused on the production of fine particles using supercritical fluid (SCF) technologies. 

Various SCF-based techniques were employed, including Rapid Expansion of 

Supercritical Solutions (RESS), the Gas Antisolvent processes (Supercritical Antisolvent 

precipitation (SAS), Solution Enhanced Dispersion by Supercritical fluids (SEDS), Aerosol 

Solvent Extraction Systems (ASES)), Supercritical Fluid Extraction of Emulsions (SFEE), 

and Particles from Gas-Saturated Solutions (PGSS™). The PGSS™ process involves the 

transformation of the target polymer into a sprayable form through melting or dissolution. 
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The resulting melt or solution is then saturated with gas under pressure. Upon expansion 

through a nozzle, fine particles are formed due to the combined effects of reduced 

interfacial tension and low viscosity, facilitating efficient atomization (Knez et al., 2015). 

 

Experimental 

In this summary, I will present two projects where we performed micronization using 

supercritical fluids. In the first project, the PGSS™ process was applied to the 

biodegradable polymer material polyethylene glycol (PEG 4000) and Brij S100 for 

embedding water-insoluble substances. In another project, we performed micronization of 

PEG 4000 with an emulsion made from beetroot extract. 

Before starting particle precipitation, preliminary thermodynamic data of water-soluble 

carrier polyethylene glycol and Brij were carried out. The diffusion coefficient, density, 

interfacial tension, melting points and solubility of CO2 saturated PEG 4000 were studied 

at different pressure and temperature process parameters. In my research work, I dealt 

with determining the solubility of supercritical gas in the investigated materials, 

determining diffusion coefficients and melting points of substances at different pressures 

and temperatures. 

 

Modified capillary method for determination of melting points 

The melting interval of the CBD and PEG in contact with dense CO₂ was determined using 

a modified glass capillary method. The initial and final melting points were recorded, 

indicating the onset and completion of melting. The sample, placed in a glass capillary, 

was inserted into an optical cell with sapphire windows. To determine the melting point, 

we used a view cell, that operates up to 2 500 bar and 300°C, and a cell that operates up 

to 7 000 bar and 200°C were used. Dense CO2 was introduced into the cell using a high-

pressure pump, and the temperature was gradually increased by 1°C until the sample was 

fully melted. The results were subsequently presented as a pressure-temperature (P-T) 

graph. A high-pressure cell is shown schematically in Fig. 1. a, and a cell that can operate 

at a maximum pressure of 2 500 bar is shown in Fig. 1. b. (Knez et al., 2010). 
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Fig. 1.: a) A sheme of a high-pressure optical cell and, b) picture of a high pressure cell 

(Kravanja et al., 2018). 

 

Fig. 2. shows a diagram of the variation of the average melting point for the example of 

PEG 1500. As can be seen from the graph, the slope of dP/dT is negative, and the average 

melting point decreases almost linearly. This can be explained by the high solubility of 

CO2 in the melt. Later the melting point is constant for a short temperature interval, after 

which the melting point starts to increase again. This method also allows us to determine 

the minimum melting point, which is crucial for planning and optimizing high-pressure 

micronisation processes. Specifically, systems with a negative dP/dT slope on the solid-

liquid-gas (S-L-G) minimum temperature curve are particularly advantageous for PGSS™ 

processes. 

  

Fig. 2.: P-T diagram for PEG 1500-CO2 systems. 

 

  

0

500

1000

1500

2000

25 35 45 55

P
(b
a
r)

T (°C)



ERASMUS+ BIP ESS-HPT 2025 "The European Summer School in High Pressure Technology" 
6.7. - 19.7.2025 

-74- 

Mass transfer data  

Diffusion coefficients, density and solubility of the CO2 saturated solutions of molten PEG 

were measured by a gravimetric method using magnetic suspension balance (MSB). The 

applied MSB is designed for the maximum operating pressure of 350 bar and operating 

temperature of 250°C. The measuring force is transmitted contactless from the measuring 

chamber to microbalance by magnetic suspension coupling. The measuring cell of MSB 

is also provided with a window, which allows observation of the sample and estimation of 

volume modifications during the sorption measurements (Fig. 3.). 

 

Fig. 3.: A scheme of measuring density and solubility by a gravimetric method 

involving MSB (Kravanja et al., 2018). 

 

In the present work, density, solubility, and diffusion coefficients were measured for 

investigated binary system by increasing the pressure step by step from 0 bar up to 300 

bar at constant temperatures. Before applying next pressure step, the software recorded 

conditions (mass temperature, pressure) inside measuring cell. After a period of time, the 

equilibrium was reached and the volume of the sample could be analyzed by digital photo 

camera. Fig. 4. shows an example where molten PEG was exposed to certain pressure 

and temperature. 

 

Fig. 4.: Monitoring the change in mass of the molten sample over time in MSB. 
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In Figure 4, it is shown that the absorption of CO2 into the molten sample starts off high, 

but after a period of time, an equilibrium is reached, at which point the mass of the sample 

remains constant. By applying a mathematical model based on Fick's law, the diffusion 

coefficient can be calculated from the data on mass changes measured under specific 

pressure and temperature conditions. The obtained diffusion coefficients and solubilities 

can be shown on a graph, where the abscissa shows the pressure. In Fig. 5. the results 

of determination of solubility and diffusion coefficients for systems with PEG of different 

molecular masses are shown. 

 

Fig. 5.: a) Diffusion coefficients for the system CO2 /polyethylene glycol of different 

molecular mass at constant temperature, b) solubility of CO2 in polyethylene glycol of 

different molecular mass at constant temperature (Hrnčič et al., 2014). 

 

Micronization Processes 

The morphology, size, and size distribution of particles are becoming increasingly 

important in the food and pharmaceutical industries, as consumers demand specific 

properties in the products they purchase. Traditionally, solid particle size reduction has 

been achieved using mills or organic solvents, which can damage the material or leave 

undesirable residues in the final product. This is particularly unacceptable in the food and 

pharmaceutical sectors. In the PGSSTM process, a polymer carrier with active ingredients 

is mixed with supercritical CO₂ in a high-pressure autoclave. Heating melts the polymer, 

forming a CO₂-saturated solution. When this expands through a nozzle, the CO₂ 

evaporates, cooling the melt via the Joule-Thomson effect. This temperature drop leads 

to polymer crystallization and the formation of uniformly sized particles. Particle size and 

morphology depend on factors such as pressure, temperature, nozzle size, input material, 

and SCF type.  
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Formulation of pure components with PEG 4000 and Brij S100 using the PGSSTM 

method 

In the research work, we micronized CBD and the drugs nifedipine, felodipine, fenofibrate, 

nimodipine and o-vanillin. Fig. 6 shows a schematic of the PGSSTM batch process. PEG 

and Brij were used as polymer carriers.  

 

Fig. 6.: Scheme of a batch PGSSTM process (Kravanja et al., 2018). 

 

The Fig. 7 shows an example of the dissolution rate of pure nifedipine compared to 

micronized formulations at a pressure of 120, 160 and 190 bar. The graph shows that the 

absorption of nifedipine is greater in the formulations than in the original sample. 

 

Fig. 7.: Dissolution rate for nifedipine and its formulations, which were micronized using 

the PGSSTM method (Senčar-Božič et al., 1997). 

 

Formulation of beetroot extracts with biodegradable polymers 

Beetroot has gained attention in recent years for its rich content of bioactive compounds, 

particularly betalains. These pigments offer antioxidant, anti-inflammatory, anticancer, 
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antimicrobial, and cardiovascular benefits, making them valuable in the food and 

pharmaceutical industries. However, betalains are highly unstable and sensitive to factors 

like pH, temperature, oxygen, enzymes, and condensation reactions. Further research is 

needed to find new sources and improve stabilization methods to develop cost-effective, 

stable, and vibrant natural colorants. We investigated the applicability of the high-pressure 

micronization technique using supercritical CO2 for the formulation of composites and 

stabilization of beetroot betalain extracts. In this technique, an emulsion with an aqueous 

beetroot extract, a melted carrier, and supercritical CO2 are mixed in a static mixer. The 

process is schematically shown in Fig. 8. At the end of the experiment, a fine red powder 

of uniform size was obtained. 

 

Fig. 8.: Scheme of a batch micronization process. 

 

Summary 

I investigate the basic thermodynamic and transport properties of systems and substances 

involving subcritical and supercritical fluids under moderate to ultra-high pressures. these 

data are essential for planning and optimizing high-pressure processes. As part of this 

research, we experimentally determine phase equilibria for multicomponent systems at 

elevated pressures and temperatures. Based on the experimentally determined data, we 

utilize thermodynamic and empirical models for further modelling efforts. A primary focus 

of my research is the development of high-pressure processes for particle size reduction. 

The products generated through these methods exhibit high stability and rapid release 

characteristics. Additionally, I am involved in developing various HPLC methods for 

identifying antioxidant compounds in natural extracts and products produced by these 

high-pressure processes. 



ERASMUS+ BIP ESS-HPT 2025 "The European Summer School in High Pressure Technology" 
6.7. - 19.7.2025 

-78- 

References 

 

Budisa, N., & Schulze-Makuch, D. (2014). Supercritical Carbon Dioxide and Its Potential 

as a Life-Sustaining Solvent in a Planetary Environment. Life, 4(3), 331–340. 

https://doi.org/10.3390/life4030331 

Hrnčič, M. K., Markočič, E., Trupej, N., Škerget, M., & Knez, Ž. (2014). Investigation of 

thermodynamic properties of the binary system polyethylene glycol/CO2 using new 

methods. The Journal of Supercritical Fluids, 87, 50–58. 

https://doi.org/10.1016/j.supflu.2013.12.021 

Knez, Ž., Knez Hrnčič, M., & Škerget, M. (2015). Particle Formation and Product 

Formulation Using Supercritical Fluids. Annual Review of Chemical and 

Biomolecular Engineering, 6(1), 379–407. https://doi.org/10.1146/annurev-

chembioeng-061114-123317 

Knez, Ž., Markočič, E., Leitgeb, M., Primožič, M., Knez Hrnčič, M., & Škerget, M. (2014). 

Industrial applications of supercritical fluids: A review. Energy, 77, 235–243. 

https://doi.org/10.1016/j.energy.2014.07.044 

Knez, Ž., Škerget, M., & Mandžuka, Z. (2010). Determination of S–L phase transitions 

under gas pressure. The Journal of Supercritical Fluids, 55(2), 648–652. 

https://doi.org/10.1016/j.supflu.2010.09.016 

Kravanja, G., Knez, Ž., Kotnik, P., Ljubec, B., & Knez Hrnčič, M. (2018). Formulation of 

nimodipine, fenofibrate, and o-vanillin with Brij S100 and PEG 4000 using the 

PGSSTM process. The Journal of Supercritical Fluids, 135, 245–253. 

https://doi.org/10.1016/j.supflu.2018.01.021 

Senčar-Božič, P., Srčič, S., Knez, Z., & Kerč, J. (1997). Improvement of nifedipine 

dissolution characteristics using supercritical CO2. International Journal of 

Pharmaceutics, 148(2), 123–130. https://doi.org/10.1016/S0378-5173(96)04838-7 

 



ERASMUS+ BIP ESS-HPT 2025 "The European Summer School in High Pressure Technology" 
6.7. - 19.7.2025 

-79- 

Advancing Olive Pomace Valorization through Supercritical CO₂ 
Technology 

 
Ricardo Hipólito a, C.I. Daniel b , M. Nunes da Ponte b , A.V.M. Nunes a  

 
a) LAQV-REQUIMTE, Departamento de Química, Faculdade de Ciências e Tecnologia, 

Universidade Nova de Lisboa, 2829-516 Caparica, Portugal 
b) Zeyton Nutraceuticals, Parque Industrial do Penique, Estrada Nacional 2, Km 585 

Odivelas - Ferreira do Alentejo, Portugal 

r.hipolito@campus.fct.unl.pt 

Introduction 

In recent years, the valorization of agricultural by-products has emerged as a key strategy 

to promote sustainable development, reduce environmental burdens, and create novel 

economic opportunities [1]. This shift is particularly relevant in the context of the olive oil 

industry, one of the most emblematic sectors in Mediterranean countries [1]. Olive oil 

production generates substantial amounts of waste, including olive pomace, leaves, and 

olive mill wastewater which, if left untreated, can result in significant environmental 

problems due to their high organic content and phytotoxicity [2]. However, these by-

products are also rich in bioactive compounds, particularly phenolic compounds such as 

tyrosol and hydroxytyrosol, which are known for their antioxidant, anti-inflammatory, and 

antimicrobial properties [2][3]. Their recovery and reintegration into the food, cosmetic, 

and pharmaceutical sectors as natural preservatives or nutraceuticals represent an 

important opportunity for circular bioeconomy approaches [4][5]. 

Among these by-products, concentrated polyphenol streams obtained from prior 

treatments, such as nanofiltration and reverse osmosis, offer a valuable yet 

underexploited intermediate for further purification [6]. Despite initial removal of large 

molecular weight compounds and suspended solids, these concentrates often retain 

significant quantities of carbohydrates, organic acids, and mineral salts. These residual 

components hinder the usability of the extracts, as they compromise both stability and 

organoleptic quality of final formulations [7]. Furthermore, their presence complicates 

downstream purification strategies due to overlapping polarity and solubility 

characteristics with the target phenolics [8]. 

Conventional methods for phenolic recovery from olive matrices typically rely on 

adsorption/desorption processes using polymeric resins due to their simplicity, reusability, 

and relatively low cost [9][10]. Macroporous resins have been extensively studied for this 
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purpose, offering selective retention of phenolic compounds through physical interactions 

(e.g., hydrogen bonding, π–π stacking, and van der Waals forces) [10]. However, 

challenges still remain in optimizing these processes for both selectivity and energy 

efficiency, particularly in the desorption step, where aqueous ethanol is traditionally 

employed to release adsorbed phenolics [11]. Although effective, this method introduces 

additional solvent recovery steps, increases operational costs, and reduces the overall 

greenness of the process due to the energy demand associated with ethanol separation 

and recycling [11]. 

To overcome these limitations, this work investigates the application of supercritical 

carbon dioxide (scCO₂) as an alternative desorbing agent for phenolic compounds [12]. 

Supercritical CO₂ is a well-established green solvent known for its low critical temperature 

and pressure (31.1°C, 73.8 bar), non-toxicity, inertness, and easy removal post-process 

by simple depressurization, leaving no solvent residues [12]. While traditionally used for 

nonpolar or moderately polar compounds (e.g., caffeine, essential oils, lipids), its 

tunability, especially when combined with co-solvents such as ethanol, has expanded its 

potential to extract a broader range of compounds, including moderately polar phenolics 

[13][14]. The use of ethanol-modified scCO₂ may therefore provide a selective, cleaner, 

and more sustainable route to recover hydroxytyrosol-rich fractions from complex olive-

based matrices without the drawbacks of conventional solvent use [14][15]. 

This study is part of a broader effort to enhance the technological and environmental 

performance of phenolic recovery processes from olive pomace, contributing to the 

development of more sustainable and scalable strategies for by-product valorization. The 

research begins by optimizing adsorption and desorption steps using commercial resins 

under conventional conditions and then transitions into evaluating the feasibility of 

supercritical CO₂ as a desorbing fluid. The goal is not only to assess its desorption 

potential but also to explore how selectivity, recovery, and energy efficiency compare to 

existing techniques. Ultimately, this work aims to support the creation of a green, efficient 

purification route for high-value olive phenolics, aligned with circular economy and clean 

technology principles. 
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Experimental 

Initially, olive pomace was characterized with a focus on its content of phenolic 

compounds (mainly hydroxytyrosol and tyrosol), as well as sugars and organic acids, 

which are relevant co-extracted compounds in the downstream process. The first stage of 

the experimental work involved a comparative study of adsorption efficiency using a 

selection of Amberlite™ polymeric resins (XAD-4, XAD-7, and XAD-16). These tests 

aimed to optimize the choice of resin for effective capture of phenolics from olive pomace 

extracts. 

After determining the best-performing resin, desorption experiments were carried out 

under conventional conditions using ethanol:water mixtures at different ratios. This 

provided a reference for evaluating the performance of a greener and potentially more 

selective alternative: supercritical CO₂ extraction. For this stage, a high-pressure 

extraction system equipped with a CO₂ pump, thermostated extraction cell, and back-

pressure regulator was used. 

Supercritical CO₂ experiments were conducted at a fixed pressure of 200 bar and 

temperature of 40°C, for extraction times of 1, 2, 3, and 5 hours. These time points were 

chosen to establish the desorption profile and determine the optimal extraction duration 

for maximal recovery of phenolics. Selected assays also included the use of ethanol as a 

co-solvent to assess its role in enhancing desorption efficiency. All extracts were collected 

in a fractionated manner to monitor the kinetic release of compounds and were analyzed 

by HPLC for quantification of hydroxytyrosol, tyrosol, sugars, and organic acids. The goal 

was to compare the desorption capacity, selectivity, and environmental impact of 

supercritical CO₂ with that of conventional solvents, within the context of developing a 

sustainable recovery process for bioactive compounds from olive pomace. 

 
 

Fig. 1: Schematic of the Supercritical CO₂ extraction setup. 
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Summary 

In the initial phase of this study, various polymeric resins were screened to identify the 

most effective material for the selective adsorption of phenolic compounds from olive 

pomace extracts. Among the tested resins, Amberlite XAD-4 was selected due to its 

superior performance, exhibiting a high adsorption capacity for hydroxytyrosol (55 mg/g 

resin) and notable selectivity. These properties are attributed to its relatively small pore 

size and non-polar character, which favor interactions with hydroxytyrosol, one of the key 

bioactive targets. 

In the conventional extraction step, multiple ethanol:water mixtures were evaluated. The 

60:40 (v/v) solution yielded the highest recovery of total phenolic content while maintaining 

favorable selectivity. This solvent system was therefore established as a benchmark for 

subsequent comparisons. 

During the supercritical fluid desorption phase, experiments were conducted at 200 bar 

and 40°C, using residence times of 1, 2, 3, and 5 hours to investigate the kinetic profile of 

phenolic recovery. Results demonstrated a clear time-dependent desorption behavior, 

with longer contact times enhancing the recovery of target phenolics. Despite the intrinsic 

limitations of pure CO₂ in desorbing highly polar compounds due to its non-polar nature, 

the process effectively removed low molecular weight organic acids, particularly butyric 

acid, 65% of which was recovered, compared to only 1% of hydroxytyrosol. This selective 

removal is noteworthy, as butyric acid impairs extract quality due to its pungent odor. The 

findings highlight the potential of supercritical CO₂ as a pre-purification strategy, improving 

the overall quality of phenolic-rich extracts. 

Moreover, the addition of ethanol as a co-solvent significantly enhanced the desorption 

efficiency of hydroxytyrosol and tyrosol. This underscores the importance of solvent 

polarity modulation in optimizing supercritical extraction systems for bioactive compound 

recovery. 

 

Acknowledgments 

The authors would like to acknowledge the financial support from Fundação para a 

Ciência e a Tecnologia, Ministério da Ciência, Tecnologia e Ensino Superior 

(FCT/MCTES), Portugal, through projects PTDC/EQU-EQU/32473/2017 and 

LA/P/0008/2020. R.F.Hipólito acknowledges FCT/MCTES for his PhD Grant 



ERASMUS+ BIP ESS-HPT 2025 "The European Summer School in High Pressure Technology" 
6.7. - 19.7.2025 

-83- 

(UI/BD/154490/2022). The Associate Laboratory Research Unit for Green Chemistry–

Clean Technologies and Processes–LAQV-REQUIMTE is financed by national funds from 

FCT/MCTES (UIDB/50006/2020, UIDP/50006/2020, and UID/QUI/50006/2020) and 

cofinanced by the ERDF under the PT2020 Partnership Agreement (POCI-01-0145-

FEDER–007265).  

 

References  

[1]  Covas, M. I., Ruiz-Guitérrez, V., de la Torre, R., Kafatos, A., Lamuela-Raventós, 

R. M., Osada, J., Owen, R. W., & Visioli, F. (2006). Nutrition reviews, 64, S20–S30. 

https://doi.org/10.1111/j.1753-4887.2006.tb00260.x 

[2]  Romani, A., Pinelli, P., Ieri, F., & Bernini, R. (2016). Sustainability, innovation, and 

green chemistry in the production and valorization of phenolic extracts from Olea 

europaea L. Sustainability, 8(10), 1002. https://doi.org/10.3390/su8101002 

[3]  EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA). (2011). 

[4]  Romeu, M. F. C., Bernardo, J., Daniel, C. I., Costa, N., Crespo, J. G., Pinto, L. S., 

Nunes da Ponte, M., & Nunes, A. V. M. (2024). Journal of Food Science and Technology, 

61, 161–168. 

[5]  Madureira, J., Margaça, F. M. A., Santos-Buelga, C., Ferreira, I. C. F. R., Verde, S. 

C., & Barros, L. (2022). Applications of bioactive compounds extracted from olive industry 

wastes: A review. Comprehensive Reviews in Food Science and Food Safety, 21(1), 453–

476. https://doi.org/10.1111/1541-4337.12785 

[6]  Nunes da Ponte, M., Santos, J. L. C., Matias, A., Nunes, A. V. M., Duarte, C. M. 

M., & Crespo, J. G. Method of obtaining a hydroxytyrosol-rich extract from olive tree 

residues and sub-products using clean technologies. US Patent 8066881B2. 

[7]  Wang, S., Liu, H., Zhao, J., Dong, Z., Li, J., & Shao, T. (2023). Influences of organic 

acid salts and bacterial additives on fermentation profile, aerobic stability, and in vitro 

digestibility of total mixed ration silage prepared with wet hulless barley distillers’ grains. 

Agronomy, 13(3), 672. https://doi.org/10.3390/agronomy13030672 

[8]  Lama-Muñoz, A., & Contreras, M. d. M. (2022). Extraction systems and analytical 

techniques for food phenolic compounds: A review. Foods, 11(22), 3671. 

https://doi.org/10.3390/foods11223671 

[9]  Johnson, R., & Mitchell, A. E. (2019). Use of Amberlite macroporous resins to 

reduce bitterness in whole olives for improved processing sustainability. Journal of 



ERASMUS+ BIP ESS-HPT 2025 "The European Summer School in High Pressure Technology" 
6.7. - 19.7.2025 

-84- 

Agricultural and Food Chemistry, 67(5), 1546–1553. 

https://doi.org/10.1021/acs.jafc.8b06014 

[10]  Tapia-Quirós, P., Montenegro-Landívar, M. F., Reig, M., Vecino, X., Cortina, J. L., 

Saurina, J., & Granados, M. (2022). Recovery of polyphenols from agri-food by-products: 

The olive oil and winery industries cases. Foods, 11(3), 362. 

https://doi.org/10.3390/foods11030362 

[11]  Cifuentes-Cabezas, M., Sánchez Arévalo, C. M., Mendoza-Roca, J. A., Vincent 

Vela, M. C., & Álvarez Blanco, S. (2022). Recovery of phenolic compounds from olive oil 

washing wastewater by adsorption/desorption process. Separation and Purification 

Technology, 302, 121562. https://doi.org/10.1016/j.seppur.2022.121562 

[12]  Díaz-Reinoso, B., Moure, A., Domínguez, H., & Parajó, J. C. (2006). Supercritical 

CO₂ extraction and purification of compounds with antioxidant activity. Journal of 

Agricultural and Food Chemistry, 54(7), 2441–2469. https://doi.org/10.1021/jf052858j 

[13]  Yousefi, M., Rahimi-Nasrabadi, M., Pourmortazavi, S. M., Wysokowski, M., 

Jesionowski, T., Ehrlich, H., & Mirsadeghi, S. (2019). Supercritical fluid extraction of 

essential oils. TrAC Trends in Analytical Chemistry, 118, 182–193. 

https://doi.org/10.1016/j.trac.2019.05.038 

[14]  Chemat, F., et al. (2020). Bioactive phenolic compounds from agri-food wastes: An 

update on green and sustainable extraction methodologies. Frontiers in Nutrition, 7, 60. 

[15]  Cvetanović, A., et al. (2024). An eco-friendly supercritical CO₂ recovery of value-

added extracts from Olea europaea leaves. Foods, 13(12), 1836. 

https://doi.org/10.3390/foods13121836 

 



ERASMUS+ BIP ESS-HPT 2025 "The European Summer School in High Pressure Technology" 
6.7. - 19.7.2025 

-85- 

Flame Retardant Treatment of Wood Using Supercritical CO2 

Dumschat, Lara1,2*, Liebner, Falk1, Hansmann, Christian2 

1 BOKU University Vienna, Institute of Chemistry of Renewable Resources, Konrad-

Lorenz-Strasse 24, 3430 Tulln an der Donau, Austria 

2 Wood K plus - Kompetenzzentrum Holz GmbH, Altenberger Strasse 69, 4040 Linz, 

Austria 

* Corresponding author: l.dumschat@wood-kplus.at 

 

Introduction 

The increasing awareness for the finite availability of fossil resources has recently moved 

renewable raw materials much stronger into the awareness of our society. This 

development is strongly fostered by Austria's current bioeconomy strategy which put 

strong emphasis on a better material usage of biomass in general with wood being one of 

the most prominent pillars. Beyond its use as construction material, wood is highly valued 

in furniture production as well as for a broad variety of indoor and outdoor applications. In 

the mobility sector wood is increasingly desired for decorative elements as it has an 

aesthetic appearance, warm perception on a touch, is durable, and sustainable. Even 

though such decorative technical wood veneers are very thin (<1.5 mm), legislation 

requests these combustible materials to meet high fire safety standards. Fire protection is 

hitherto accomplished using mainly inorganic compounds like sodium carbonates, 

aluminum hydroxide or ammonium chloride. Since inorganic fire retardants (FR) tend to 

migrate and crystallize on the surface of the treated materials under the impact of elevated 

humidity, commercial organohalogen and organophosphorus compounds are frequently 

used to maintain the aesthetics of wooden surfaces. While the introduction of 

phosphorous groups is well-known to promote formation of charred thermal insulating 

surface layers, also other efficient hetero-organic FRs containing silicon, nitrogen, or sulfur 

atoms have recently emerged [1]. However, since impregnation with organic FRs 

commonly requires organic solvents, alterations in visual (removal of extractives), textural 

(swelling) or olfactory perception (solvent residues) of wood are likely. 

In wood construction, large cross-sections of load-bearing structures provide a natural fire 

resistance as thermally-insulating, thus protective char layers can be formed in the case 

of a fire [2]. However, relying on natural fire protection is not feasible for veneers due to 

their low thickness, which is insufficient for the formation of a protective char layer. Thus, 
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addition of highly efficient FRs is required, which is commonly accomplished through 

protective coatings or (pressure) impregnation [3, 4]. An important advantage of paint and 

varnish coatings is that they are applied at the surface, which is most vulnerable to ignition. 

The opportunity of adding FR coatings post-production represents an additional 

advantage, offering enhanced protection against mechanical damage and moisture 

absorption. However, surface coatings provide only an initial barrier against fire; once the 

coating is compromised, the underlying material remains susceptible to thermal 

degradation and ignition. Another disadvantage is the common loss of decorative 

appearance caused by the opaqueness of most fire-protective coatings [3, 5]. In contrast, 

impregnation offers the advantage of protecting (almost) the entire cross-section of 

wooden parts, including veneers. This allows subsequent processing, such as drilling, 

sanding, or cutting, without significant loss of fire protection. However, this process 

requires time-consuming and costly post-impregnation drying, which can lead to alteration 

of color, dimensional stability, and crack formation. Supercritical fluids (SFs) have proven 

to be highly effective media for impregnation of (even highly fragile) porous materials and 

should be established as an alternative to traditional impregnation to overcome some of 

the above obstacles [6].  

The supercritical state is reached when a fluid has arrived at its critical point, characterized 

by its critical temperature and pressure. Beyond this point, phase boundaries no longer 

exist, and the fluid acquires properties that lie between that of gases and liquids. In this 

state, a fluid can easily diffuse through solids, similar to gases, while maintaining a 

solubilization performance that is comparable to that of conventional liquids [7, 8]. This 

phenomenon is harnessed in multiple applications, such as in pharmacy (e.g., extraction 

of bioactive compounds from mixtures [9]), food technology (e.g., de-caffeination of coffee 

[10]) and material applications (e.g., foaming, particle formation [11]). In the field of fire 

protection, supercritical fluids are hitherto mainly used for FR extraction and recycling from 

electronic devices or polymers [12, 13]. 

In this work, we investigate the impregnation of technical veneers with high-performance 

(reactive) flame retardants using CO₂. Due to its moderate critical temperature (31.1°C), 

critical pressure (7.4 MPa), non-toxic nature, and cost-effectiveness, CO₂ is a promising 

green solvent for this application [14, 15]. A preliminary literature search aiming to narrow 

the field of potential flame retardants for this study – specifically, high-performance hetero-

organic synthetic or biobased compounds compatible with both wood and supercritical 
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CO₂ – indicated that 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) 

could be a suitable candidate to consider as a starting point.  

Using DOPO as a promising, hetero-araliphatic FR for veneer protection, we investigated 

its pressure/temperature-dependent solubilization behavior in scCO2 and compared it with 

data calculated using the mathematical Chrastil model. The Chrastil model was chosen 

as it essentially connects the density of a given SF with its (positively correlated) 

solubilization performance. Pressure and temperature are, however, non-linear inversely 

correlated with density. The latter increases with pressure but decreases with 

temperature, respective changes are most pronounced in the low-pressure range. The 

solubility of a given compound in an SF is furthermore governed by its molecular features 

in terms of size, spatial arrangement, and polarity, all affecting the interactions among and 

between solvent and solute molecules, as well as entropy changes upon dissolution [16, 

17].  

 

Experimental 

Experiments on DOPO solubility in scCO2 were performed at both laboratory and pilot 

scale using high-pressure stainless-steel equipment and loading chambers of different 

volume (0.2 and 4.4 liters). Figure 1 shows the schematic diagram of the smaller SF 

working station.  

 

Figure 1: Schematic diagram of the experimental setup used to determine the solubility 

of DOPO in supercritical CO2. 

 

CO2 (22°C, 4.5-7.0 MPa) exits the storage tank, is cooled to for liquefaction (0-5°C, chiller 

C 200) and subsequently pressurized to 10-30 MPa (piston pump P 200).  If required, a 

co-solvent can be added (pump P 300) before the CO2 enters autoclave A31, where it is 
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heated to the desired temperature to reach the target pressure. The preheated, 

pressurized CO₂ then flows into autoclave A11 (200 mL), where it gets in contact with the 

flame retardant and wood veneers. Excess flame retardant is precipitated in the separator 

S 51 (50°C, 6 MPa) from where it can be collected, while CO₂ is recycled through C 200 

and P 200. Please note that all experiments were performed in static mode.  

The solubility of DOPO was determined gravimetrically using a SI-234 microbalance 

(Denver Instruments, CO, USA). A defined amount of DOPO was transferred in an open 

pan into the autoclave. After closing the lid, the loading chamber was heated and 

pressurized with CO2 (0.43 MPa/min) until the target conditions were reached. Pressure 

and temperature (p/T) were then kept constant for one hour before pressure was released 

at a rate of 0.1 MPa min-1 and the residual weight of DOPO in the pan was determined. 

A mathematical prediction of the solubility of DOPO in scCO2 was attempted using the 

Chrastil model (Equation 1). The respective input parameters and constants required to 

solve this equation were taken from the respective literature [18], i.e. density  of the pure 

solvent at given p/T conditions, average equilibrium association number k, constant a 

(summarizing the gas constant with the enthalpies of vaporization and solvation), absolute 

temperature T, and b (the quotient of the molecular weights of solvent and solute). 

�� � = � �� � +
	



+ �                                     Equation 1 

 

It is worth noting that the Chrastil model can be expanded by additional parameters or 

combined with other equations for further refinement, potentially improving prediction 

accuracy especially at low supercritical CO2 densities [19-21].  

A comparison of the calculated values with experimental data confirms the suitability of 

the Chrastil model to predict the solubility of DOPO in scCO2 for the temperature range of 

45-65°C and a pressure of 10-35 MPa (Figure 2). In this p/T range, the calculated and 

experimental data show that the solubility of DOPO in general increases with pressure 

and, hence, scCO2 density. This effect was most pronounced at the lowest temperature 

studied (45°C) and the pressure range of 10-20 MPa. Across the entire pressure range 

(10-35 MPa), the highest solubility was achieved at the lowest temperature (45°C). 

This, however, contrasts the findings by Liu, Han [18], who reported that an increase of 

both pressure (16-24 MPa) and temperature (40-110°C) improved solubility of DOPO in 

CO2. This specific result, however, deviates from the general consent that the solubility of 

rather non-polar substances like DOPO decreases with scCO2 density. Further studies of 
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the solubilization behavior of DOPO in scCO2 are scarce and focused rather on technical 

applications and their economic aspects. Thus, scCO2 impregnation of PET fibers (120°C, 

25 MPa) was recently studied aiming to reach DOPO contents of 1-9 wt.%. The data 

calculated and experimentally determined exhibited considerable deviations, at lower 

pressures, an observation that was also made by other studies. This suggests the need 

for further model refinement to predict solubility values in this p/T region more precisely.  

Figure 2: Calculated and experimental p/T-dependence of DOPO solubility in scCO2. 

 

Summary 

This study investigated the solubilization behavior of DOPO, a potent organophosphorus 

alternative to halogenated FRs, in scCO2 under static conditions. It has been shown that 

the solubility of DOPO increases with pressure but is inversely correlated with 

temperature. Furthermore, the applicability of the mathematical Chrastil model for 

predicting DOPO solubility has been confirmed, since good agreement between 

experimental data and calculated values could be obtained. Based on this preliminary 

work, we have started our work on scCO2-assisted impregnation of technical veneers with 

heterorganic FRs hoping to meet the stringent regulatory requirements for respective 

materials in the automotive, aviation or nautical sector.  

 

Acknowledgment 

This work was part of the Bridge Project FO999903628 “Fire Protection of Wood Using 

scCO₂” (2023–2026) funded by the Austrian Research Promotion Agency. The authors 

are very grateful to their project partners Natex Prozesstechnologie GesmbH (Ternitz, 



ERASMUS+ BIP ESS-HPT 2025 "The European Summer School in High Pressure Technology" 
6.7. - 19.7.2025 

-90- 

Austria) and Fritz Kohl GmbH & Co. KG (Karlstadt am Main, Germany) for co-funding and 

the generous support of this project. 

 

References 

1. Morgan, A.B. and A.Z. Worku, Flame Retardants: Overview, in Kirk-Othmer 
Encyclopedia of Chemical Technology. 2015. p. 1-28. 

2. Pettersson, C., Fire Safety in Timber Buildings - A review of existing knowledge. 
2020, Brandforsk. p. 80. 

3. Lee, Y.X., et al., Flame-retardant coatings for wooden structures. Progress in 
Organic Coatings, 2025. 198. 

4. Acker, J.V., et al., Wood Preservation and Wood Finishing, in Handbook of Wood 
Science and Technology, P. Niemz;, A. Teischinger;, and D. Sandberg, Editors. 
2023, Springer International Publishing. p. 793-871. 

5. Mali, P., et al., Morphology of wood degradation and flame retardants wood coating 
technology: An overview. International Wood Products Journal, 2022. 13(1): p. 21-
40. 

6. Kjellowa, A.W. and O. Henriksen, Supercritical wood impregnation. The Journal of 
Supercritical Fluids, 2009. 50: p. 297-304. 

7. Abdullah, S.A., Solubility in supercritical carbon dioxide, in New Jersey Institute of 
Technology. 2006, New Jersey's Science  Technology University. p. 221. 

8. Goñi, M.L., N.A. Gañán, and R.E. Martini, Supercritical CO2-assisted dyeing and 
functionalization of polymeric materials: A review of recent advances (2015–2020). 
Journal of CO2 Utilization, 2021. 54: p. 101760. 

9. Sánchez-Camargo, A.d.P., et al., Supercritical fluid extraction. Reference Module 
in Chemistry, Molecular Sciences and Chemical Engineering, 2014. 

10. Zosel, K., Process for the decaffeination of coffee 1981, Studiengesellschaft Kohle 
MBH. p. 5. 

11. Dahmen, N., et al., Überkritische Fluide zur Behandlung und Herstellung komplexer 
Werktsoffe und Oberflöchenstrukturen, I.f.T.C. Forschungszentrum Karlsruhe 
GmbH, Institut für Materialforschung, Editor. 2001: Karlsruhe. p. 111. 

12. Gripon, L., et al., Brominated flame retardants extraction from waste electrical and 
electronic equipment-derived ABS using supercritical carbon dioxide. Waste 
Manag, 2021. 131: p. 313-322. 

13. Preetam, A., et al., Supercritical fluid technology - an eco-friendly approach for 
resource recovery from e-waste and plastic waste: A review. Separation and 
Purification Technology, 2023. 304. 

14. Weidner, E., Impregnation via supercritical CO2–What we know and what we need 
to know. The Journal of Supercritical Fluids, 2018. 134: p. 220-227. 

15. Zhang, J., L. Yang, and H. Liu, Green and Efficient Processing of Wood with 
Supercritical CO2: A Review. Applied Science 2021. 11. 

16. Uquiche, E., I. Leal, and C. Marillán, Effect of process parameters on the extraction 
kinetics of Leptocarpha rivularis DC. in a packed bed extractor using supercritical 
carbon dioxide. The Journal of Supercritical Fluids, 2024. 211. 

17. Peach, J. and J. Eastoe, Supercritical carbon dioxide: a solvent like no other. 
Beilstein J Org Chem, 2014. 10: p. 1878-95. 



ERASMUS+ BIP ESS-HPT 2025 "The European Summer School in High Pressure Technology" 
6.7. - 19.7.2025 

-91- 

18. Liu, G., et al., Development of CO2 utilized flame retardant finishing: Solubility 
measurements of flame retardants and application of the process to cotton. Journal 
of CO2 Utilization, 2020. 37: p. 222-229. 

19. García-Samino, C., E.M. del Valle, and A. Tabernero, Predicting the solubility of 
solids in supercritical carbon dioxide using the Chrastil equation with parameters 
estimated from a group contribution method. Journal of Molecular Liquids, 2024. 
403. 

20. Sparks, D.L., R. Hernandez, and L.A. Estévez, Evaluation of density-based models 
for the solubility of solids in supercritical carbon dioxide and formulation of a new 
model. Chemical Engineering Science, 2008. 63(17): p. 4292-4301. 

21. Saldaña, M.D.A., et al., Determination of vapor pressure and solubility correlation 
of phenolic compounds in supercritical CO2. The Journal of Supercritical Fluids, 
2007. 40(1): p. 7-19. 

 



ERASMUS+ BIP ESS-HPT 2025 "The European Summer School in High Pressure Technology" 
6.7. - 19.7.2025 

-92- 

Integrated Process of Supercritical Extraction from Bilberry Fruit and 

Impregnation of Extract onto Starch Aerogels 

Jana Stamenović, Marko Stamenić 

Department of Organic Chemical Technology, Faculty of Technology and Metallurgy, 

University of Belgrade, E-mail: 20243026@estudent.tmf.bg.ac.rs  

 

Introduction 

A process involving supercritical fluid technology that has been extensively investigated 

and industrially applied is the supercritical fluid extraction (SFE), in which a supercritical 

fluid (SCF), mainly supercritical carbon dioxide (SC CO2), is used as a solvent for 

extractables within the plant matrix. Plant extracts have been used in traditional medicine 

for centuries and are known to have a variety of properties, such as antioxidant, anti-

inflammatory and/or antimicrobial, suitable for various applications in food, 

pharmaceutical and cosmetic industries, among others. SFE offers several advantages 

over the conventional extraction procedures, such as organic solvent extraction and 

distillation, among which the most significant are obtaining product without the traces of a 

solvent and processing under mild conditions [1, 2]. In order to obtain a functional product, 

extracts can be incorporated into a matrix that serves as a carrier and can generally be in 

a form of a film or a tablet. One way to perform the incorporation is the supercritical solvent 

impregnation (SSI) process, in which a SCF, again mainly SC CO2, is used firstly to 

dissolve the extract, and then to impregnate it into the desirable carrier [3]. Particularly 

suitable carriers are natural polysaccharide based aerogels, biocompatible and 

biodegradable highly porous materials with large specific surface area [4].  

In this work the integrated process of SFE from bilberry fruit and SSI into starch aerogel 

(SFE-SSI process) is performed. Bilberry fruit was found to have a high amount of phenolic 

compounds, including anthocyanins, which have been proved to have a positive effect on 

human health [5]. Among the suitable natural polysaccharides, starch is favourable due 

to its low toxicity, renewability, stability, availability and low cost [6].  

 

Experimental 

Starch aerogel in the form of tablets was obtained by supercritical drying at 10 MPa and 

45 ºС, as these conditions were previously shown to be optimal [7].  
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The integrated SFE-SSI process was performed in the apparatus shown in Figure 1. 

Bilberry fruit was dried and ground in a coffee mill for 30 s before the extraction process. 

The material (200.1 g) was mixed with glass beads, placed into the stainless-steel tube, 

and covered with a porous net and filter paper. Tablets of starch aerogel were placed in a 

mesh basket which was put at the top of the stainless-steel tube, above the plant material. 

At start the desired temperature was reached, and subsequently CO2 was introduced into 

the system. When desired process pressure was reached, circulation of the solution 

(CO2 + extract) through the extraction column was provided for four hours using the high 

pressure gear pump.    

 

Fig 1. Scheme of the apparatus for integrated SFE-SSI process. 

 

Experiments were carried out at several process conditions. Temperature was 70 °C in all 

experiments, while pressures of 15 and 30 MPa were applied. Additionally, ethanol as 

cosolvent in the amount of 20wt% (based on the plant material) was introduced to the two 

sets of experimental conditions. The process ended with decompression at the rate of 

2 MPa/min. The extract loading yields were determined gravimetrically as the percentage 

of mass ratio of extract loading and the loaded aerogel. 

The results of SFE-SSI experiments are shown in Figure 2 for all sets of experimental 

conditions. Clearly, pressure had a significant influence on the impregnation of the starch 

aerogels. Without the cosolvent, increase in pressure from 15 to 30 MPa led to an increase 

in loading yield from around 2% to 32%. Higher pressure implies higher solubility of the 

extract in the SC CO2, and thus, higher availability of the extract for impregnation into the 

carrier. On the other hand, the addition of ethanol as a cosolvent had different impact on 
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the loading yield, depending on the pressure. At lower pressure, ethanol significantly 

improved the impregnation, while at higher pressure the yield was somewhat decreased. 

In general, ethanol, as a polar substance, improves the extraction of polar components. 

On the other hand, the impact of ethanol addition on impregnation is not straightforward, 

as it includes complicated interactions between SC CO2, extract and ethanol, which 

include the phase behaviour and competitive solubility in this multicomponent system. 

Besides, the affinity of compounds in the extract towards solvent mixture with enhanced 

solvating power can be higher than the partition coefficient in favour of the carrier, which 

can negatively affect impregnation efficiency.  

 

Fig. 2. Loading yields for SFE-SSI of bilberry extracts into starch aerogels. 

 

In order to assess the quality of the impregnation in the performed experiments, re-

extraction from obtained impregnated materials was performed. The bilberry extract was 

re-extracted from the impregnated aerogels employing an ultrasound extraction with a 

CHCl3:MeOH (7:3) mixture. The samples were crushed into smaller pieces and rinsed in 

an appropriate volume of CHCl3:MeOH mixture to obtain the final extract concentration of 

approximately 30 mg/mL. The samples were sonicated using an ultrasonic bath in five 

cycles, each lasting for 30 min. In this way, re-extracts were prepared for HPLC analyses.  

The results of HPLC analysis of the re-extracts are shown in Table 1.  
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Tab.1: Results of the HPLC analysis of the obtained e-extracts. 

Name  70°C/15MPa  70°C/15 MPa 
+ EtOH  

70°C/30 MPa 70°C/30 MPa 
+ EtOH  

                          mg/g re-extract  
Protocatechuic 

acid  
0.63  2.46  0.23  3.00  

Procyanidin B1  62.79  75.61  26.94  42.97  
Vanillic acid  /  0.36  0.18  0.21  
Syringic acid  0.68  0.45  0.22  0.32  

p-Coumaric acid  /   0.49  0.12  0.5  
Ellagic acid  0.12 / 0.01 0.02 

Chrysin  0.68 1.30 0.04 0.09 
trans-Ferulic acid  / 0.86 / / 

 

Summary 

In this work the results of the integrated process of supercritical fluid extraction from 

bilberry fruit and extract impregnation on starch aerogels are presented. Experiments 

were performed at pressures of 15 and 30 MPa, with and without the addition of ethanol 

as cosolvent, at the temperature of 70 °C. The results show the strong influence of 

pressure on the impregnation, as increase in pressure brought significant increase in the 

loading yield. The influence of ethanol addition on the impregnation was quantitatively 

positive on lower pressure, while the opposite effect was observed at higher pressure. 

Qualitatively, ethanol contributed to the increase in the content of the main extract 

constituent, Procyanidin B1. 
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Introduction 

Aerogels are highly porous materials known for their low density, high surface area (100–

1200 m²/g), and excellent thermal and acoustic insulation properties [1]. First-generation 

aerogels, primarily silica-based, offered strong performance but suffered from brittleness 

and poor mechanical flexibility. To address these drawbacks and promote sustainability, 

second-generation aerogels made from biopolymers like cellulose, chitosan, and alginate 

have been developed. These renewable, biodegradable materials offer greener 

alternatives but often lack the mechanical and thermal performance needed for advanced 

applications [2]. To enhance structural properties, synthetic polymer aerogels have been 

introduced, particularly those based on high-performance polymers such as polyimide, 

polyamide, and polyurea [3]. However, the range of polymers used remains narrow and 

typically excludes commodity plastics like polypropylene and polystyrene, which 

contribute significantly to plastic pollution. Thermally induced phase separation (TIPS) has 

emerged as a promising method for processing these widely available polymers into 

aerogels, enabling the formation of nanostructured porous materials with improved 

mechanical stability [4]. This research aims to explore the fabrication of aerogels from 

commonly used synthetic polymers—such as polypropylene (PP), polystyrene (PS), and 

polyethylene terephthalate (PET)—via the TIPS method. By focusing on these high-

volume, widely discarded materials, particularly from post-consumer and industrial plastic 

waste, the study seeks to develop high-value, sustainable aerogels and contribute to 

circular economy strategies for polymer upcycling 

Experimental 

Polypropylene gels were successfully obtained via thermally induced phase separation 

(TIPS) using solvents such as hexane, heptane, and octane. The dissolution temperature 

strongly influenced the gel morphology: lower temperatures favored monoliths, while 

higher ones led to particulate structures. Polymer molecular weight and concentration also 

affected the macroscopic shape. As is possible to see on figure 1, different macroscopic 

shapes can be obtained.  
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Figure 1. Macroscopic shapes of polypropylene gels monolith, film and powder 

 

A major advantage of this system is that the organogels can be directly supercritically 

dried without solvent exchange, as the solvents are CO₂-soluble. BET surface area and 

pore size analysis (Table 1) show promising values, indicating the feasibility of producing 

porous polypropylene aerogels via TIPS. The process demonstrated good reproducibility 

and robustness, providing a solid foundation for future development. 

 

Table 1. Surface area and pore size distribution of polypropylene aerogels obtained 

via TIPS with different solvents 

 

 
Hexane Heptane Octane 

BET surface area (m2/g) 226 228 220 

R2 0,9999 0,9999 0,9999 

C-Constant 21 20 23 

Pore volume (cc/g) 1,3 1,2 1,2 

Average pore diameter (nm) 23,3 22,2 21,2 
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Scanning electron microscopy (Figure 2) clearly reveals a well-developed pore network. 

One notable benefit of polypropylene aerogels is their intrinsic hydrophobicity, which may 

enable their use in hydrophobization applications. However, this work represents only an 

initial step, and further optimization is needed to improve performance and expand 

functionality. 

 

Summary 

Polypropylene aerogels were successfully produced via TIPS, showing good 

reproducibility, direct compatibility with supercritical drying, and promising porous 

structures. Their hydrophobicity and process simplicity make them attractive for further 

development, though optimization is still needed to enhance performance and expand 

applications. 
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Introduction 

We encounter plastics in a wide variety of areas in everyday life. Plastic surrounds us in 

the form of packaging, textiles, and automotive interiors.[1] Over the past decades, 

plastics have gained increasing importance as a high-performance material.[2] As a result, 

global annual production has grown steadily, reaching approximately 400 million tons. 

Approximately 26 % of the global plastic production consists of polyethylene.[3,4]  

Low-density polyethylene is synthesized through a radical polymerization process at 

temperatures ranging from 150 to 300°C and pressures of up to 3 000 bar. This process 

creates both short- and long-chain branching.[1,2] Despite the more cost-intensive high-

pressure synthesis, polymers with various properties can be produced by using 

comonomers. The properties include molar mass distribution, branching densities, 

density, and crystallinity, which allows for a wide range of applications. To enable the 

implementation of new comonomers in the high-pressure polymerization process, several 

experiments are conducted within our research group beforehand. Thermophysical 

properties are determined using transitiometry, phase behavior is investigated, 

decomposition temperatures are measured, and batch polymerization experiments are 

performed. 

 

Differential thermal analysis (DTA) 

To introduce a new comonomer into the high-pressure polymerization process, the initial 

step involves assessing the thermal stability of the substance using differential thermal 

analysis (DTA). DTA is a valuable technique for investigating both endothermic and 

exothermic processes of a substance, in an ethylene or nitrogen atmosphere under high-

pressure conditions. DTA predominantly yields qualitative and semi-quantitative data.[5] 

As illustrated in Figure 1, DTA employs the twin principle, where the temperature profiles 

for both the sample and reference are identical. Consequently, thermal events are 

observed as temperature differences between the two. When ethylene is used as the 
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pressure medium, the DTA allows for the precise determination of the decomposition 

temperature of the sample.[5] 

 

Fig. 1.: Computer aided design of the DTA. 

To perform a DTA measurement, approximately 0.3 mg of a solid sample or 0.3 mL of a 

liquid sample is added into the DTA sample-chamber, which is subsequently sealed. The 

DTA device is then connected to the high-pressure infrastructure inside the oven. Prior to 

the measurement, a pressure test is conducted. The sample-chamber is purged with 

ethylene to eliminate contaminants. Once purging is complete, the temperature program 

is initiated.[5] 

Figure 2 shows the results of the DTA of vinyl acetate VA, using ethene as the pressure 

medium. The temperature difference between the sample and the reference is plotted as 

a function of the reference temperature. Up to approximately 260°C, no significant 

temperature difference between the two chambers is observed. Beyond this temperature, 

the temperature of the sample chamber increases drastically, as the decomposition 

temperature of vinyl acetate is reached, which subsequently leads to the decomposition 

of ethene. 

 

Fig. 2.: DTA measurement with vinyl acetate and ethene as pressure medium.[5] 
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Thermophysical properties 

Transitiometry is an analytical technique used to precisely determine thermophysical 

properties under conditions of high pressure. The thermophysical properties include 

density, compressibility, thermal expansion coefficient and heat capacity. These 

properties form the foundation for accurate simulations and process upscaling. To obtain 

these measurements, the method involves controlling the three fundamental 

thermodynamic variables pressure, temperature, and volume. In each experimental setup, 

one of these variables is maintained constant while another is temporarily varied, allowing 

for the calculation of the respective property.[6] 

As illustrated in Figure 3, the calorimetric block consists of two independent measuring 

cells, the sample crucible and the reference crucible. The reference crucible is filled with 

air, while the sample crucible contains the substance of interest. The pressure and volume 

within the measuring cells are precisely regulated by using nearly incompressible mercury 

and a step motor. The calorimetric block is equipped with 672 thermocouples, arranged 

in a cylindrical configuration around the crucibles according to the Tian-Calvet principle, 

ensuring accurate thermal measurements.[6] 

 

Fig. 3.: Schematic representation of the standard unit transitiometer from BGR TECH.[7] 
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Phase behavior 

To feed comonomers using compressors and pumps, it is crucial to know the phase 

behavior to prevent equipment damage. Additionally, the phase behavior of the reaction 

mixture within the autoclave is of importance to ensure product quality and maintain 

process safety.[5] 

To investigate the phase behavior of a substance, a view cell, as depicted in Figure 4, is 

used. During the assembly process, solid samples are introduced directly into the cell. 

Subsequently, a pressure test is performed to verify the tightness of the system. 

In the case of a liquid sample, it is first drawn into a syringe within a glove box to ensure 

an oxygen-free environment. The syringe contents are then transferred into the view cell 

through a lateral bore hole while maintaining an ethylene counterflow.[5] 

To achieve the desired pressure or composition, ethylene is supplied via the ethylene line. 

The temperature within the view cell is regulated using two heating jackets, while pressure 

variation is accomplished by adjusting the position of a movable piston. The piston 

changes its position by changing the pressure on the opposite side of the sample using 

two syringe pumps.[5] 

 

 

Fig. 4.: Computer aided design of the view cell.[8] 

 

Different types of phase transitions occur during the experiment. A distinction is made 

between bubble point and dew point. The type of transition is influenced by the proportion 

of the light and heavy phase and their properties. Typically, when the heavy phase 

predominates, a bubble point transition occurs, characterized by the formation of gas 

bubbles during depressurization, as illustrated in Figure 5 (left). In contrast, when the light 

phase is more abundant and the temperature is higher, the system undergoes a dew point 

transition (Figure 5, right).[5] 
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Fig. 5.: Bubble point like transition (left) and dew point like transition (right).[5] 

 

Figure 6 shows the phase diagram of ethene and vinyl acetate as a function of the mass 

fraction of vinyl acetate and the pressure at 80°C and 150°C. The dew points are 

represented by squares, while bubble points are indicated by dots.  

 

Fig. 6.: Phase diagram of the vinyl acetate–ethene system at 80°C and 150°C.[9] 

 

Batch experiments 

In addition to phase behavior studies, batch experiments can also be conducted. The 

configuration of the view cell, depicted in Figure 7, is adapted for batch experiments by 

removing the piston and connecting an ethene pipe to a lateral bore hole. After a pressure 

test the view cell is subsequently flushed with ethylene to eliminate residual oxygen, 

thereby creating an oxygen-free environment within the autoclave. 
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Simultaneously, the injection mixture is prepared in the glove box by drawing it into a 

Hamilton syringe and then transferring it into the evacuated injection tube. The ethylene 

pressure within the viewing cell and the injection tube is adjusted using a piston 

compressor. Upon opening the valve, the injection mixture is released into the autoclave, 

initiating the polymerization process.[5] 

 

Fig. 7.: Simplified flow sheet of the batch experiment setup.[5] 

 

Batch experiments enable the efficient performance of copolymerization reactions of small 

polymer samples while minimizing comonomer consumption. However, due to the 

temporal variation in reactant concentrations throughout the process, a steady state is not 

attained. 

 

Continuous experiments 

To conduct experiments under continuous operation, preliminary batch polymerization 

and phase behavior are necessary. 

The working group has access to several autoclaves designed for high-pressure 

polymerization, including a 15 mL autoclave, a 100 mL autoclave, and a 300 mL multi-

zone autoclave, which is shown in Figure 8. 

The 15 mL autoclave is particularly suitable for synthesizing small sample quantities with 

rare or expensive chemicals. The 100 mL autoclave serves as the standard apparatus 

and is also suitable for preparing larger sample quantities. The 300 mL multi-zone 
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autoclave allows for the introduction of chemicals into individual zones, thereby increasing 

the number of process variables available for polymer synthesis. In general, a wide range 

of experimental conditions can be achieved by adjusting parameters such as temperature, 

pressure, and the controlled feed of initiator, chain transfer agent, and comonomer.  

 

Fig. 8.: Computer aided design of the 300 mL multi-zone autoclave [10] 

 

Summary 

In order to implement a new comonomer in the high-pressure process, it is essential to 

first collect comprehensive data on the comonomer's properties. This includes 

thermophysical data, which can be determined using a transitiometer, as such data is 

crucial for process simulation and scale-up. Additionally, understanding endothermic and 

exothermic processes (e.g., decomposition) is important, and these can be qualitatively 

and semi-quantitatively assessed using differential thermal analysis (DTA). 

Investigating the phase behavior is also important to ensure the safe and efficient feeding 

of the comonomer using compressors and pumps, thereby preventing equipment damage 

and maintaining a homogeneous reaction mixture within the reactor. 

Batch experiments are useful for synthesizing small quantities of polymer with little effort, 

allowing for first investigations. In contrast, continuous experiments enable the production 

of larger polymer quantities while offering the advantage of controlling numerous process 

variables such as pressure, temperature, chain transfer agent (CTA) concentration, and 

comonomer feed rate to fine-tune the polymer properties. 
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Introduction 

Carbon dioxide (CO2) electroreduction (CO2R) represents a promising carbon capture and 

utilization (CCU) strategy, potentially enabling the transformation of waste CO2 into value-

added fuels and chemicals. This technology is particularly relevant in the context of the 

global climate crisis, where sustainable energy solutions are imperative. Among the 

various CO2R platforms, aqueous-phase electrochemical systems stand out for their 

modularity and compatibility with renewable electricity sources. 

Porous electrodes have garnered attention due to their enhanced surface areas, which 

support higher reaction rates. This research presents a detailed computational study on 

the optimization of porous zinc cathodes using finite-element modeling. The goal is to 

design cathodes capable of high current density operation under realistic conditions 

suitable for industrial upscaling including conditions at pressures higher than atmospheric 

pressure. 

Figure 1 illustrates the general concept of the solar fuels cycle and the electrochemical 

reduction cell architecture, showing the integration of photovoltaic power with CO2R and 

H2O electrolysis to produce syngas. 

 

Experimental/Methodology 

A 2D finite-element method (FEM) model was developed using COMSOL Multiphysics® 

to simulate porous zinc cathodes for CO2R. The model incorporates modules for 

secondary current distribution, species transport, and creeping flow, reflecting the 

electrochemical environment. The simulated domain accounts for geometric 
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characteristics such as pore length, fiber diameter, and porosity. Electrochemical kinetics 

are described using the Butler-Volmer equation. 

 

Fig. 1.: (a) Solar fuels concept. (b) MEA electrolyzer for CO2 reduction and water 

splitting in a zero-gap setup (not to scale). Reproduced from [1]. 

 

Table 1 summarizes key electrochemical and physical parameters used in the model. 

Tab. 1.: Species transport and electrochemical parameters from model [1]. 

Designation Symbol Value Units Source 

Electrode Conductivity s 16.6 x 10
6
 S/m [2] 

CO2R Standard Equilibrium Potential (vs. 

RHE) 
E0 -0.10 V [3,4] 

CO2R Exchange Current Density i0 8.7488 mA/cm2 [5] 

CO2R Cathodic Transfer Coefficient c 0.5 --- [6] 

CO2R Anodic Transfer Coefficient a 0.5 --- [6] 

Electrolyte Density ρ 1000 g/L [6] 

Electrolyte Kinematic Viscosity μ 600 g/(cm.min) [6] 

Reference Temperature Tref 25.0 °C NTP 

Reference Pressure Pref 1.0133 bar NTP 

 

To identify optimal operational parameters, the Nelder-Mead optimization algorithm was 

applied. Variables included cathode porosity, number of fibers per side, fiber shape, inlet 

pressure, temperature, and flow rate. Boundary conditions replicate realistic electrolyzer 

environments, including stationary flow, non-gravity fluid behaviour, and pressurized CO2 

entry. 
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Figure 2 shows the 2D geometry of the porous electrode and validation of the model 

against experimental data, achieving strong agreement and verifying simulation reliability. 

 

Fig. 2.: (a) 2D porous cathode model with infinite cylindrical fibers. Key parameters: side 

length (L), fiber diameter (df), pore length (dp), number of fibers per side (ni = 3), and 

electrode surface area (S). (b) Simulated vs. experimental current–voltage curves (Luo 

et al. [5]), using validation parameters shown in the inset. Reproduced from [1]. 

 

Summary 

The study explored the impact of cathode morphology and operational parameters on 

local current density (iloc). Simulations revealed that fiber shape significantly affects 

performance. Equilateral triangular fiber geometry, for example, achieved iloc values up to 

128.2 mA/cm2, while further optimization with the Nelder-Mead method yielded 263.6 

mA/cm2 at −1.1 V vs. RHE (Figure 3). 

Lower catholyte flow rates, particularly at 1.0 mL/min, also enhanced iloc by up to 171% 

relative to baseline. Meanwhile, increased inlet pressure and optimal temperature tuning 

(34 °C at 20 bar) provided up to 486% performance improvement, highlighting the critical 

role of thermodynamic and transport conditions. 

Figure 4 presents the final comparison of optimized configurations across morphological 

and operational scenarios, validating the approach's effectiveness. 

This research underscores the power of FEM modeling and computational optimization in 

designing efficient, scalable cathodes for CO2 electroreduction. The outcomes serve as a 

theoretical basis for experimental electrode fabrication and suggest paths toward practical 

deployment of solar fuel technologies. 
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Fig. 3.: (a–d) Contour plots of current density (iloc) vs. number of fibers per side (ni) and 

porosity (ε). (e–h) Corresponding CO2 concentration profiles and flux streamlines for 

fiber shapes: (a, e) circle; (b, f) hexagon; (c, g) square; (d, h) triangle. Operating 

conditions: -1.1 V vs. RHE, 22 °C, 1 atm, Qout = 21 mL/min. White stars: maxima iloc; 

black dots: minima iloc. Reproduced from [1]. 



ERASMUS+ BIP ESS-HPT 2025 "The European Summer School in High Pressure Technology" 
6.7. - 19.7.2025 

-113- 

 

Fig. 4.: (a) Top view and (b) side view of simulated current density at –1.1 V vs. RHE 

from the porous cathode model, comparing three analysis types – (1) Contour Plots, (2) 

Nelder-Mead, (3) Polarization Curves – across optimization categories: flow rate, fiber 

morphology, and pressure/temperature, vs. experimental data from Luo et al. [5]. 

Reproduced from [1]. 
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Introduction 

Breast cancer is the most frequently diagnosed type of cancer worldwide and the most 

common cause of cancer-related death in women1. The most common subtype is the 

hormone receptor-positive (HR+) and HER2-negative breast cancer, the growth of which 

depends on the activity of cyclin-dependent kinases 4 and 6 (CDK4/6), whose 

threedimensional structure is represented in Figure 1(a)2. These kinases regulate the cell 

cycle by phosphorylating the retinoblastoma protein (Rb), thus enabling the transition of 

cells from G1 to S phase and initiating their proliferation3. Disruptions to this strictly 

regulated process can lead to uncontrolled cell division, which contributes significantly to 

the development and progression of this type of cancer4. 

 

Figure 1: a) CDK4/6 structure (CDK4 in brown, CDK6 in blue); b) Abemaciclib, c) 

Ribociclib, d) Palbociclib – chemical structures. 

 

An important advance in the treatment of HR+/HER2− breast cancer subtype is the 

introduction of selective CDK4/6 inhibitors such as palbociclib, ribociclib and abemaciclib 
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(Figure 1b–d), which, in combination with endocrine therapy, significantly improve clinical 

outcomes in patients with advanced disease5. 

However, the occurrence of congenital or acquired resistance to treatment remains a 

major therapeutic challenge. In this context, genetic differences between individuals, in 

particular single nucleotide polymorphisms (SNPs), play an important role as they can 

influence the individual response to medication and contribute to the development of 

resistance6. 

Computer-aided drug design is becoming an important tool in the search for effective 

therapeutic compounds, as it enables faster, cheaper and more accurate identification of 

molecules with the desired properties. By using methods such as molecular docking, 

molecular dynamics simulations and linear interaction energy (LIE) calculations, 

researchers can predict the binding modes of drugs to target proteins, monitor their 

structural changes and quantitatively assess the effects of sequence variations on binding 

affinity. These approaches not only bridge the gap between theoretical models and 

experimental data, but also provide deeper insights into the complexity of biological 

systems7. 

Such understanding is particularly valuable in the context of personalized medicine, where 

genetic differences between individuals significantly influence treatment outcomes. By 

integrating computational methods with genomic data, therapies can be tailored to an 

individual’s biological background, leading to more targeted approaches, higher efficacy 

and better clinical outcomes8. 

 

Experimental 

The results of the molecular dynamics simulations show the stability of the CDK4/6–

abemaciclib complexes over the entire simulation period. Root mean square deviation 

(RMSD) analysis, which represents the average deviation of atomic positions from the 

initial structure over time, shows that both CDK4 and CDK6 largely maintained a stable 

conformation during the simulation (Figure 2). The RMSD values for CDK4/6 remained 

approximately between 2 and 3 Å after initial stabilization, indicating good structural 

conservation of the proteins, while the values for the ligand abemaciclib were higher and 

more scattered, especially in the case of CDK6, which could indicate greater flexibility of 

the molecule in the binding site or transient changes in the binding interactions. 
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Figure 2: RMSD profiles for the CDK4–abemaciclib complex (left) and the CDK6–

abemaciclib complex (right). In both diagrams, the RMSD values of abemaciclib are 

shown in orange, while the RMSD values of the proteins for CDK4 (left) are shown in 

blue and for CDK6 (right) in light blue. 

 

The RMSF (Root Mean Square Fluctuation), which reflects the local flexibility of individual 

amino acid residues, revealed different fluctuation patterns for CDK4 and CDK6 (Figure 

3). For CDK4, the highest flexibility was observed in the N-terminal region (residues 1–

10), followed by two loop regions around residues 40–60 and 240–260. For CDK6, the 

highest fluctuation also occurred at the N-terminus, albeit with a lower amplitude than for 

CDK4, and several additional peaks were observed at regular intervals in the sequence. 

Although RMSF amplitudes were generally lower in CDK6, the broader and more regular 

distribution of peaks suggests greater dynamic mobility throughout the protein structure. 

 

Figure 3: RMSF profiles of individual amino acid residues in CDK4 (left, dark blue) and 

CDK6 (right, light blue). 
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To quantitatively evaluate the binding affinity between the ligand and the target proteins, 

we used the linear interaction energy (LIE) method, which estimates the binding energy 

based on the average of the van der Waals and electrostatic interactions (Figure 4). The 

total interaction energy remained relatively stable for both complexes during the 

simulation. Although slightly larger structural changes were observed in the CDK6–

abemaciclib complex during the simulation, the calculated binding energies for CDK4 and 

CDK6 were comparable, indicating a similar interaction profile for both complexes. 

 

Figure 4: shows the non-covalent interaction energies between abemaciclib and CDK4 

(left) and CDK6 (right), calculated from NAMD simulations. Three components of the 

interaction energies are shown: electrostatic energy (red), van der Waals (VdW) energy 

(green) and total non-covalent energy (blue). 

 

All the analyzes described were also performed for the CDK4/6 complexes with palbociclib 

and ribociclib; however, only the interactions of the abemaciclib complex are presented 

here as a representative example of selective CDK4/6 inhibitors. 

The initial analysis of the complexes with the wild-type proteins enabled the creation of a 

reference binding model that serves as a basis for investigating the effects of genetic 

variations on treatment efficacy. The interactions between the drugs palbociclib, 

abemaciclib (Figure 5) and ribociclib with the target proteins CDK4 and CDK6 were 

analyzed in detail using the PLIP tool. 

Based on these results, we will select SNPs from the dbSNP database (NIH) that lead to 

amino acid substitutions within the binding pocket, especially at positions critical for stable 

hydrophobic, hydrogen bonding or ionic interactions. To assess the functional impact of 

these changes, we will perform molecular dynamics simulations of the mutant complexes 

and compare them to the reference systems. 
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Such analysis will provide a detailed understanding of how genetic alterations affect 

inhibitor binding, which is essential for explaining differences in therapeutic response and 

for developing approaches tailored to the genetic profile of individual patients. 

 

Figure 5: Interactions between the inhibitor Abemaciclib and a) CDK4 and b) CDK6, 

obtained with PLIP9. Dashed grey lines represent hydrophobic interactions, solid blue 

lines represent hydrogen bonds and yellow lines represent salt bridges. Abemaciclib is 

shown in orange, while the protein residue carbons are shown in blue. 

 

Summary 

In the treatment of hormone-dependent breast cancer with CDK4/6 inhibitors (palbociclib, 

ribociclib, abemaciclib), certain SNP mutations can influence therapeutic efficacy. Using 

extensive molecular dynamics simulations and LIE (linear interaction energy) calculations, 

we have investigated the stability of the complexes and the interactions between the drugs 

and the CDK4/6 proteins. In the next phase, we will investigate the effects of common 

SNPs on the binding affinity to contribute to the development of more personalized 

therapies. 
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Introduction 

As the demand for energy continues to grow, it is important to find ways to store it 

that are both efficient and environmentally friendly. The European Union expects 

renewable energy sources to supply about 69% of electricity by 2030 and around 80% by 

2050 [1]. However, solar and wind power depend on weather conditions, which makes 

their energy output unpredictable. These solutions must provide flexibility, stability, and 

reliability for both homes and industry. To manage this, we need effective energy storage 

systems based on batteries and supercapacitors. These systems should store extra 

energy when production is high (like on sunny or windy days) and release it when demand 

increases or production drops. 

Supercapacitors can store significantly more energy than conventional capacitors 

while achieving power densities typical of capacitors, which are unattainable for batteries. 

Unlike traditional batteries, supercapacitors can be charged and discharged in mere 

seconds, making them ideal for applications that require rapid energy delivery. However, 

due to their lower energy density—limited by the theoretical potential of water 

decomposition—supercapacitors are unlikely to replace batteries in most applications. 

Instead, they can be used in conjunction with batteries to enhance efficiency and extend 

the lifespan of these devices. Scientists aim to identify suitable electrode materials and 

electrolytes to achieve high capacitance values and a broad operating potential window 

leading to high energy density of the device [2]. 

Reduced graphene oxide (rGO) has gained significant attention as an electrode 

material for supercapacitors, particularly for aqueous systems due to its excellent 

electrical conductivity, high surface area, good cyclic stability, and mechanical strength. 

However, to overcome its limitations in terms of capacitance and pseudocapacitance, 

doping with heteroatoms like nitrogen atoms can significantly enhance the electrochemical 

performance of rGO. These dopants provide additional active sites for charge storage, 
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improve conductivity and modify the interaction between the electrode surface and the 

electrolyte, all of which contribute to higher energy and power densities [3].  

rGO is typically obtained by reducing graphene oxide (GO) dispersion using 

chemical, thermal, or electrochemical reduction methods. Each of these methods has 

distinct advantages and disadvantages in terms of cost, scalability, efficiency, and the 

quality of the resulting rGO material. One of the most promising methods to obtain rGO is 

hydrothermal reduction, a process where GO is reduced in a sealed, high-temperature 

water-based solution, typically under autogenous pressure (∼10 bar). This method 

involves placing GO in a water dispersion and heating it to temperatures up to 200°C in a 

high-pressure autoclave. Hydrothermal reduction stands out for its simplicity, scalability, 

and the high quality of fewer defects and good electrochemical properties. The process is 

environmentally friendly and can be scaled up for industrial production. Hydrothermal 

reduction remains one of the most promising techniques for producing high-performance 

rGO, particularly for energy storage applications such as supercapacitors [4]. 

Combining hydrothermal synthesis with an appropriate drying method, such as 

freeze-drying, provides several distinct advantages for enhancing graphene material 

properties, particularly for energy storage devices like supercapacitors. Freeze-drying, 

also known as lyophilization, is a process that involves the removal of water from a 

material by freezing it and then reducing the surrounding pressure to allow the frozen 

water to sublimate directly from the solid phase to the gas phase. Freeze-drying offers 

significant advantages when preparing rGO for supercapacitor applications, particularly in 

terms of enhancing the material's structural integrity, porosity, conductivity, and 

electrochemical performance. By preserving a high surface area and preventing 

agglomeration of graphene sheets, freeze-drying results in rGO with superior charge 

storage capacity and improved rate capability [5].  

 

Experimental 

Graphene oxide (GO) was prepared via modified Hummers’ method [4]. 3D N-

doped and undoped rGO aerogels (N-rGO aero and rGO aero, respectively) were 

obtained via hydrothermal treatment (at autogenous pressure 10.2 and 10.1 bar, 

respectively) followed by purification and freeze-drying (Fig. 1). 
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Fig. 1. Synthesis of N-rGO aero and its application in supercapacitors. 

The morphology, structure, chemical composition, surface area, and thermal 

stability of the graphene-based samples were analyzed using FESEM, HRTEM, XRD, 

XPS, N2 sorption and TGA techniques. 

Electrochemical tests were performed in a symmetric setup using acidic and redox-

active electrolytes. Aerogel-based electrodes were prepared as compressed tablets and 

tested via CV, GCD, and EIS to evaluate supercapacitors electrochemical performance. 

The XRD patterns (Fig. 2a) of rGO aero and N-rGO aero materials show a strong 

diffraction peak at 2θ = 23.3° and 24.8°, respectively, along with a weaker peak at 2θ = 

43.1°. These peaks correspond to the (002) and (100) lattice planes of graphite-like 

crystallites. The absence of the (001) peak, which is typical for GO, confirms the 

successful reduction to graphene-based aerogels through the hydrothermal process. 

To further examine the porous structure of the aerogels, they were analyzed using 

N2 sorption at 77 K. Fig. 2b presents the N2 adsorption–desorption isotherms of rGO aero 

and N-rGO aero. Both aerogels show a type IV isotherm according to the IUPAC 

classification, with a hysteresis loop in the 0.4–0.9 p/p0 range, indicating the presence of 

mesopores. The BET surface area of N-rGO aero is notably higher than that of rGO aero 

(586 vs. 495 m² g-1). 

 

 

 

 

 

 

 

Fig. 2. The XRD patterns (a) and N2 adsorption–desorption isotherms (b) of rGO aero 

and N-rGO aero. 
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The synthesized aerogels were used as active materials in aqueous symmetric 

supercapacitors. Fig. 3a presents the CV curves of rGO aero and N-rGO aero devices at 

a scan rate of 10 mV s⁻¹ within a voltage range of 0–1.4 V in both 1 M H₂SO₄ and 1 M 

H₂SO₄ + 0.2 M hydroquinone (HQ) electrolytes. All devices operate above the theoretical 

potential of water decomposition (1.23 V), which typically limits energy density in 

supercapacitors. The comparison of CV curves shows improved electrochemical 

performance for N-rGO aero, attributed to its higher electrical conductivity and the 

contribution of pseudocapacitive effects related to the presence of nitrogen functionalities 

[3]. 

The Ragone plots (Fig. 3b) show the energy and power densities of symmetric 

devices in various electrolytes. Adding 0.2M HQ to the acidic electrolyte significantly 

improves the supercapacitor charge storage ability, allowing the rGO aero device to reach 

an energy density of 19.5 Wh kg⁻¹ at 0.072 kW kg⁻¹. Notably, the N-rGO aero device in 

the same electrolyte achieves an energy density as high as 29.3 Wh kg⁻¹ at 0.076 kW 

kg⁻¹. These values exceed those typically reported for symmetric supercapacitors based 

on graphene aerogels. 

 

Fig. 3. CV curves recorded at 10 mV s-1 (a) and Ragone plot (b) of rGO and N-rGO aero 

in 1M H2SO4 and 1M H2SO4 + 0.2M HQ. 

 

Summary 

The unique 3D porous structure of N-rGO aero, formed through hydrothermal 

synthesis, effectively prevents graphene sheet aggregation and provides a large surface 

area for electrochemical reactions, contributing to improved device performance. This 

study shows that N-rGO aerogels can significantly enhance the electrochemical 

performance of aqueous symmetric supercapacitors. This improvement results from the 
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combined effects of nitrogen functional groups, which are introduced during the 

hydrothermal process and boost pseudocapacitive behavior through the redox-active HQ 

species that supply additional charge via reversible Faradaic redox reactions. 
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Introduction 

The relatively low critical temperature of carbon dioxide (CO2) allows high-pressure 

extraction processes under mild conditions to preserve physiological and high valuable 

ingredients in natural feedstocks [1]. Moreover, important solvent properties, such as 

density, viscosity and diffusivity, are easily tunable by changing temperature and pressure 

conditions [1, 2]. Therefore, high-pressure CO2 extraction provides advantages, especially 

for foods, pharmaceuticals and cosmetics [2], where extracts of high quality need to be 

processed.  

Natural fats and oils play a crucial role in these industries, and dense CO2 is an effective 

solvent for the purification of lipid compounds due to its rather non-polar character [3]. An 

emerging renewable and regionally available resource is the fat residue from protein meal 

production from black soldier fly (Hermetia illucens) larvae [4, 5]. This fat provides a fatty 

acid (FA) profile very similar to that of tropical fats and oils, e.g., palm kernel or coconut 

[6], making it a potential candidate for industrial applications after purification in 

accordance with regulatory framework considerations [7].  

In this work, the obtained insect fat is analyzed with respect to important physico-chemical 

properties and the solubility in dense CO2 is extensively studied. As a basis for prospective 

process design, suitable thermodynamic models should be identified to describe the 

measured solubility behavior. 

 

Experimental  

Crude insect fat was purchased from Madebymade (German company), where the fat is 

obtained as a by-product of protein meal production after the rearing, drying and pressing 

of black soldier fly larvae.  
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The insect fat is solid at room temperature, with a mean melting point of 306.5 K coming 

from DSC measurements. The crude fat is mainly composed of triglycerides with a high 

portion of saturated FA (75 % of total FA) and lauric acid (C12:0) being the most abundant 

(55 % of total FA), which is typical for insect fat obtained from black soldier fly larvae [8, 

9]. Apart from triglycerides and small fractions of fat-accompanying compounds (e.g., 

waxes, vitamins, colorants or free FA), the crude fat contains proteins and remains of the 

larval shells as impurities. To investigate the impact of these impurities and free FA, the 

solubilities in dense CO2 were measured for both, the crude insect fat and a pre-cleaned 

fat obtained by liquid-liquid extraction with hexane and water. Fig. 1 shows the exemplary 

appearance of both feed materials and the resulting fat extracted with dense CO2. 

 

 

Fig. 1: Exemplary appearance of (A) crude and (B) pre-cleaned insect fat as feedstocks 

for the solubility measurements and (C) purified CO2 extracted fat. 

 

The pre-cleaned fat is much lighter in color than the crude insect fat, which comes mainly 

from separating the larval residues. A significantly brighter extract is obtained from both 

feed materials using dense CO2, which is a promising indicator of successful purification. 

However, the specific compositions of the extracts have not yet been determined. 

The equilibrium solubilities �� of the fat (2) in dense CO2 (1) were measured at 4 set 

temperatures (298 to 353 K) over a wide range of different pressures (15 to 60 MPa) using 

the gravimetric static-analytical method. The detailed description of the applied 

methodology for the measurements can be found elsewhere [10]. For all test points, the 

solubilities were measured at least twice and the equilibration waiting time was set to 3 h 

after preliminary trails. The variation in all measured solubilities, determined in duplicates, 

was less than 10 % relative to their mean value. Moreover, no significant differences 

between the solubilities of the crude and the pre-cleaned fat were observed within the 

range of experimental reproducibility, so that the examined data may also stand for the 

behavior of the crude fat. The solubilities were therefore extensively determined for the 

pre-cleaned fat. 
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The measured solubility behavior of the insect fat is in agreement with the expectations – 

increasing solubility with CO2 density at constant temperature, and with increasing 

temperature at constant density due to higher solute vapor pressure (cf. Fig. 2). This led 

to measured solubilities ranging from 0.15 to 167 gfat/kgCO2. Especially at elevated 

pressures, the solubility was relatively high, because of the high content of rather short-

chain lauric acid. However, the results are quite similar to the solubilities that have been 

reported for other natural fats and oils with a similar fatty acid profile (e.g., babassu oil) 

[11].  

 

Modeling 

Semi-empirical density-based models are widely used to describe experimental solubility 

data as a function of CO2 density, temperature, and pressure. These models do not 

require any physical or chemical properties of the solute, but still provide a basic 

thermodynamic background. Two main density-based approaches exist in the literature, 

upon which numerous extensions have been developed: The solvato-complex formation 

approach developed by Chrastil [12] and the enhancement factor approach, first 

introduced by Bartle et al. [13].  

In our study 8 common density-based models with up to 5 fitting parameters were 

examined, covering both approaches. Within all models investigated, the heterogeneous 

insect fat was considered as one pseudo-compound with mean physico-chemical 

properties. Based on thermodynamic considerations, we also developed an improved 

density-based model. The results of the fitted Chrastil and Bartle model – as the two 

elementary models of both approaches – and of our proposed model [10] are exemplary 

illustrated in Fig. 2, left.  

Furthermore, the measured solubility data were modeled based on the Expanded liquid 

theory by fitting the solute’s activity coefficient at infinite dilution by applying two 

modifications of the Wilson model proposed by Nasri [14] and Su et al. [15]. The results 

are reported in Fig. 2, right. 

The solubility behavior of the insect fat is well described by fitting density-based models 

under considering the fat as one pseudo-compound. In particular, the investigated range 

of pressure and temperature is excessively large compared to other studies [11]. 

However, the investigated transition from subcritical to supercritical CO2 and the 

exceeding of the melting point of the fat do not appear to cause any challenges in model 

fitting. Common Chrastil-type models investigated in our work only led to a slightly better 
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solubility description with a minimum Absolute Average Relative Deviation (����) of 

10.0 %. From thermodynamic framework, our proposed model allows data representation 

with the best goodness of fit (����
�  = 0.91, ���� = 9.8 %) of all investigated models in our 

study. Since the model deviations are in the same order of magnitude as the experimental 

errors, a significant better description could not be expected. The adjusted coefficients of 

determination ����
�  of all models were in the range of 0.85 to 0.91, indicating no 

overdetermination of the model equations.  

 

Fig. 2: Solubility (mole fraction) of insect fat (2) in dense CO2 (1): Points indicate the 

experimental data and the lines indicate the fit of three exemplary semi-empirical 

density-based models (left) and of two activity-based models derived from expanded 

liquid theory using modified Wilson equations (right). 

 

The activity-based models, derived from Expanded liquid theory, were expected to provide 

a physically better description of the measured solubility behavior compared to the 

density-based models. However, both modifications of the Wilson model involve an 

empirical structure, which shows a massive impact on the solubility description (cf. Fig. 2, 

right) and, therefore, negates the advantage of this more fundamental approach. 

Nevertheless, the modified Wilson model according to Nasri [14] also seems to be suitable 

for describing the solubility behavior of the insect fat in dense CO2. 
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Summary 

In this work, the solubility of insect fat from black soldier fly larvae in dense CO2 was 

determined using the gravimetric static-analytical method across a wide range of set 

temperatures and pressures. The obtained solubility data were successfully modeled by 

fitting common semi-empirical density-based models. Based on thermodynamic 

considerations, an improved density-based model was developed, providing the best 

goodness of fit of all models investigated and within experimental error. Activity-based 

models derived from Expanded liquid theory using two modifications of the Wilson model 

have also been considered. These models provide a good representation of the solubility 

behavior, but the empiricism of the applied modifications reduces the expected advantage 

over the density-based models. A more physically-based modification to describe the pure 

molar solute volume under high pressure would be desirable, e.g., in relation to its density 

at standard conditions. However, in terms of thermodynamic fundamental modeling, the 

description of the solubility behavior using equations of state is to be considered next by 

splitting the natural fat into several pseudo-compounds with individual properties.  

 

Acknowledgment 

We appreciate Professor Andreas S. Bräuer, Director of ITUN, TU Bergakademie Freiberg 

for his valuable feedback and support. We thank the TUBAF Innovation Fond (TIF) of the 

TU Bergakademie Freiberg for the financial support of this study. 

 

References 

[1] S. Machmudah, Wahyudiono, H. Kanda, M. Goto, Supercritical Fluid Extraction and 

Fractionation, In: RA Meyers (Ed.), Encyclopedia of Sustainability Science and 

Technology. Springer New York, New York, NY, 2018, pp. 1–40 

[2] T. Wu, B. Han, Supercritical Carbon Dioxide (CO2) as Green Solvent, In: RA 

Meyers (Ed.), Encyclopedia of Sustainability Science and Technology. Springer 

New York, New York, NY, 2018, pp. 1–25 

[3] P. Maheshwari, Z.L. Nikolov, T.M. White, R. Hartel, Solubility of fatty acids in 

supercritical carbon dioxide, J Americ Oil Chem Soc. 69 (1992) 1069–1076. 

https://doi.org/10.1007/BF02541039 

[4] R. Muangrat, S. Pannasai, Exploring the potential of black soldier fly larvae oil: 

Supercritical CO2 extraction, physicochemical analysis, antioxidant properties, shelf 

life, and keratinocyte growth inhibition, Journal of Agriculture and Food Research. 

15 (2024) 101008. https://doi.org/10.1016/j.jafr.2024.101008 



ERASMUS+ BIP ESS-HPT 2025 "The European Summer School in High Pressure Technology" 
6.7. - 19.7.2025 

-131- 

[5] T. Suryati, E. Julaeha, K. Farabi, H. Ambarsari, A.T. Hidayat, Lauric Acid from the 

Black Soldier Fly (Hermetia illucens) and Its Potential Applications, Sustainability. 15 

(2023) 10383. https://doi.org/10.3390/su151310383 

[6] A.Q. Alves, V.A. Da Silva, A.J.S. Góes, M.S. Silva, G.G. de Oliveira, I.V.G.A. 

Bastos, A.G. de Castro Neto, A.J. Alves, The Fatty Acid Composition of Vegetable 

Oils and Their Potential Use in Wound Care, Adv Skin Wound Care. 32 (2019) 1–8. 

https://doi.org/10.1097/01.ASW.0000557832.86268.64 

[7] Commission Implementing Regulation (EU) 2017/2470 of 20 December 2017 

establishing the Union list of novel foods in accordance with Regulation (EU) 

2015/2283 of the European Parliament and of the Council on novel foods: 

Commission Implementing Regulation (EU) 2017/2470 

[8] R. Smets, B. Verbinnen, I. van de Voorde, G. Aerts, J. Claes, M. van der Borght, 

Sequential Extraction and Characterisation of Lipids, Proteins, and Chitin from Black 

Soldier Fly (Hermetia illucens) Larvae, Prepupae, and Pupae, Waste Biomass 

Valor. 11 (2020) 6455–6466. https://doi.org/10.1007/s12649-019-00924-2 

[9] M.D. Alifian, M.M. Sholikin, D. Evvyernie, Nahrowi, Potential Fatty Acid Composition 

of Hermetia illucens Oil Reared on Different Substrates, IOP Conf Ser.: Mater Sci 

Eng. 546 (2019) 62002. https://doi.org/10.1088/1757-899X/546/6/062002 

[10] T. Goldberg, V. Herdegen, Solubility of insect fat in compressed CO2: Experiments 

and density- as well as activity-based modeling, The Journal of Supercritical Fluids. 

Under Review (26/05/2025) 

[11] B. Soares, F. Gamarra, L.C. Paviani, L. Gonçalves, F.A. Cabral, Solubility of 

triacylglycerols in supercritical carbon dioxide, The Journal of Supercritical Fluids. 

43 (2007) 25–31. https://doi.org/10.1016/j.supflu.2007.03.013 

[12] J. Chrastil, Solubility of solids and liquids in supercritical gases, J Phys Chem. 86 

(1982) 3016–3021. https://doi.org/10.1021/j100212a041 

[13] K.D. Bartle, A.A. Clifford, S.A. Jafar, G.F. Shilstone, Solubilities of Solids and 

Liquids of Low Volatility in Supercritical Carbon Dioxide, Journal of Physical and 

Chemical Reference Data. 20 (1991) 713–756. https://doi.org/10.1063/1.555893 

[14] L. Nasri, Modified Wilson's Model for Correlating Solubilities in Supercritical Fluids of 

Some Polycyclic Aromatic Solutes, Polycyclic Aromatic Compounds. 38 (2018) 244–

256. https://doi.org/10.1080/10406638.2016.1200636 

[15] C.-S. Su, Y.-M. Chen, Y.-P. Chen, Correlation of solid solubilities for phenolic 

compounds and steroids in supercritical carbon dioxide using the solution model, 

Journal of the Taiwan Institute of Chemical Engineers. 42 (2011) 608–615. 

https://doi.org/10.1016/j.jtice.2010.11.005 

 



ERASMUS+ BIP ESS-HPT 2025 "The European Summer School in High Pressure Technology" 
6.7. - 19.7.2025 

-132- 

Investigating the Phase Separation of GVL/Water-Mixtures by the 

Addition of Sugars (“Sugaring-Out”) 

Sebastian Sandner, Paul Kriegler, Marlene Kienberger 

Institute of Chemical Engineering and Environmental Technology 

Graz University of Technology 

sandner@tugraz.at 

 

Introduction 

Replacing hazardous solvents is essential to reduce human and environmental impact. A 

promising green solvent is γ-valerolactone (GVL). GVL is made from biomass and is non-

toxic (1). However, due to its comparatively high vapor pressure it is energy intensive to 

separate it from water using distillation. Therefore, alternative methods for the separation 

of water and GVL need to be investigated. 

Certain molecules become less soluble in a solution of high ionic strength. This 

phenomenon, also called “salting out”, can be used to separate otherwise miscible 

substances (2). The newly formed phases can be separated energy efficiently using 

decantation. In addition to some salts, sugars can also cause phase separation (“sugaring 

out”) (3). However, the mechanisms of this phenomenon are not fully understood (4). 

Therefore, the behavior of the organic solvent/water/salt, and organic solvent/water/sugar 

systems need to be investigated experimentally. Sugars have the advantage over salts, 

that they are cheap, eco-friendly, non-corrosive to equipment and do not affect the pH of 

the resulting solution (5).  

The goal of this work was to screen five sugars (glucose, sucrose, xylose, maltose, 

fructose) on their suitability to induce phase separation in mixtures of GVL and water, at 

a ratio of 80 % (v/v) GVL, and 20 % (v/v) water.  

 

Experimental 

All experiments were performed in duplicate. 40 g of 80 % (v/v) GVL solutions were 

prepared in 100 ml laboratory bottles. The bottles were then placed in a laboratory shaker, 

set to 25°C. Then the sugar was added stepwise. After the sugar was fully dissolved, 

solution was settled for 10 minutes. The point at which a second phase first appeared was 

noted, and an image taken of the two bottles. Further sugar was then added and a picture 
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taken after every addition. The experiment was finished once sugar addition did not cause 

an increase in the organic phase size. The phases where then separated in separatory 

funnels. The two liquid phases where then weight. The water content in the organic phase 

was determined using Karl-Fischer’s titration. The sugar content was determined 

gravimetrically after drying at 50°C and 20 mbar, to prevent caramelization. The GVL and 

sugar content in the organic phase, and the GVL and water concentration in the aqueous 

phase was then determined by solving the mass balance under the assumption, that the 

losses were split evenly between all substances.  

 

Results 

A second liquid phase was detected for all sugars except maltose. 1.0 g of sucrose and 

glucose was needed to form a second phase, 1.5 g of fructose, and 2.4 g of xylose. The 

0.5 g of maltose added in the first step already did not dissolve fully, without forming a 

second liquid phase. Figure 1 shows the image of the settled mixtures of GVL, water, and 

the respective sugar after the addition of 3.5 g of sugar. Addition of glucose and fructose 

lead to the largest aqueous layer, followed by sucrose. The second phase formed through 

the addition of xylose was smaller than the phases formed by the other sugars. For 3.5 g 

of each sugar, the corresponding molar amounts are: glucose – 19.4 mmol, xylose – 23.3 

mmol, sucrose – 10.2 mmol, and fructose – 19.4 mmol. Although xylose yields the highest 

number of molecules at this mass, it shows the worst phase separation, producing the 

smallest second phase. Additionally, the second phase induced by the addition of sucrose 

was only slightly lower than that of fructose and glucose even though only about half the 

number of moles was present in the solution.  

 
A B C D 

Figure 1 Separated phases of mixtures of GVL and water (80:20 v/v%) after adding 3.5 g of 
the respective sugar with the organic phase on the top and the aqueous phase in the bottom 

at 25°C. The sugars are: A) glucose, B) xylose, C) sucrose and D) fructose. 
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For additional comparison of the influence of mole number on the resulting phases 

solutions of similar numbers of molecules (~19.3 mmol) are compared in Figure 2. It is 

clearly visible, that sucrose caused the largest aqueous phase, followed by glucose and 

fructose with comparable phase sizes. The addition of xylose caused the smallest 

aqueous phase. This indicates, that for sugars the number of hydroxy groups is a predictor 

for the sugaring out performance of the sugar, as they enable hydrogen bonding. This 

relationship has also been reported for other solvent systems (6, 7). Sucrose is a 

disaccharide, and as such has eight hydroxy groups. Glucose and fructose are hexoses, 

with five hydroxy groups. Pentoses, such as xylose have four hydroxy groups.  

 

The resulting compositions in the respective phases are given in Figure 3. Only very low 

amounts of sugar could be detected in the organic phases, which is an important metric 

for process design. Additionally, only a relatively low amount of water (~10 wt.%) remains 

in the organic phase. Notably, the water content in organic phase of the fructose sample 

was only 4.8 wt.%. This is due to the very high solubility of fructose in water, indicated by 

the high amount of sugar detected in the aqueous phase (73 wt.%). The sugar content in 

the other samples was also considerable (> 40 wt.%). Of course, this is due to the 

experimental design, as it is likely not necessary to add as much sugar to cause 

acceptable phase separation. The relationship between sugar content in the aqueous 

phase and water content in the organic phase should be investigated in further research.  

A B C D 

Figure 2 Separated phases of mixtures of GVL and water (80:20 v/v%) after adding A) 
3.5 g glucose (19.4 mmol), B) 2.9 g  xylose 19.3 mmol), C) 6.5 g sucrose (19.0 mmol) 
and D)  3.5 g fructose (19.4 mmol) with the organic phase on the top and the aqueous 

phase in the bottom at 25°C. 
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Summary 

The addition of four out of the five investigated sugars (glucose, fructose, sucrose, xylose) 

caused the formation of a second liquid phase in systems of 80 % (v/v) GVL and 20 % 

(v/v) water. The sugaring out potential of the investigated sugars correlated with the 

number of hydroxy groups, as higher numbers of hydroxy groups increase the sugar’s 

ability to from hydrogen bonds. Analysis of the organic phase revealed water contents of 

around 10 wt.%. The sugar content in the organic phases was low, highlighting the 

potential of this technique in the separation of GVL from water. However, further research 

is necessary to establish correlations between sugar content in the aqueous phase and 

the water content in the organic phase to reduce the amount of sugar.  

References 

1. Alonso, D. M.; Wettstein, S. G.; Dumesic, J. A. Gamma-valerolactone, a sustainable 

platform molecule derived from lignocellulosic biomass. Green Chem. 2013, 15 (3), 

584. DOI: 10.1039/c3gc37065h. 

0%

20%

40%

60%

80%

100%

aqu. phase org. phase

m
a

ss
 f

ra
ct

io
n

s

Glucose Water GVL

0%

20%

40%

60%

80%

100%

aqu. phase org. phase

m
a

ss
 f

ra
ct

io
n

s

Xylose Water GVL

0%

20%

40%

60%

80%

100%

aqu. phase org. phase

m
a

ss
 f

ra
ct

io
n

s

Sucrose Water GVL

-20%

0%

20%

40%

60%

80%

100%

aqu. phase org. phase

m
a

ss
 f

ra
ct

io
n

s

Fructose Water GVL

Figure 3 Resulting phase compositions based on mass balances after adding final amounts 
of sugars and separation of phases for GVL/water-mixtures (80:20, v/v%) 

 



ERASMUS+ BIP ESS-HPT 2025 "The European Summer School in High Pressure Technology" 
6.7. - 19.7.2025 

-136- 

2. Fu, C.; Li, Z.; Sun, Z.; Xie, S. A review of salting-out effect and sugaring-out effect: 

driving forces for novel liquid-liquid extraction of biofuels and biochemicals. Front. 

Chem. Sci. Eng. 2021, 15 (4), 854–871. DOI: 10.1007/s11705-020-1980-3. 

3. Sadeghi, R.; Coutinho, J. A. Sugaring‐out assisted organic-aqueous biphasic 

systems: Characteristics, mechanisms and applications. Separation and Purification 

Technology 2024, 350, 127919. DOI: 10.1016/j.seppur.2024.127919. 

4. Grover, P. K.; Ryall, R. L. Critical appraisal of salting-out and its implications for 

chemical and biological sciences. Chemical reviews 2005, 105 (1), 1–10. DOI: 

10.1021/cr030454p. 

5. Shoushtari, B. A.; Pazuki, G.; Shahrouzi, J. R.; Shahriari, S.; Hadidi, N. Separation 

of erythromycin using aqueous two-phase system based on acetonitrile and 

carbohydrates. Fluid Phase Equilibria 2020, 505, 112360. DOI: 

10.1016/j.fluid.2019.112360. 

6. Ebrahimi, N.; Sadeghi, R.; Ameen, B. A. Thermodynamics of clouding process in 1-

butanol + water mixtures in the presence and absence of sugars. Journal of 

Molecular Liquids 2019, 278, 164–174. DOI: 10.1016/j.molliq.2019.01.011. 

7. Sousa, K. M.; Maciel, G. E.; Buarque, F. S.; Santos, A. J.; Marques, M. N.; 

Cavalcanti, E. B.; Soares, C. M. F.; Lima, Á. S. Novel phase diagrams of aqueous 

two-phase systems based on tetrahydrofuran + carbohydrates + water: Equilibrium 

data and partitioning experiments. Fluid Phase Equilibria 2017, 433, 1–9. DOI: 

10.1016/j.fluid.2016.11.001. 

 



ERASMUS+ BIP ESS-HPT 2025 "The European Summer School in High Pressure Technology" 
6.7. - 19.7.2025 

-137- 

Ultrafast Hydrolysis of Grape Pomace in Hydrothermal Conditions:  

An Intensified Process for the Eco-Efficient Recovery of Lignin 

Iván Briongos-Merino, Luis Vaquerizo 

Institute of Bioeconomy, PressTech Group, Department of Chemical Engineering and 

Environmental Technology, University of Valladolid, Dr Mergelina s/n, 47011, Valladolid, 

Spain, luis.vaquerizo@uva.es   

 

Introduction 

In the current energy transition context, it is necessary to move forward in replacing 

products derived from fossil fuels with more sustainable and environmentally friendly 

alternatives that are available in our regions (Arai et al., 2009). In this regard, Spain has 

a large supply of lignocellulosic biomass that can be used for this purpose. Lignocellulosic 

biomass, consisting primarily of cellulose, hemicellulose, and lignin, is an abundant and 

renewable raw material (Cocero et al., 2018). While cellulose and hemicellulose are easily 

exploited due to their relative simplicity to be transformed into sugars and chemical 

compounds of interest, the valorization of lignin is more complex (Shorey et al., 2021). 

Among the various processes available for lignin valorization, hydrolysis using sub- or 

supercritical water stands out due to the drastic change in the physical properties of water 

under these operating conditions (low viscosity, high diffusivity, low dielectric constant, 

and an easily adjustable ionic product), which allow for an easy solubilization of lignin, and 

a tunable reaction pathway, as depending on the operating conditions selected, either the 

ionic or the radical reactions are favored (Cantero et al., 2015;Abad-Fernández et al., 

2019). During hydrothermal hydrolysis, the polymeric chains that make up lignin are 

broken into monomers of great industrial interest (Jiang et al., 2016). However, the 

resulting monomers repolymerize, so the total yield of monomers obtained at the end of 

the process remains at relatively low values (Adamovic et al., 2021; Wahyudiono et al., 

2008), obtaining a final solid with a high lignin content (Adamovic et al., 2022; Yong & 

Matsumura, 2012). 

This research work aims to recover high-lignin-content solids from the hydrolysis of grape 

pomace, a byproduct from the wine production industry widely available in Castilla y León, 

our region. Grape pomace features a high lignin content, ranging from 11.6% to 41.3% 

according to (Šelo et al., 2021), or from 32.5% to 56.7% for insoluble lignin, as reported 
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by (Rodrigues et al., 2022). To achieve this, the process utilizes hydrothermal treatments 

to recover lignin in a single-step process. 

In this context, two specific goals have been defined: (i) to design an optimal pretreatment 

process that minimizes handling issues, particularly those related to pumping grape 

pomace; and (ii) to determine the optimal hydrolysis conditions that maximize both the 

solid recovery yield and its lignin content. These solids will be further used in the synthesis 

of novel biomaterials. 

 

Experimental 

Experimental setup and operating conditions: for the pretreatment phase, grape pomace 

is first dried in a Thermo Scientific™ Heratherm™ General Protocol Oven at 105ºC for 24-

48h to remove water before milling for 5 minutes in a Cutting Mill SM 100 knife mill from 

Retsch. Because of the high oil content in the grape seeds, the grape pomace cannot be 

directly milled to sizes under 0.250 mm, so it must first be milled to 0.500 mm and dried 

again before being milled to sizes under 0.25 mm. For the hydrolysis process, tubular type 

reactors are used in the pilot plant “PHUn-1” of our research group, which is shown in 

Figure 1. 

 Fig. 1.: Scheme of the hydrothermal hydrolysis plant 

 

Operational variables: the pilot plant allows for operating with biomass flows up to 30 kg/h, 

pressures ranging from 20 MPa to 26 MPa, temperatures from 300ºC to 420ºC, 

concentrations up to 20% w/w (depending on the biomass), and reaction times from less 

than 1s up to 30s. 
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Analysis: the initial solid composition is characterized using the Laboratory Analytical 

Procedure (LAP) of the National Renewable Energy Laboratory (NREL), specifically the 

protocol for structural carbohydrates and lignin in biomass (Sluiter et al., 2008). After 

hydrolysis, the resulting suspension was centrifuged, analyzing separately the solid and 

liquid fractions. FTIR spectroscopy was used to follow structural changes in the solid 

phase, while UV-Vis spectroscopy was employed to quantify soluble lignin. In addition, 

HPLC was used to identify and quantify soluble compounds in the liquid fraction. SEM 

analysis was performed to observe morphological changes, and DSC was used to 

determine degradation points of various compounds, including the glass transition 

temperature of lignin, which is important for assessing its potential applications. 

The experiments were carried out using an aqueous suspension of grape pomace at 2% 

w/w concentration. The operating pressure was maintained at 260 bar, testing two 

different temperatures: 380ºC and 400ºC. Reaction times ranged from 65 milliseconds to 

1 second, corresponding to biomass flows between 0.7 kg/h and 2.2 kg/h. The 

experiments also involved different reactor lengths, all with a constant water flow of 

3.9 kg/h. 

The initial biomass suspension is shown in Figure 2, where it can be observed that grape 

pomace tends to settle down if the slurry is not continuously agitated. This behaviour 

highlights the challenges in pumping such mixtures, which justifies the choice of a low 

biomass concentration (2% w/w) to minimize operational issues. 

 

 

 

 

 

 

 

Fig. 2.: Initial biomass suspension: grape pomace in water at 2% w/w concentration 

partially sedimented 

Regarding the hydrolysis products, there is a noticeable difference in the sample colour 

and solid concentration, which depends on the hydrolysis conditions (Figure 3). While the 

initial biomass suspension is a heterogeneous slurry, the hydrolysis products seem more 

homogeneous, although they still contain some undissolved solids. The apparent 
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homogeneity of the samples observed in Figure 3 is a consequence of the hydrolysis of 

various grape pomace components, especially polysaccharides, which leads to the 

formation of soluble sugars. As the temperature increases, hydrolysis becomes more 

extensive, producing more soluble compounds and thereby reducing the amount of 

suspended solids, which results in a more uniform liquid phase. The colour differences 

observed in the samples shown in Figure 3a, 3b, and 3c are primarily related to differences 

in reaction temperature, which affect the extent of cellulose and hemicellulose hydrolysis. 

The lighter colour in Figure 3b, corresponding to the highest temperature (400 °C), 

suggests a higher conversion of structural carbohydrates into soluble sugars, resulting in 

a more homogeneous and transparent liquid phase. 

Fig. 3.: Hydrolysis product of grape pomace at: a) T=380ºC, p=260 bar, 66 ms reaction 

time, 0.72% w/w on reactor; b) T=400ºC, p=260 bar, 172 ms reaction time, 0.33% w/w 

on reactor; c) T=380ºC, p=260 bar, 378 ms reaction time, 0.57% w/w on reactor 

 

In light of the results, the samples shown in Figures 3a and 3c appear visually similar in 

colour and turbidity, despite differing in residence time. This suggests that the reaction 

temperature of 380 °C may not have been high enough to achieve extensive hydrolysis 

under the tested conditions, or alternatively, that the residence times of 66 ms and 378 ms 

were still too short to fully break down the structural carbohydrates. These observations 

indicate a possible threshold effect in the hydrolysis kinetics, where either higher 

temperatures or longer reaction times are required to significantly increase the yield of 

soluble sugars. 

 

 

 

 

b c a 
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Summary 

This work is focused on the valorization of grape pomace, a widely available byproduct 

from the wine industry, by recovering lignin through hydrothermal processing. First, a 

pretreatment method was developed to solve the handling and pumping problems of 

grape pomace. It consisted of an initial drying step to remove moisture, followed by 

grinding to a particle size of below 0.500 mm. A second drying step was then carried out 

to eliminate the oil released during the first grinding, which caused clumping of the material 

and prevented single-step milling. Finally, the grape pomace was ground again to achieve 

a particle size below 0.250 mm. Then, different hydrolysis conditions using supercritical 

water were tested in order to identify the optimal combination of solid yield and lignin 

content. Results showed that operating at 400 °C leads to a lighter-coloured liquid and a 

lower amount of solid residue, suggesting more extensive hydrolysis. In contrast, at 

380 °C, longer reaction times appear to be necessary to achieve comparable results. 
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Introduction 

An imbalance in free radicals, caused by UV radiation, air pollution, alcohol, and 

tobacco in the human body, can lead to various damage to cellular compounds such as 

DNA, lipids, and proteins [1, 2]. Diet plays a crucial role in reducing the presence of radical 

species in the human body due to various natural antioxidants in different foods and herbs. 

In recent years, food and pharmaceutical industries have shown increasing interest in 

medicinal plants (MAPs) due to their beneficial health effects and high content of 

antioxidants. Among MAPs, members of the Thymus genus (Lamiaceae family), such as 

Thymus vulgaris and Thymus serpyllum, have attracted significant interest in recent years 

[3, 4]. Both species contain high levels of bioactive compounds, possessing a variety of 

bioactivities, such as antioxidative [5], anti-inflammatory [6], and anticancerogenic [5] 

activities. The main chemical groups present in T. vulgaris and T. serpyllum extracts are 

polyphenolic acids and flavonoids. In T. vulgaris extracts, apigenin (up to 7.6 mg/g) [7] and 

quercetin (up to 3.98 mg/g) were identified as major flavonoids [8]. In T. serpyllum extracts, 

apigenin (124.44 μg/g dry herb) and quercetin (1.29 μg/g dry herb), were also reposted 

as the main flavonoids [9]. The antioxidant activity of T. vulgaris and T. serpyllum extracts 

can be attributed to the high presence of polyphenolic acids, such as rosmarinic acid, as 

well as flavonoids apigenin and quercetin. These species have shown antioxidative 

activity in various assays, such as DPPH, ABTS, and FRAP [10].  

Quercetin (2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxychromen-4-one) belongs to the 

flavonoid class and is found in various food sources, such as caper, black chokeberry, 

lettuce, onion, tomato as well as T. vulgaris and T. serpyllum. This flavonoid contains five 

hydroxyl groups distributed across two benzene rings (A and B) and a pyrene ring (C), as 
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it is represented in Fig. 1 (A). Due to its specific structure, quercetin possess good 

antioxidative properties [11]. Quercetin has demonstrated antioxidative properties in 

several anitoxidative assays, including ABTS, DPPH, and FRAP [10].  However, further 

thermodynamic and kinetic investigations are necessary to improve our understanding of 

the molecular mechanisms of the antioxidative activity of quercetin against various 

biological free radicals. To clarify antioxidative mechanisms of quercetin, quantum-

chemical methods were used to simulate hydrogen atom transfer (HAT), radical adduct 

formation (RAF), sequential proton loss electron transfer (SPLET), and sequential electron 

proton transfer (SET) reactions of quercetin with hydroxyl (OH•) radical under 

physiological conditions (pH = 7.40 in aqueous solution). The optimized structure of 

quercetin at physiological conditions is represented in Fig. 1 (B). 

 

Fig 1. (A) Structural formula of quercetin; (B) Quercetin structure optimized with functional 

M06-2X in combination with flexible basis set 6-311++G(d,p) in aqueous solution. Carbon 

atoms are represented in gray, oxygen atoms in red, and hydrogen atoms in white. 

 

Experimental  

Computational Methods 

Geometry optimization and frequency calculations were performed by applying Density 

Functional Theory (DFT) functional M06-2X in combination with the 6-311++G(d,p) flexible 

basis set and Solvation Model Density (SMD) in the Gaussian 16 software package on 

the server Elixir, located at UM FKKT  [12]. Recently, functional M06-2X revealed good 

performance in the simulation of reactions between polyphenols and various free radicals 

[13, 14]. By analyzing the frequency calculation, the nature of stationaly point can be 

confirmed. Only real frequencies indicate an equilibrium geometry (local minima), while 

exactly one identified imaginary frequency, corresponding to the studied reaction 

coordinate, represents a transition state (TS).  
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Quantum mechanics-based test for overall free radical scavenging activity (QM-

ORSA) 

According to the QM-ORSA methodology, several antioxidative mechanisms are 

involved in the free radical scavenging activity of chemical compounds, namely HAT (eqn 

(1)), SET (eqn (2)), RAF (eqn (3)), SPLET (eqn (3) and eqn (4)), and sequential electron 

proton transfer (SEPT, eqn (6)) mechanisms [2].  

H�Q + R• →  H	Q• + RH (1) 

H�Q +  R•  → [H�Q − R]• (2) 

H�Q +  R•  →  H�Q•
 + �� (3) 

H�Q + HO� →  H	Q� +  H�O (4) 

H	Q� + R• →  H	Q• + R� (5) 

H�Q +  R• → H�Q•
 +  R�    
-H


 
  H	Q• +  R� (6) 

 

Thermodynamic calculations 

Before the kinetic investigation of quercetin’s antioxidative activity in aqueous solution, 

the Gibbs free energies (ΔGr) were calculated for all possible molecular mechanisms 

described above. All reactive centers on quercetin were thermodynamically investigated 

for the corresponding molecular mechanisms, and all forms of quercetin at pH 7.40 were 

included. For further kinetic investigations, only the exerogenic (ΔGr < 0) and isorgenic 

(ΔGr ≈ 0) reaction paths were considered. 

 

Kinetic calculations 

In all mechanisms, namely HAT, RAF, SET, and SPLET, the reaction rate constants 

were calculated by applying the transition state theory (TST): 

� =
���

ℎ
��(���)/�  (7) 

where kB and h represent Boltzmann and Planck's constants, respectively, ΔG≠ is the 

Gibbs free energy of activation, while T stands for temperature (K). After calculating the k 

for all thermodynamically favorable antioxidative mechanisms, the total rate coefficient 

(ktot, eqn (8)) of quercetin were calculated. 

�!"! = �#$ + ��$% + �&' + �&()'  (8) 

At pH 7.40 in aqueous solution, quercetin is present in three different acid-base forms, 

namely neutral (H5Q), mono-anionic (H4Q-), and dianionic (H3Q2-) forms, as presented 

inFig. 2. 
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Fig. 2. Optimized neutral (A), monoanionic (B), and dianionic (C) structure of quercetin 

obtainedby applying M06-2X/6-311++G(d,p) level of theory and SMD solvation model. 

Consequently, it is necessary to calculate the overall rate coefficient (koverall) (eqn (9)). 

The molar fractions of quercetin at pH = 7.40 are f [H5Q] = 0.06856, f [H4Q-] = 0.6702, f 

[H3Q2-] = 0.2608, and f [H2Q3-] = 4.231 x10-4 [15]. Therefore, koverall for quercetin in aqueous 

solution at pH = 7.40 represents the sum of ktot multiplied by the corresponding molar 

fraction (f) for all acid-based species andcan be calculated in the following way: 

 

�"*+,-.. = /(0�1)�!"!
#23

+ /(0	1�)�!"!
#435

+ /(061��)�!"!
#7325

 (9) 

 

An example of the optimized geometry of the reactants (A), transition state (B), and 

product (C) for RAF mechanisms is shown in Fig. 3. The optimizations of geometries and 

frequency calculations were perferomed at M06-2X/6-311++G(d,p) level of theory in 

combination with SMD solvation model, and results confirmed that the geometries of both 

reactants and products are indeed local minima. The real frequencies for reactants and 

products were 30.260 cm-1 and 35.200 cm-1, respectively. The TS geometry revealed 

exactly one imaginary frequency, with a value of -410.190 cm-1, which corresponds to the 

reaction coordinate for the RAF mechanism.  

 

Fig. 3. Optimized geometries of reactants (A), transition state (B), and product (C) for the 

RAF reaction mechanism of quercetin and hydroxyl radical (OH•) on reactive center 5 by 

applying M06-2X/6-311++G(d,p) level of theory and SMD solvation model. 
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Summary 

Thymus vulgaris and Thymus serpyllum extracts exhibit different bioactivities due to the 

presence of various bioactive compounds, including polyphenolic acids, namely 

rosmarinic acid, and flavonoids, such as quercetin and apigenin. Numerous studies 

reported the antioxidative activity of quercetion and its importance in promoting human 

health. To fully understand its antioxidant activity, it is necessary to understand molecular 

mechanisms of reactions between quercetin and free radicals. Therefore, thermodynamic 

and kinetic investigations of the reactions between quercetin and hydroxyl radical were 

performed at the M06-2X/6-311++G(d,p) level of theory in combination with SMD solvent 

model at physiological conditions. 
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Introduction 

To improve the accuracy of simulated molecular weight distributions, a deterministic 

model for the terpolymerization of ethene, vinyl acetate and vinyl neodecanoate (E-VA-

VeoVA10) established by Anne Rott and Elisabeth Nowottny was adjusted [1] [2]. A 

schematic depiction of the model design is shown in Fig.1 and describes the 

terpolymerization as three simultaneously occurring copolymerizations. Improvement of 

the accuracy of the simulations was realized by the implementation of a conversion-

dependent correlation for the transfer to polymer kinetic coefficient of VeoVA10 based on 

a correlation established by Thomas Herrmann for LDPE [3].  

 

Fig.1: Schematic depiction of the terpolymerization model. This design assumes that the 

terpolymerization can be described by three copolymerizations occurring simultaneously 

 

Existing literature provides kinetic parameters for VeoVA10 based on emulsion 

polymerizations under ambient conditions or adapted by kinetic parameters of vinyl 

acetate. Using these parameters for a model that is designed to describe high-pressure 
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co- and terpolymerization processes results into discrepancies which were investigated in 

this work. 

 

Experimental 

Accurate characterization of polymer samples is essential to identify discrepancies 

between simulated and experimental molecular weight distributions (MWDs). These 

discrepancies were addressed via parameter estimations, which heavily rely on the input 

data. At first, it was determined what type of detector is used for the characterization of 

the MWDs. The high branching density of the polymer samples result into systematically 

underestimated MWDs when evaluating the gel permeation chromatography with an 

infrared detector (GPC-IR). In this work, molecular weight distributions were determined 

via GPC-light scattering (GPC-LS). To ensure accurate results, the refractive index 

increments of each sample were determined individually with measurements conducted 

via a high-temperature differential refractometer.  

 

Fig.2: Refractive index increments determined for the copolymers E-VA by Elisabeth 

Nowottny (EN [1], green), E-VeoVA10 by Anne Rott (AR [2], red). Terpolymers 

measured by Anne Rott are depicted in yellow [2] while LDPE in blue serves as the point 

of origin. 

 

Residual monomer significantly changes determined refractive index increments which is 

why each sample is dried with either the rotary evaporator, a heating oven or via 
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precipitation. The least residual monomer was achieved with the precipitation method [4]. 

The then measured refractive index increments depicted in Fig. 2 lay in the surface 

spanned by the copolymer data measured by the working group. [1] [2].  

To correctly assign the refractive index increments, polymer compositions were 

determined via 1H-NMR spectroscopy. After sufficient data was collected, the MWDs were 

characterized. There one may observe significant differences between the simulations 

and the experimental MWDs as depicted in Fig.3 It can be observed that the overall 

shapes of the MWDs do match but the simulations underestimate the results significantly. 

 

Fig.3: Comparison between the simulated (dashed blue line) and experimental 

molecular weight distributions of a sample. 

 

With parameter estimations conducted via Predici [5] by CiT, a mathematical model is 

fitted in such a way that the simulated MWD reproduces the experimental data. The 

mathematical model, which are the kinetic coefficients θ, describes the time dependent 

behavior of the system. They serve as a set of ordinary differential equations (ODEs). In 

case of this work the kinetic network, specifically the transfer to polymer steps of VeoVA10 

was adjusted to reproduce the position of the peak as closely as possible. At first, 

sensitivity studies were performed to investigate the feasibility of the parameter 

estimations and to reduce computation times by identifying the range in which the system 

is sensitive towards changes of ktr,P,VeoVA.[6] 



ERASMUS+ BIP ESS-HPT 2025 "The European Summer School in High Pressure Technology" 
6.7. - 19.7.2025 

-152- 

 

Fig.4: Sensitivity studies performed to investigate the boundaries in which a change in 

factor a impacts the weight and number average molecular weights of the system. 

 

After confirming the feasibility and identifying the boundaries of the parameter estimations 

the parameter estimations were conducted. A factor a was introduced to be adjusted. This 

is achieved by solving the ODEs numerically via the Gauss-Newton method.[6] To ensure 

reliable results, parameter estimations for each sample were conducted separately while 

confirmation estimations were performed at different initial values. The results converged 

to the same solution for a. By comparing the new simulated and experimental molecular 

weight distributions depicted in Fig. 5 it can be observed that the molecular weight 

distributions lie within the error bars. In Fig. 6 one may observe that the implemented 

conversion dependency is now able to differentiate between two samples produced at 

identical process conditions but at varying conversions. Additionally, it can be observed 

that samples which were produced at identical process conditions result into significantly 

different molecular weight distributions, confirming the assumption that the conversion 

does influence the MWDs significantly. 
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Fig. 5: Comparison between the experimental MWD in black and the simulated MWD in 

red (dashed line) of the same sample with the new correlation. 

 

 

Fig. 6: Simulated (dashed lines) and experimental molecular weight distributions of two 

samples which were produced at identical process conditions but with varying 

conversions. 
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Summary 

A deterministic terpolymerization model was adjusted to improve accuracy of simulated 

molecular weight distributions (MWDs). A key modification was the introduction of a 

conversion dependent correlation for the transfer to polymer steps of 

VeoVA10, considering inaccuracies resulting from literature data being derived under 

ambient conditions. Experimental MWDs were determined using GPC-LS. Accurate 

refractive index increments were ensured via drying methods which validated by NMR.[4] 

Discrepancies between simulation and experiment were addressed through parameter 

estimations using the Gauss-Newton method, optimizing factor a to align simulated and 

experimental MWD peaks. The improved model, which was validated across samples and 

initial values, reproduces MWDs within experimental error bars and can distinguish 

samples produced at equal conditions but with different conversions. Conformation 

simulations of samples not included in the parameter estimations were 

performed, confirming the ability of describing the polymerization behavior of the system. 
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I. Abstract 

Our thesis task was to design a plant with a capacity of 250 000 t/year and outline its 

advantages and disadvantages. Nowadays, ammonia is increasingly recognised for its 

beneficial properties and could even represent a major step forward in the solution of growing 

energy needs. In this thesis, alternative ammonia production technologies were investigated 

with the above mentioned capacity throughout a detailed analysis. Besides, the five 

technologies were studied aiming to select which is the most economical and the most 

integrable process based on the environmental and energetical point of view. As the most 

common solution for ammonia production Haber-Bosch sytnhesis was used as a baiss for 

comparison. In addition, the different feedstock production alternatives in order to be able to 

summarise and draw conclusions were investigated. After the selection, the process was 

designed step by step from raw material to product, besides the material and energy balances 

were calculated, moreover cost estimation for the whole technologywas made. The 

simulation of the technology was carried out using Aspen Plus V11 software package, from 

which the key parameters and properties were determined for detailed sizing and design.  

During our thesis project, we worked as a group of five; however, I will primarily focus on 

the parts I personally conducted and contributed to. 

II. Introduction  

Ammonia (NH₃) is a crucial compound in industrial processes, particularly in the 

agricultural and chemical industries. Its primary applications include the production of 

fertilizers and refrigerants, but it is also widely used in other sectors, such as animal feed 

additives and as a component in cleaning agents. Large-scale ammonia production is 

predominantly carried out using the Haber-Bosch process, an established and well-known 

technology. This method involves high-pressure and high-temperature reactions between 
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nitrogen (N₂) and hydrogen (H₂) gases to produce ammonia gas. Catalysts are used in this 

process to increase efficiency. Ammonia production is vital to agriculture, as it serves as a 

key raw material in fertilizers, providing essential nutrients for plant growth. In addition, 

ammonia is used in various other fields, including as a reducing agent in steel manufacturing, 

in the production of refrigerants, and in cosmetic and household cleaning products. 

Therefore, ammonia and its industrial synthesis play a fundamental role in modern industrial 

processes and agricultural productivity.  

Ammonia is a naturally occurring compound that appears as a colorless gas or liquid. It 

is present in the atmosphere, soil, mineral waters, as well as in both plant and animal 

organisms. Ammonia plays a crucial role in numerous biological processes and serves as a 

fundamental building block for the synthesis of amino acids and nucleotides. In the 

environment, ammonia is part of the nitrogen cycle and is produced in the soil through 

bacterial activity. Naturally, ammonia behaves as a base and partially dissociates in aqueous 

solutions. Ammonia gas is easily compressible and, under pressure, forms a clear liquid, 

which is the preferred form for storage and transport. The molecule has a trigonal pyramidal 

geometry and is polar. Multiple ammonia molecules can form hydrogen bonds with each 

other. The formation of ammonia involves three hydrogen atoms covalently bonded to a 

nitrogen atom. The nitrogen atom possesses a lone pair of electrons that contributes to the 

formation of strong hydrogen bonds with other ammonia molecules [1]. The reaction is 

exothermic, and its stoichiometry is represented by Equation 1.  

N2+3H2=2NH3 (1) 

 

The physical and chemical properties of the raw materials and the product are summarized 

in Table 1.1. 
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Table 1.1: Key properties of ammonia and its raw materials [2,3] 

Property Hydrogen Nitrogen Ammonia 

Molar mass (g/mol) 2.02 28.01 17.03 

Color Colorless Colorless Colorless 

Odor Odorless Odorless Pungent, irritating 

Physical state at 20 °C Gas Gas Gas 

Melting point (°C) -259 -210 -77.7 

Boiling point (°C) -252.8 -195.8 -33.35 

Density (gas, g/dm³) 0.084 0.807 0.771 

Density(liquid, g/cm³) 0.071 1.251 0.6818 

Critical temperature (°C) -239.95 -146.9 132.4 

Critical pressure (bar) 12.97 33.94 112.8 

Standard enthalpy of formation (kJ/mol) 0 0 -46.11 

 

Ammonia plays a major role in fertilizer production. It can be used directly, or more commonly, 

as a primary raw material in the manufacture of nitrogen-based fertilizers.In addition to its 

agricultural importance, ammonia is also used as a disinfectant, in the production of 

explosives, and as a refrigerant. However, the majority of its global use remains in agriculture. 

Annually, approximately 230 million tonnes of ammonia are produced worldwide, and this 

number is steadily increasing due to the rapidly growing global population and the 

corresponding rise in both energy and food demand [4].  

 

III. Green ammonia  

In 2021, the green ammonia market was valued at USD 44 million, with a projected CAGR of 

127.9% by 2030. This growth is primarily driven by increasing awareness of clean energy 

production and the need to reduce carbon footprints, which is expected to significantly boost 

demand in the coming years. Green ammonia is being explored for use as a marine fuel, in 

the transportation of renewable energy, and in power generation, due to its carbon-free 

emissions profile [5]. 
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Its production requires green hydrogen, which is most commonly obtained through the 

following methods: 

 Solid oxide electrolysis, 

 Proton exchange membrane (PEM) electrolysis, 

 Alkaline water electrolysis. 

Among these, solid oxide electrolysis is expected to see the most significant growth in the 

coming period, as it produces green hydrogen using electricity generated from renewable 

sources. PEM electrolysis is currently the most widely used technology due to its high 

efficiency (up to 90%), high current density, and low operating voltage. Alkaline electrolysis 

is a more conventional method and considered the simplest and most cost-effective approach 

to producing green hydrogen among the three.  

 

IV. Technology Overview  

As part of our thesis project, we designed five alternative technologies and evaluated which 

ones best met economic, equipment-related, and environmental criteria. During the decision-

making process, we aimed to stick to widely used, well-known technologies while integrating 

modern and innovative thinking to explore which established technologies are still worth 

developing further. Due to the limited length of this essay, the tables used for the comparison 

are not included.  

The annual raw material quantities used in the different processes are detailed in the tables. 

These figures enabled us to calculate the raw material costs. Apart from electrolysis, the other 

technologies use natural gas and nitrogen. One advantage of electrolysis is that it does not 

require natural gas; instead, it uses nitrogen and water as the main feedstocks. To minimize 

potential expenses, we also considered that the gas exiting the methanation reactor must be 

dried to remove excess steam that does not participate in further reactions. Since water is 

required for electrolysis, we analyzed whether the recovered water could partially cover this 

need. Based on our material balances, the excess water from natural gas decomposition can 

be reused—after proper purification and potassium hydroxide dosing—to cover part of the 

water demand of the electrolyzer cell. The amount of water exiting the technology is 1569.2 

kg/h, which can be partially reused. The cost analysis reveals that the annual raw material 
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cost for an electrolyzer cell is the lowest among all the technologies. Another critical factor is 

the energy performance of the electrolyzer. A cell designed for 100% hydrogen production 

has a high energy consumption. Currently, there are no known industrial-scale hydrogen 

production systems based solely on electrolysis that are used for ammonia production. 

Furthermore, the high energy demand of the electrolyzer presents a major challenge, which 

leads to additional issues that need to be addressed. Therefore, our group concluded that we 

should develop a hybrid technology. We based it on the well-established Haber-Bosch 

process, into which we integrated a water electrolysis unit. We believe this hybrid technology 

could offer viable solutions to several key questions and, with further research and 

development, could become a practical option for the future. The electricity required for the 

cell will be supplied by solar panels. We determined the scale of solar panel deployment 

based on CO2 emissions and raw material cost. To find the optimal configuration, we 

iteratively analyzed the ideal ratio of electrolysis to Haber-Bosch operation. This ratio is 

shown in Figure 2 below.  

 

Figure 2: Intigrated technology optimalisation 

Using graphical analysis, we determined the point at which the two curves intersect: 61% of 

the required hydrogen will be produced via electrolysis, and 39% from natural gas 

reforming.We took into account the European Union's goal of achieving net-zero carbon 

emissions by 2050 [6]. As a result, CO2 quota prices will continue to rise. In 2023, the price 

of emitting one ton of CO2 was $43. Based on this trend, we calculated the future costs of 

continuing 100% Haber-Bosch production. According to the material balance, annual CO2 

emissions would be 255,455 t/year. Given the allowable limit of 10,000 t/year, the excess 
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emissions would incur a cost of $10,505,450 annually.Because CO2 regulations are expected 

to tighten and quotas become more expensive, using hydrogen from water electrolysis allows 

us to reduce emissions and associated costs. The savings from avoided CO2 costs can be 

reinvested into solar panels, capital investments, and maintenance. With the chosen ratio, 

the hybrid plant will produce 152,000 t/year of ammonia via electrolysis and 98,000 t/year 

using the Haber-Bosch process.Water electrolysis can be powered by renewable energy 

sources such as solar and wind power, enabling truly green hydrogen production. The 

electrolyzer’s electricity demand would require an area of about 6,500 m2 for solar panels, 

operating for approximately 12 hours daily during summer [7]. Based on all these comparison 

points, we decided on the hybrid green ammonia technology. It is environmentally friendly, its 

feedstock generation involves significantly lower CO2 emissions, and the required materials 

are cheap and sustainably available. Hydrogen produced by electrolysis can be integrated 

into the Haber-Bosch process, leveraging its lower capital and operational costs. The main 

drawback of green ammonia technology is its high energy demand. However, since no natural 

gas is needed, purification steps are eliminated, as water electrolysis provides clean 

hydrogen.Overall, water electrolysis is a versatile and environmentally friendly method for 

hydrogen production. It offers numerous industrial and ecological benefits. Advanced 

technologies and new energy solutions support its proliferation as a key component of clean 

and sustainable energy systems.  

Once we outlined our technology and determined the ratio of green to grey hydrogen 

production, we proceeded to design the plant’s operating units and ran a simulation using 

Aspen Plus V11 to ensure the process runs smoothly. To carry out this design project, we 

calculated the mass and energy balances of the technology, sized the operating units, and 

performed a comprehensive economic analysis to evaluate the cost-effectiveness of the new 

production process. The figure below shows the completed simulation of our technology. I 

was in charge of designing the electrolysis cell, including its sizing, operational 

characteristics, and integration into the overall process. 
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Introduction 

Pomace is a solid substance that remains after pressing grapes in wine production, making 

up 75% of the solid waste generated during winemaking and 20-30% of the initial mass of 

grapes. Pomace consists of 55 - 75% water, 30% polysaccharides and 6-15% lipids, proteins, 

unsaturated fatty acids and sugars. During wine production, 70% of the total bioactive 

compounds remain in the pomace, making it a very valuable by-product. Due to the bioactive 

compounds found in pomace, its further processing and application in the pharmaceutical, 

food and other industries is increasingly being used in order to maximize the use of by-

products and enrich new products with bioactive components (Figure 1).  

The primary goal of this work was to investigate the possibility of using the by-products that 

arise during the production of Pinot noir wine, with a special emphasis on the grape seed and 

skin. An innovative ultrasound-assisted extraction technique and different extraction 

conditions (solvent, amplitude and impulse) were applied. The obtained extracts were 

analysed for the content of total phenols (by Folin-Ciocalteu method), antioxidant activity (by 

DPPH method) and individual phenols (by HPLC analysis).  

 

 

Fig 1. Different possibilities of using grape pomace (Source: Author) 
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Experimental 

The objectives of this work were to perform ultrasonic extraction on samples of seeds and 

skins of Pinot Noir grapes using sonde (Hielscher Ultrasonicator UP400St), determine how 

different ultrasonic extraction parameters affect antioxidant activity and phenol content in the 

obtained extracts, determine antioxidant activity in the obtained extracts, the proportion of 

total phenols in the obtained extracts, identify and quantify individual phenols using high-

performance liquid chromatography (HPLC-DAD) in extracts and optimize the ultrasonic 

extraction process using the response surface methodology (RSM). 

Grape seeds and skins (Figure 2) were subjected to ultrasound-assisted extraction according 

to the following RSM experiment shown in Table 1. 

 

Fig. 2 Grape skins and grape seeds Pinot noir (Source: Author) 

 

Table 1.  Process parameters for ultrasonic extraction  

Sample 
number 

Solvent  
[% EtOH] 

Amplitude 
[%] 

Impuls 
[%] 

1 48 60 60 

2 48 60 60 

3 48 60 60 

4 48 20 100 

5 48 20 20 

6 0 60 100 

7 48 60 60 

8 48 100 20 

9 48 100 100 

10 96 100 60 

11 0 100 60 

12 96 20 60 

13 0 20 60 

14 96 60 100 

15 0 60 20 

16 48 60 60 

17 96 60 20 
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The extracts (Figures 3 and 4) were analysed by quantifying their total polyphenolic content 

(TPC) and antioxidant activity using DPPH method and results are shown in Table 2.  

                                                        

 Fig. 3  Grape seed extract                                  Fig. 4  Grape skin extract 

Table 2. Total phenols content and antioxidant activity in grape seeds and skin extracts 

Sample 
number 

Solvent 

 [% etOH] 

Amplitude 
[%] 

Impuls 
[%] 

GAE 
[mg/L] 

Grape 
seeds 

GAE 
[mg/L] 

Grape 
skin 

%DPPH 

Grape 
seeds 

% DPPH 

Grape 
skin 

1 48 60 60 155.13 50.00 65.89 22.87 

2 48 60 60 163.08 46.41 67.02 22.09 

3 48 60 60 171.03 52.56 66.71 22.76 

4 48 20 100 167.95 55.38 61.01 21.08 

5 48 20 20 130.51 44.10 60.11 20.41 

6 0 60 100 97.69 41.54 54.45 17.45 

7 48 60 60 170.26 49.23 66.24 21.62 

8 48 100 20 236.67 57.69 64.17 21.31 

9 48 100 100 237.95 60.26 77.83 24.16 

10 96 100 60 117.18 50.00 54.33 11.40 

11 0 100 60 122.31 46.92 49.77 5.39 

12 96 20 60 103.08 49.49 53.63 8.28 

13 0 20 60 94.62 36.41 45.94 1.44 

14 96 60 100 105.90 46.15 54.80 13.15 

15 0 60 20 118.97 44.10 43.91 1.09 

16 48 60 60 168.97 46.15 67.10 22.80 

17 96 60 20 91.03 23.08 48.32 10.50 

 

Selected graphs shown on Figures 5 and 6 show the influence of amplitude, impuls and 

solvents on TPC content in grape seeds. 
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Fig. 5 3D graph of infuence of the amplitude             Fig. 6 3D graph of infuence of the impuls 
        and solvent on the content of TPC                                 and solvent on the content of TPC
         in the grape seeds                                                          in the grape seeds 

HPLC analysis of grape seed samples revealed 11 compounds (Table 3.). Among the 

compounds identified in the highest concentrations are: epigallocatechin, catechin and 

epicatechin. Procyanidin B2 is present in lower concentrations, while sinapic acid and 

resveratrol are present in the lowest concentrations.  

Table 3. Results of HPLC analysis of grape skin extracts according to BBD 

RT 6.724 12.40 12.613 12.952 13.780 17.773 24.436 25.512 27.522 29.833 31.503 
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 mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l 

1. 11.66 88.98 12.45 439.70 55.94 281.76 3.32 10.94 1.75 1.46 1.60 

2. 11.53 91.52 12.77 423.28 54.13 271.66 21.27 9.55 1.80 1.54 1.58 

3. 12.21 100.51 14.03 454.71 58.14 290.04 22.98 8.74 1.83 1.50 1.62 

4. 12.07 90.76 12.74 419.62 52.59 263.10 27.58 11.75 13.46 2.63 1.80 

5. 12.51 104.52 14.70 466.96 59.89 297.67 4.39 8.45 13.53 2.78 1.88 

6. 10.83 82.80 12.80 284.59 50.71 180.28 12.99 9.06 0.88 4.05 - 

7. 12.77 110.75 15.49 481.21 62.05 307.40 23.61 7.50 1.86 1.55 1.90 

8. 13.89 120.09 16.86 530.51 67.11 333.94 123.49 9.16 15.60 2.94 1.94 

9. 13.08 113.03 15.86 484.47 61.86 312.59 4.17 10.93 1.99 1.56 1.92 

10. 5.26 42.04 1.50 315.52 21.22 174.46 - 11.12 9.22 9.47 1.50 

11. 12.23 94.75 13.31 319.10 51.06 214.87 3.06 8.12 0.94 4.49 - 

12. 4.04 19.83 1.20 242.22 16.01 130.13 9.66 11.97 0.75 2.17 1.40 

13. 10.16 57.06 8.76 157.02 35.86 112.04 - 10.38 15.68 2.75 1.60 

14. 5.29 25.61 1.47 308.00 20.89 172.40 - 9.69 0.87 2.85 1.40 

15. 10.65 58.63 3.38 166.88 35.73 119.43 1.51 4.56 0.58 2.61 - 

16. 12.58 107.01 15.03 464.09 59.14 294.05 111.85 8.92 1.83 1.59 1.61 

17. 1.75 - 0.79 163.69 8.59 80.43 3.94 9.55 1.60 - 1.25 
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Summary 

This study is focused on the valorization of waste generated in the wine production industry. 

The resulting waste represents a major burden on the environment if it is not adequately 

disposed of. In this way, this waste becomes a high-value raw material for the production of 

extracts with a high proportion of bioactive components that can be implemented in numerous 

functional products. Ultrasound-assisted extraction is an innovative technique that enables 

the isolation of valuable bioactive compounds from grape pomace. This technique improves 

extraction efficiency, allowing the pomace, rich in antioxidants, polyphenols, fiber and other 

beneficial components, to be used in the development of new functional products. This could 

optimize the food production process with maximum waste utilization, which is the goal of the 

transition from a linear to a circular economy model. 
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Introduction 

Recently, new forms of antimicrobial emitting materials (AEMs) have been developed, 

including aerogels that contain volatile components with antimicrobial properties. Aerogels 

are three-dimensional porous materials that possess exceptional properties such as low 

density, high specific surface area, and strong absorption capacity [1]. 

Antimicrobial aerogel materials (AAMs) are typically composed of an organic matrix made 

from starch and/or cellulose that hosts volatile substances (e.g. Essential Oils EOs) with 

antimicrobial properties. Starch is widely recognized as one of the most preferred 

biopolymers for food packaging due to its biodegradability, abundance, and renewability. 

Several studies have investigated antimicrobial aerogels with volatile compounds like 

curcumin, hexanal, and thymol for active food packaging, highlighting essential oils as 

effective natural preservatives due to their ability to diffuse without direct food contact. 

The main challenge lies in efficiently incorporating essential oils into the aerogel matrix 

and optimizing this process to develop high-performance antimicrobial materials. This 

project aims to analyze current production techniques to identify critical issues and 

enhance the properties of aerogels, with the goal of developing innovative processes to 

improve antimicrobial effectiveness and extend the shelf life of food products. 

 

Experimental 

The production of aerogels has become increasingly widespread and relatively 

standardized in recent years, with supercritical CO₂ (scCO₂) emerging as a reliable and 

widely used drying method. Building on this solid foundation, the scientific literature offers 

numerous production techniques that can be analyzed and compared. This work aims to 

examine these approaches, identify their strengths and limitations, and draw insights that 

can help improve current manufacturing processes and enhance the performance of 

antimicrobial aerogels. 

mailto:gianluca.ricci11@studio.unibo.it
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Two key stages significantly influence the properties of antimicrobial aerogel materials 

(AAMs): the formation of the aerogel matrix and the impregnation of essential oils (EOs). 

Both phases determine the material's structure and its ability to efficiently release volatile 

antimicrobial agents. 

The preparation of aerogels generally involves three main steps: sol-gel formation, 

gelation, and drying. Among these, drying plays a crucial role, especially in silica-based 

aerogels, as it directly affects the final porosity and mechanical integrity of the material. 

Several drying methods are available, including ambient pressure drying (APD), freeze-

drying (FD), and supercritical drying (SCD). However, APD is typically not recommended. 

Due to high capillary forces during evaporation, the gel structure tends to collapse, 

resulting in a dense and less porous material known as a xerogel. Freeze-drying offers an 

alternative by freezing the liquid within the pores and removing it via sublimation under 

vacuum. Nonetheless, the formation of ice crystals can damage the internal structure, 

making the material more fragile and leading to the creation of cryogels. 

Supercritical drying with CO₂ presents a more effective solution. It replaces the pore liquid 

with scCO₂, avoiding liquid-vapor interfaces and thus eliminating capillary stresses. This 

process helps preserve the aerogel’s structure and results in a highly porous material, 

which is particularly important for loading and gradually releasing volatile substances [2]. 

Drying speed also affects porosity differently depending on the method used. In traditional 

methods like APD, fast drying can increase capillary forces and cause pore collapse. Even 

in FD, rapid sublimation may lead to non-uniform pore formation. In contrast, supercritical 

drying is less sensitive to drying rate because it avoids phase transitions that generate 

stress. The pore network remains largely intact even at faster rates. However, if pressure 

or temperature changes occur too abruptly, structural damage can still happen. For these 

reasons, scCO₂ drying remains the preferred option when producing aerogels that require 

high porosity for efficient encapsulation and controlled release of volatile compounds. 

Volatile compounds can be incorporated into the aerogel matrix through several 

approaches, the most common being: 

 Dry impregnation; 

 Antisolvent methods; 

 In situ synthesis techniques. 
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Among these, adsorption from supercritical CO₂ solutions has shown excellent results in 

terms of controlled release performance [3]. This technique benefits from the high 

diffusivity of active molecules—such as drugs and essential oils—in scCO₂, enabling 

efficient mass transfer. However, the success of this method largely depends on two key 

factors: the solubility of the substance in scCO₂ and its affinity for the aerogel surface. 

When a compound has low or negligible solubility in scCO₂, an alternative strategy 

involves the solvent exchange phase. In this approach, alcogels—hydrogels obtained 

during gelation—are brought into contact with a solution containing the desired compound. 

Driven by a concentration gradient, the molecules diffuse into the liquid phase within the 

alcogel's pores. Once equilibrium is reached, supercritical drying is applied. This final step 

behaves similarly to a gas antisolvent (GAS) crystallization process, in which scCO₂ acts 

as an antisolvent, precipitating the compound inside the aerogel’s pore structure [4]. 

This antisolvent technique was demonstrated effectively by Haimer et al., who loaded 

bacterial cellulose aerogels with bioactive compounds such as dexpanthenol and L-

ascorbic acid. Importantly, their method does not rely on the chemical nature of the 

compound, making it versatile and broadly applicable [5]. 

On the other hand, Saini et al. adopted an in situ method by integrating cinnamon extract 

into a cellulose matrix during gel formation. This was achieved by dispersing cellulose 

fibers with charged cellulose nanocrystals, followed by mechanical homogenization and 

ultrasound treatment before freeze-drying. This process incorporates the active 

compound directly into the network during gelation, which can significantly influence the 

microstructure and release behaviour [6]. 

Similarly, Lehtonen et al. used an in situ approach to embed hexanal into hydrogels 

composed of galactoglucomannan and cellulose nanofibers. These were emulsified with 

sunflower oil and chemically cross-linked prior to freeze-drying. The resulting aerogels 

exhibited prolonged release of hexanal over several weeks, making them particularly 

suitable for active packaging applications [7]. 

Unlike supercritical CO₂ loading, which is applied to already-formed aerogels, in situ 

methods introduce bioactive compounds during gel synthesis. This fundamental 

difference influences not only the pore architecture but also the functional performance of 

the final material. Consequently, each method offers unique trade-offs in terms of loading 

efficiency and controlled release potential. 

Table 1 summarize the main three, which have distinct advantages and challenges. 
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Table 1 : “Summarizing table of loading techniques” 

Technique Advantages Disadvantages Potential 

Improvements 

Reference 

Antisolvent 

crystallization 

with scCO₂ 

(post-formation 

loading) 

Versatile; 

loading 

efficiency 

independent of 

compound’s 

chemical 

nature; 

preserves pore 

structure 

Requires 

precise control 

of pressure and 

temperature; 

complex 

process 

Optimization of 

operating 

parameters to 

enhance 

loading 

efficiency and 

uniformity 

Haimer et al. [5] 

In situ loading 

with extract 

dispersion and 

charged 

cellulose 

nanocrystals 

Direct 

incorporation of 

bioactive 

compounds 

during gel 

formation; 

allows 

microstructure 

control 

Possible 

alteration of gel 

structure; 

limited 

maximum 

loading 

capacity 

Improve 

stability and 

uniform 

distribution of 

bioactive 

agents 

Saini et al. [6] 

In situ 

emulsification 

and cross-

linking with 

volatile 

compounds 

Enables 

sustained and 

controlled 

release; 

suitable for 

active 

packaging 

Complex 

process; 

potential 

instability of 

volatile 

compounds 

over time 

Pore size 

reduction and 

refined cross-

linking control 

to prolong 

release 

duration 

Lehtonen et al. 

[7] 

 

Haimer et al. [5] utilized an antisolvent crystallization method with supercritical CO₂, which 

stands out for its post-formation loading approach. This technique is particularly versatile 

because it does not depend on the chemical nature of the compounds being loaded. 

Importantly, it preserves the original pore architecture of the aerogel, a critical factor for 

maintaining the material’s mechanical and functional properties. However, this method 

requires strict control over processing parameters such as pressure and temperature, 

which can complicate scale-up and industrial application. Its main strength lies in the 

ability to load a wide range of bioactives without compromising the aerogel’s 

microstructure. 
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In contrast, the in situ loading strategy presented by Saini et al. [6] involves the 

incorporation of bioactive extracts directly into the gel matrix during its formation. This 

technique is distinctive in allowing simultaneous control over the microstructure and the 

distribution of the active compounds within the material. While this can enhance 

interactions between the matrix and the bioactives—potentially improving functionality—it 

also risks altering the gel’s structural integrity and limits the maximum achievable loading. 

The peculiarity of this method is its integrative nature, embedding bioactive agents within 

the forming network, which can tailor material properties but demands careful balance to 

avoid structural compromises. 

Lehtonen et al. [7] advanced this concept further by employing an in-situ emulsification 

and chemical cross-linking technique to embed volatile compounds like hexanal within 

polysaccharide hydrogels before freeze-drying. This method is particularly notable for 

enabling controlled, sustained release of volatile substances, making it highly suitable for 

active packaging applications. Its complexity arises from the need to maintain stability of 

the volatile components and manage the cross-linking process, but it offers the distinct 

advantage of fine-tuning release kinetics through pore size and network density 

adjustments. This controlled release capability sets it apart from the other methods and 

directly addresses application-driven requirements for longevity and efficacy. 

 

Summary 

The selection of an impregnation technique for aerogels depends mainly on the 

application and the properties of the compound to be incorporated. Wet impregnation [5] 

works well for polar molecules, like phenolic compounds, which can be efficiently added 

during gel formation. However, it’s less suitable for hydrophobic substances—such as 

essential oils—which may require extra steps like freeze-drying to preserve the aerogel’s 

pore structure. 

Post-drying impregnation using supercritical CO₂ [8] is ideal for non-polar compounds. It 

ensures good diffusion into the aerogel without damaging its structure. Still, it demands 

precise control during depressurization to avoid issues like precipitation or uneven 

loading. 

In situ techniques [6,7] introduce active compounds during gel synthesis. These methods 

promote strong integration within the matrix and support long-lasting release, but they are 

more complex and require strict control of the gelation and drying stages to maintain 

stability. 
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A more recent alternative is the one-pot method [9], where the loading phase is combined 

with supercritical drying. By introducing essential oils in a compatible solvent during this 

step, the method ensures even distribution and better retention. It also reduces solvents 

and time, showing a promising impregnation efficiency of around 24%. Additionally, 

merging gelation, retrogradation, and drying may improve both structural and release 

properties. 

Overall, while traditional methods each have their strengths, the one-pot approach offers 

a more efficient and potentially scalable solution for developing advanced, sustainable 

aerogel systems. 
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Introduction 

Bilberry (Vaccinium myrtillus) is a berry shrub belonging to the Vaccinium genus. Like 

many other plants, berries have been consumed by people and used in traditional 

medicine for centuries or, perhaps, millenniums. Nowadays, with increasing interest in 

natural products for various applications, the positive effects of various berries on human 

health have been proved scientifically [1]. The constituents of berry fruits identified as 

main contributors to these positive effects are polyphenols, specifically anthocyanins [2, 

3]. Among all Vaccinium species, bilberry was found to have the highest amount of 

phenolic compounds, including anthocyanins [4, 5].          

One of the techniques for extraction of these valuable components from plant matrices is 

the supercritical fluid extraction (SFE), which implies using a supercritical fluid as a 

solvent. At supercritical state, i.e. at pressure and temperature above the critical values of 

these parameters, fluids possess a combination of liquid-like and gas-like properties which 

makes them suitable as solvents in the process of SFE. For example, the density of SCFs 

is relatively high, similar to liquid density, making them suitable solvents, while on the 

other hand, SCFs viscosity is comparable with viscosity of gases, so they can easily 

diffuse through solid matrices. In scientific and industrial practice supercritical carbon 

dioxide (SC CO2) is predominantly used in the SFE process. It is a non-toxic, non-

flammable and inexpensive compound with relatively low values of critical parameters (Tc 

= 31.1°C; Pc = 73.8 bar) which enable extraction at low temperatures, preventing thermo-

degradation of heat-sensitive components. Moreover, by simple decompression at the end 

of the process, it is possible to obtain products without the traces of the solvent, which is 

favourable compared to the conventional solvent extraction [6]. 

In this work, the SFE form bilberry fruits is investigated. Several sets of process conditions 

are applied in order to examine the influence of some of the process parameters on the 

kinetics, total yield, antioxidant capability and composition of the extract. 
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Experimental 

Experiments were conducted with bilberry seeds which were dried and ground in a coffee 

mill for 30 s before the extraction process. The material (200.1 g) was mixed with glass 

beads and placed into the stainless-steel tube, which was put in the extractor. . Extractions 

with SC CO2 were performed in apparatus shown in Figure 1. 

 

Fig. 1. Schematic of the apparatus for SFE used in experiments. 

The temperature in all experiments was 70°C, while pressures of 15 and 30 MPa were 

applied.  Additionally, every set of experimental conditions was replicated with the addition 

of ethanol as a cosolvent in the amount of 20wt%. Thus, a total of four sets of experimental 

conditions was analysed.  

The influence of pressure on the rate and total yield of the SFE from bilberry fuit is depicted 

in Figure 2.  

 

 

Fig.2. Results of the SFE from bilberry fruit: kinetics at different pressures (left), and the 

influence of pressure and cosolvent on the total yield (right). 
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As can be seen, increase in pressure led to the significant increase in total yield obtained 

in experiments. Specifically, at 15 MPa the yield was 1.24%, while at 30 MPa it was 5.37%, 

which is an almost 400% increase. This behaviour is actually expected as higher 

pressures imply higher densities, which leads to higher dissolving power of the SCF. On 

the other hand, the addition of ethanol as cosolvent did not positively affect the total yield 

of the SFE. Moreover, the influence was somewhat negative, as for both pressures 

applied a slight decrease in total yield was observed. This result implies that the extract is 

composed mainly of non-polar components, as the addition of polar ethanol is expected 

to positively affect the SFE of polar compounds.  

The obtained extracts were further subjected to chemical analysis, in order to determine 

the total phenolic content (TPC) and composition. The results of these analyses are shown 

in Figure 3 and Table 1, respectively.  

 

Fig. 3. Total phenolic content in obtained extracts of bilberry fruit. 

 

From Figure 3 can be seen that an increase in pressure led to an increase in TPC values 

regardless of the addition of ethanol as cosolvent. Furthermore, the addition of cosolvent 

slightly increased the TPC values for both pressures applied. 

HPLC analysis showed that the major constituent in all extracts was Procyanidin B1, a 

flavonoid belonging to the class of proanthocyanidins which was proven to have 

antioxidant, antibacterial, anti-inflammatory, antineoplastic and anti-allergic properties, 

among others [7]. 
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Tab. 1.: Results of HPLC analyses of bilberry fruit extracts . 

Name 70 °C/15 MPa 
70 °C/15 MPa 

+ EtOH 
70 °C/30 MPa 

70 °C/30 MPa 
+ EtOH 

mg/g extract 

Gallic acid  0.020 0.062 0.018 0.100 
Procyanidin B1  22.167 37.745 9.796 27.402 
p-hydroxybenzoic 

acid  
0.086 0.390 0.039 1.283 

Vanillic acid  0.0200 0.062 0.014 0.092 
Syringic acid  0.017 0.042 0.014 0.099 
Procyanidin A2  / 0.702 / / 
trans-cinnamic 

acid  
/ 0.017 / 0.009 

Hinokiflavone, di-

apigenin  
0.376 0.430 0.527 0.137 

 

Summary 

In this work the results of supercritical fluid extractions from bilberry fruit at different 

process conditions, as well as the analysis of the obtained extracts, are presented. 

Obtained results show that pressure drastically influence the total extraction yield - at 30 

MPa the yield was 5.37%, while at 15 MPa it was only 1.24%. The addition of ethanol as 

cosolvent reduced the yield, but in a practically insignificant amount. On the other hand, 

ethanol positively influenced the extract properties, as TPC was slightly higher, and 

Procyanidin content was significantly higher in samples obtained with ethanol as 

cosolvent. 
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Introduction  

The ammonothermal method is a solution-based crystal growth technique, analogous to 

the hydrothermal method but using supercritical ammonia (NH₃) instead of water as the 

solvent [1]. This method operates at moderate temperatures (400–900 °C) and is usually 

conducted at pressures between 100 and 300 MPa [2]. 

 

 

Fig. 1.: Schematic vertical cross-section of an ammonothermal autoclave inside a 

furnace for bulk GaN crystal growth illustrating key internal and external components. 

Reproduced from [3] with the permission from © 2017 WILEY-VCH Verlag GmbH & Co. 

KGaA, Weinheim  
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Material precursors are dissolved in supercritical ammonia, usually with mineralizers to 

enhance solubility. By manipulating temperature, pressure, or solvent removal, the 

solution is brought to a saturated or supersaturated state, prompting the formation of 

nitride crystals either spontaneously (nucleation) or on a seed crystal (as shown in Fig. 1) 

[4,5]. Specialized autoclaves are used to maintain the necessary temperature and 

pressure conditions, with careful control to avoid contamination and maintaining purity. 

Achieving high chemical purity and low point defect concentrations remains a technical 

challenge.There is also a need for pressures of few hundreds of MPa and oxygen-free 

environments, along with precise control over growth conditions, which complicates large-

scale adoption [4,6]. 

 

Key features of the ammonothermal method include: 

 High structural quality 

 Self-nucleation and seed expansion 

 Bypassing melt-growth limitations 

 

This is largely due to the near-equilibrium nature of the process, which allows defects to 

be minimized during growth, resulting in crystals with superior mechanical and electronic 

properties compared to those produced by many alternative methods [4]. For example, 

threading dislocation densities as low as 102 - 104 cm-2 have been reported for 

ammonothermal GaN, which is critical for high-performance electronic and optoelectronic 

applications [6]. 

The process can start with either spontaneous nucleation (self-nucleation) or with a pre-

existing seed crystal, allowing for the controlled enlargement of seed crystals over multiple 

growth runs [4,7]. This approach enables lateral and vertical expansion of the crystal, 

improving ideally both size and quality with each cycle. Seeded growth is particularly 

advantageous for producing large, high-quality crystals, as demonstrated by the 

successful enlargement of 2-inch-diameter GaN crystals using the acidic ammonothermal 

method [7].  

This method circumvents the fundamental limitations of melt-growth techniques, which 

are often unsuitable for materials like nitrides due to their high decomposition 

temperatures and instability in the melt phase [4,8].  
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Instead, the ammonothermal process dissolves the source material in supercritical 

ammonia under high pressure and moderate temperature, enabling crystal growth from 

solution rather than melt [4]. This not only allows for the synthesis of materials that are 

difficult or impossible to grow from the melt, but also can provide greater control over 

impurity incorporation, defect formation, and overall crystal quality [9]. 

 

Experimental  

Ammonothermal reactors are engineered to safely contain extremely high pressures (up 

to ~500 MPa) and temperatures (up to 600 °C or higher) while resisting corrosion in basic 

or  acidic ammonia-rich environments. To meet these demands, load-bearing components 

are typically fabricated from nickel-based superalloys such as Inconel 718 and Rene 41, 

which offer a balance of high mechanical strength, creep resistance, and corrosion 

protection [10]. Molybdenum-based alloys are also used in some cases [11]. Inconel 718 

is favored for its superior corrosion resistance and weldability, while Rene 41 excels in 

high-temperature strength and creep resistance, making it suitable for the most 

demanding thermal and mechanical conditions [12]. 

 

 

 

 

 

 

 

 

 

Fig. 2.: Visualization of the (a) uniaxial optical cell, (b) biaxial optical cell [14] 

 

Reactor designs usually feature long, thin-walled tubular geometries to simplify 

manufacturing and enable controlled thermal gradients for crystal growth. More advanced 

designs now incorporate specialized optical cells in two variants such as uniaxial and 

biaxial (as shown in Fig. 2) with transparent and chemically stable window materials, such 

as sapphire and boron carbide to facilitate in situ optical and X-ray monitoring. These cells 
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may be configured horizontally (to suppress convection) or vertically (to enhance it), 

directly influencing fluid dynamics and temperature profiles.  

 

 

Fig. 3.: Linear attenuation coefficients (cm-1) of GaN and supercritical ammonia 

(calculated using NIST XCOM database) plotted against photon energies (keV) showing 

distinctions in determining contrast in the range of photon energies used (20-110 KeV) 

 

X-ray imaging is a powerful in situ technique for monitoring dissolution and growth in 

ammonothermal synthesis, especially for materials like GaN. X-rays provide clear contrast 

even in fluid phases based on differences in linear attenuation coefficients as illustrated 

in Fig. 3. This enables precise measurement of crystal growth kinetics and solubility, even 

in the presence of solutes. Window materials with low density and composed of light 

elements, such as sapphire and boron carbide, are preferred to minimize X-ray 

absorption, though their chemical and mechanical stability must be ensured. Diamond is 

ideal for chemical stability but is limited by cost and availability in suitable thicknesses 

[14]. 

Initial innovations include direct measurement of fluid X-ray absorption to determine 

solubility, eliminating errors from crystallization outside the field of view [15]. Enhanced X-

ray setups with improved detectors can deliver better time and spatial resolution, which is 
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critical for capturing subtle changes in solubility and intermediate species formation apart 

from the possibility of detecting lighter elements in the reaction medium. 

 

Fig. 4.: Schematic horizontal cross section showing in situ monitoring setup with devices 

for complementary measurement techniques to understand ammonothermal growth using 

a biaxial optical cell 

 

Simultaneous or quasi-simultaneous optical (Raman, UV-Vis) and X-ray measurements, 

as conceputalized in Fig. 4 are also enabled by these advanced optical cells. Biaxial cell 

designs allow fully simultaneous transmission measurements, while uniaxial cells can 

accommodate Raman spectroscopy in backscattering geometry alongside X-ray imaging 

by alternating detector positions. This multi-modal approach provides comprehensive 

insight into the system, e.g. in the form of dimensional changes of the crystal as seen in 

2D X-ray absorption imaging and characteristic vibrational frequencies of involved solvent 

and solutes indicating the presence of certain chemical species  under the actual process 

conditions [4]. 

 

Summary 

In situ monitoring with these advanced optical cells has the potential to transform 

ammonothermal crystal growth by providing real-time data on solubility, phase transitions, 

and the formation intermediate species.  

The integration of X-ray and optical techniques allows researchers to: 

 Directly observe and quantify dissolution and growth processes, supporting 

estimation of crystal size and volume changes over time. 
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 Characterize intermediate species and dynamic processes, informing the 

development of new materials and growth strategies. 

These advances are not only supposed to deepen the fundamental understanding of 

ammonothermal processes but also are expected to pave way for practical improvements 

in crystal quality, process scalability, and the development of new nitride materials for 

electronic and optoelectronic applications. 
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The most common adhesives include epoxies (strong and durable), polyurethanes 

(flexible and versatile), acrylics (fast-curing), cyanoacrylates (super glue) and phenol-

formaldehyde (chemical stability and mechanical strength). 

The importance of replacing different fossil-based feedstocks for structural adhesives 

synthesis is increasing, due to the high contaminant and health issues power attributed to 

them. 

A good adhesive must have two main characteristics, strong adhesion (bonding to the 

substrate) and high cohesion (internal strength). Adhesion depends on surface energy, 

wetting ability, and compatibility with the material. Cohesion relies on the adhesive’s 

molecular structure and mechanical integrity. Curing time is also an important factor to 

take into consideration. 

Phenol-formaldehyde resins (PF) where selected as the most suitable ones to be replaced 

with the existing technology. These resins are widely used in the structural adhesion of 

wood structures, especially in furniture, whose requirements are good mechanical, 

thermal and moisture resistance, all of which are included in the mentioned composite. 

The base for a PF resin is the use of a principal monomer consisting mainly on aromatic 

molecules like phenol and a cross-linker/binder agent similar to formaldehyde. When 

phenol reacts with formaldehyde under acidic or basic conditions, it forms methylene and 

ether bridges, creating a highly cross-linked, three-dimensional network, which requires 

high curing temperatures before application. Both types of phenol-formaldehyde resins 

are Novolac and Resol, whose main differences are the molar excess of formaldehyde for 

Resols and of phenol for Novolacs, in addition to the requirement of a hardener like 

hexamethylenetetramine for Novolacs (Fareez et al., 2021).  

The idea is to look for a replacement of phenolic compounds without compromising the 

reactive nature of the formaldehyde with alcohol groups in the principal monomer. This 

objective is to obtain enough aromatics by hydrothermal depolymerization of the lignin 

contained by the cork, in addition, the use of suberin sub-products like carboxylic acids 

might function as partial binders. Using cork is a good idea because of the great cork 
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production of countries like Spain and Portugal, which together share the 78% of world 

production in this area, resulting in 146 million metric tons out of a 187 million metric tons 

industry (Mata & Dos-Santos, 2024). Suberin is the polymer in charge of confering 

hydrophobic properties to the cork whose structure is represented in Figure 1. The reason 

of the hydrophobic characteristic is the large apolar alquile chains of this compound 

(LAZAR, 2003). 

 

Figure 1. Suberin structure 

 

The first step is pumping to pressurize the biomass mixed with water at 5%. The objective 

is to achieve cork biomass around the micron size. After this step, two different reactions 

where done in a plug-flow reactor: one with the addition of a strong base like NaOH to the 

hydrolyzed and another one with natural pH. The conditions in the reactor where of 380ºC 

and 250bar in both cases, reaching supercritical water conditions in the reactor. The 

hydrolyzed was then centrifuged for separation of the soluble from the non-soluble 

composites in the product. The results showed a higher depolymerization efficiency of the 

lignin and suberinic compounds when using high pH. This can be seen in Table 1, where 

the acid number of the product tend to increase as base concentration and time does 

(Rizhikovs et al., 2022). 

It is well-known the reactive capacity of formaldehyde, due to its small size and exposed 

carbonyl group, which makes it the best bonding agent possible. What is more, the 

phenols used in the fossil-based adhesive is also an optimized reactant with the maximum 

efficiency possible. This is the reason why replacing the 100% of both of them looks 

challenging and why it was decided to create a mix between the non-renewable phenolic 

source and the less-reactant cork-based aromatics. The commercial formaldehyde 

solution is diluted down to 37% and the option of stabilizing it with methanol is very 



ERASMUS+ BIP ESS-HPT 2025 "The European Summer School in High Pressure Technology" 
6.7. - 19.7.2025 

-186- 

common, however, for this investigation, the most reactive one was considered to be the 

best option. 

Table 1. Properties of the SA-based adhesive depending on the depolymerization 
conditions. 

KOH (%) pH 
Time 
(h) 

Acid NR 
(mg KOH·g-1) 

 

2 1 0,5 26,7±0,6  

4 1 0,5 58,4±0,4  

2 3 0,5 19,2±0,3  

4 3 0,5 41,5±0,4  

2 1 1,5 38,1±0,6  

4 1 1,5 83,4±0,7  

2 3 1,5 30,7±0,4  

4 3 1,5 68,3±0,3  

3 2 1,0 48,0±1,4  

 

Different proportion reactions have been carried out and are shown in Table 2, with the 

reminder that the goal is to maximize the use of bio-based reactants, without 

compromising the desired crosslinking between monomers by replacing the high-reactive 

compounds: 

Table 2. Formula optimization experiments varying proportions of reactants 

Formula Phenol Formaldehyde 
Centrifuged 
byproduct 

1 60% 40% 0% 

2 45% 30% 25% 

3 36% 24% 40% 

4 30% 20% 50% 

 

Different analysis have been carried out for characterization and quantification, such as 

TGA, DCS, HPLC, GC. 

For application specially in plywood of this type of adhesives, it is compulsory to apply 

temperatures up to 248ºC and 6.55 min. In addition, different additives are useful specially 

for maintaining cohesion properties and cheapening the process (Less adhesive is 

required). The most common method is replacing 80% of the adhesive with dust coming 

from the feedstock biomass, in this case cork dust. (Makars et al., 2022) 
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Summary 

Bioadhesives are in constant evolution, searching for eco- and health- friendliness 

formulations that replace the existing ones. 

Using cork as a initial biomass for hydrothermal treatment with supercritical water has 

proved to be a feasible alternative. Addying basic reactants like NaOH to the reactor 

enhances suberin depolymerization, which is crucial for obtaining a good interaction with 

the bonding agent. 
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Introduction 

Emulsion polymerization is a polymerization process, where the liquid monomer is usually 

dispersed in water, and the polymerization occurs in confined particles in the nanometer 

scale, often stabilized by surfactants. Exceptionally effective heat dissipation as well as 

the non-toxic solvent drastically increase the safety of this process compared to 

polymerization in bulk or in organic solvents. The resulting polymer nanoparticle 

dispersions can be directly used, for example as coatings, paints or adhesives.[1] Usually, 

liquid monomers are employed in this type of polymerization, but also gaseous monomers 

like ethene can be polymerized this way.[2] Sufficient mixing has to be present, to achieve 

a uniform distribution of the added liquid monomer or initiator during a semi-batch process, 

in order to achieve defined growth of the polymer particles.[3] In addition, a gaseous 

monomer has to have a maximized interface area with the aqueous phase, to ensure a 

rapid diffusion into the water and to avoid having a mass transport limitation, which 

reduces to possible rate of polymerization.[4] For this purpose, a polymethyl methacrylate 

(PMMA) model of a high-pressure steel autoclave has been manufactured, to mimic the 

inner dimensions of the reactor, which is used in the polymerization mini-plant. Multiple 

types of stirrers were created with CAD software and were 3D-printed, to investigate their 

suitability for the use in emulsion polymerizations with and without gaseous monomers. 

 

Experimental 

The reactor in which the polymerizations are carried out, is a high-pressure steel autoclave 

from Büchi. The vessel has an inner volume of 0.56 l, with a diameter of 84 mm and a 

height of 105 mm. The system can be operated up to a pressure of 300 bar and a 

temperature of 250°C. The inner dimensions of the vessel were measured and 

implemented as a model in the CAD software Autodesk Inventor Professional 2024. A 

PMMA model has been manufactured by the mechanical workshop of the TU Darmstadt, 

which was used for the stirrer investigations (Fig. 1.).  
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Fig. 1.: The high-pressure steel reactor, the derived CAD model of the reactor and the 
manufactured PMMA model. 

 

The different stirrer types, which were used in the mixing-time investigations were 

designed in the CAD program and 3D-printed via stereolithography. All the designed 

stirrers, their abbreviations and diameters are summarized in Tab. 1. 

 

Tab. 1.: Descriptions, abbreviations and diameters of the stirrers used for investigations. 

Stirrer Short Diameter /mm 

impeller Imp 40 

propeller P 53 

propeller – wide base PW 53 

pitched blade small PBS 34,5 

pitched blade large PBL 74 

pitched blade 30° PB30 45 

pitched blade 45° PB45 44 

pitched blade – 6 blades 6PB 43 

flat blade turbine FB 35 

 

The two stirrers, Imp and PBS were stirrers supplied by the reactor manufacturer. The 

stirrers PBL, PB30 and PB45 are pitched blade stirrers, which exist as steel variants for 

the reactor and have also been used for reactions in the past. 6PB is a pitched blade 

stirrer with 6 smaller blades at 45° blade angle. P and PW are propeller stirrers, where 
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PW has a wider base. FB is a Rushton turbine like flat blade stirrer. The stirrers are 

depicted in Fig. 1Fig. 2 below.  

 

 

Fig. 2.: CAD models of all stirrers used for the investigations. 

 

For the determination of mixing times at 250 and 500 rpm of the stirrer, the reactor model 

was filled with 250 ml of water, and 50 µl of blue ink were injected with a syringe as a 

pulse. This process was captured with a camera, and the mixing time was determined by 

viewing the resulting video frame by frame until homogeneity in the vessel was reached. 

In Fig. 3, the mixing process is depicted for the PB30 stirrer for 250 and 500 rpm without 

a baffle after certain amounts of time. 

 

Fig. 3.: Ink distribution in the reactor model during mixing with the PB30 stirrer for 250 

and 500 rpm and different amounts of time after injection. 
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The reactor can be equipped with a baffle, which is equally possible in the reactor model. 

It was also investigated whether this baffle has an influence on the mixing time. The 

determined mixing times  of each stirrer at 250 and 500 rpm, with and without a baffle 

are depicted in Fig. 4. The stirrers with small diameters exhibit the worst mixing behavior. 

The large stirrer PBL provides good mixing but due to its large diameter, high shear forces 

are generated, which is unfavorable for emulsion polymerization, since this can lead to 

particle coagulation. The medium-sized pitched blade stirrers all showed good mixing 

performance, where the 6PB had slightly lower mixing times than the other models. 

 

Fig. 4.: Measured mixing times for all designed stirrer types. Measurements were 

conducted at 250 and 500 rpm stirring speed and with or without a baffle (Baff). 

 

Summary 

Different types of stirrers have been designed and 3D-printed. Among them were stirrers 

from the reactor manufacturer and other pitched blade stirrers that have been used for 

reactions in the past. Since the mixing and gas dissipation capabilities could not be 

accessed in the steel reactor, a PMMA model of it was manufactured. With water as a 

model substance – what is suitable for the low viscosities in emulsion polymerization – the 

stirrers were tested at 250 and 500 rpm stir rate, under baffled and unbaffled conditions. 
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Overall, the pitched blade stirrers 6PB gave the best combination of mixing and 

acceptable shear. But even the mixing time of the small stirrers is still in a range, where 

reaction times are larger in comparison, and no retardation of the reaction due to poor 

mixing is to be expected. 
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Introduction 

Corticosteroids are essential steroid hormones that regulate critical physiological 

processes including metabolism, immune function, and stress response [1]. While 

synthetic corticosteroids like hydrocortisone and dexamethasone are widely used to treat 

inflammatory conditions, their prolonged use can cause serious side effects including 

hyperglycemia, osteoporosis, and adrenal suppression [2]. This creates an urgent need 

for reliable monitoring methods in both clinical and environmental settings. 

Molecularly imprinted polymers (MIPs) have emerged as promising synthetic 

receptors for steroid detection, offering advantages over biological recognition elements 

in terms of stability, cost, and reusability [3]. These polymers create specific binding 

cavities through template-directed synthesis, enabling selective recognition of target 

molecules. Recent advancements in MIP technology have demonstrated remarkable 

sensitivity, with gold nanoparticle-enhanced sensors achieving cortisol detection limits as 

low as 0.036 nM [4]. 

The development of MIP-based sensors for corticosteroids has gained significant 

attention, particularly for therapeutic drug monitoring and point-of-care diagnostics [5]. 

Various transducer platforms, including electrochemical and optical systems, have been 

successfully integrated with MIP recognition elements to create robust sensing devices. 

However, challenges remain in optimizing binding affinity, selectivity, and reproducibility 

for environmental applications. 

This study focuses on developing optimized MIP formulations for corticosteroid 

detection, with particular emphasis on hydrocortisone (HC) as a model analyte. We 

investigate the relationship between polymer composition and binding performance, 

aiming to establish design principles for high-performance MIP sensors.  
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Experimental 

Materials and Reagents 

Acrylic acid (AA) and ethylene glycol dimethacrylate (EGDMA) were purchased 

from Sigma-Aldrich as functional and crosslinker monomer, respectively. The 

polymerization initiator 2,2′-azobisisobutyronitrile (AIBN) was obtained from Merck 

Schuchardt. Hydrocortisone (HC) used as the template molecule was supplied by  

Pol-Aura, while ethanol (analytical grade) was acquired from POCH. All chemicals were 

used as received without further purification  

Synthesis of Molecularly Imprinted Polymers (MIPs) 

Molecularly imprinted polymers (MIPs) were prepared via bulk polymerization using 

acrylic acid (AA) as the functional monomer and ethylene glycol dimethacrylate (EGDMA) 

as crosslinker at three molar ratios (50:50, 40:60, 30:70). Hydrocortisone (HC) served as 

template at 1%, 2%, or 5% molar concentrations relative to monomers. Each mixture 

containing AA, EGDMA, HC, and 1% AIBN initiator (w/w) was dissolved  

in water:ethanol (1:1 v/v), purged with nitrogen for 10 min, and polymerized at 60°C for  

24 h. The resulting polymers were crushed and Soxhlet-extracted with ethanol to remove 

template and impurities. NIPs were prepared with the same procedure as MIPs but without 

the addition of HC molecule. These polymers served as controls to evaluate the specificity 

and selectivity of the MIPs. Synthetized products are shown in the table (Tab. 1.). 

Interaction Between Functional Monomer and Template 

The interaction between AA and hydrocortisone is primarily governed by non-

covalent interactions, notably hydrogen bonding [6]. The carboxylic acid group of AA can 

form hydrogen bonds with the hydroxyl and carbonyl groups present in the HC molecule. 

Such interactions are crucial for the formation of specific binding sites within the polymer 

matrix. Studies have demonstrated that the strength and specificity of these interactions 

significantly influence the binding affinity and selectivity of the resulting MIPs [7]. Reaction 

scheme is show on the figure (Fig. 1.) 
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Fig. 1. Schematic reaction of hydrocortisone imprinted polymers synthesis 

 

Sorption characteristics 

The adsorption experiments were conducted at room temperature (~22–25 °C) to 

evaluate the binding performance of the synthesized MIPs and NIPs toward 

hydrocortisone. To determine the optimum MIP composition batch adsorption tests were 

carried out, by incubating 50 mg of polymer in 50 mL of HC aqueous solutions with initial 

concentration of 25 mg/L. The mixtures were shaken for 24 hours to ensure equilibrium 

was reached. The residual concentration of HC in the solution was determined using  

UV-Vis spectrophotometry at 269 nm. Based on the measurements of standard solutions 

in the range of 5-50 mg/L, calibration curve was constructed with coefficient of 

determination R² = 0.998. The equilibrium concentration (Ct, mg/L) was a concentration 

of HC after 24 h of sorption. The amount of adsorbed analyte (qe, mg/g) was calculated 

by the difference between the initial and equilibrium concentrations, considering the 

solution volume and polymer mass (Eq. 1.).  

 q� �
�C� � C�	 ∙ V

m
 Eq. 1 

where C0 is the initial concentration of HC (mg/L) in pre-absorption solution, Ct is the 

concentration of HC after the sorption (mg/L), V (L) is the volume of HC solution and  

m (g) is a mass of sorbent used for the absorption tests. To determine which of the 

synthetized MIPs has a highest HC uptake an imprinting factor (IF, -) was calculated  

(Eq. 2.) 
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 IF �
����

����
 Eq. 2 

where, KMIP and KNIP (-) are partition coefficients of the MIP and NIP, respectively, 

calculated from the equation (Eq. 3.): 

 � �
� ∙ �

�
 Eq. 3. 

where q (mg/g) is the HC uptake by the polymer sorbent, � stands for solution density, 

that equals 1000 g/L and C (mg/L) is the equilibrium concentration of the solution. 

Results 

As the NIPs and MIPs were synthetized by bulk polymerization the rustling 

polymers were white solids. They had to be crushed in order to obtain any workable grain. 

The yielding of synthesis are shown in Tab. 1. 

Tab. 1. Synthesis parameters and sorption parameters 

Sample 

Synthesis parameters Sorption parameters 

AA:EGDMA 

ratio 

HC 

amount 
Yield Ct qe K 

- % % mg/L mg/g - 

MIP 1 50:50 1 77.9% 15.08 8.62 572 

MIP 2 50:50 2 69.1% 14.45 12.31 852 

MIP 3 50:50 5 93.9% 16.76 9.94 593 

MIP 4 40:60 1 93.2% 16.29 10.58 650 

MIP 5 40:60 2 94.8% 16.05 10.63 662 

MIP 6 40:60 5 72.2% 17.75 8.64 487 

MIP 7 30:70 1 93.7% 13.52 11.32 837 

MIP 8 30:70 2 91.5% 14.66 12.19 832 

MIP 9 30:70 5 37.8% 12.40 13.82 1115 

NIP 1 50:50 0 87.5% 12.27 13.58 1107 

NIP 2 40:60 0 89.8% 18.64 8.13 436 

NIP 3 30:70 0 86.0% 19.02 7.44 391 

While most MIP samples (77.9-94.8%) showed higher synthesis yields than NIP 

controls (86.0-89.8%), three MIPs (2,6,9) underperformed (<80%). It was due to the 

exothermic events during bulk polymerisation, related to the amount of AA in 

polymerisation mixture, that made it unstable. The 30:70 and 40:60 AA:EGDMA ratios 
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achieved optimal yields (MIPs 3-5,7-8 >90%), demonstrating improved stability versus 

50:50 formulations.  

To evaluate different MIP formulations and identify the optimal composition for 

hydrocortisone (HC) adsorption, binding capacity (qₑ) and imprinting factor (IF) were 

analyzed, comparing MIPs with NIPs. The results (Fig. 2.) highlight key structure-

performance relationships. The adsorption capacity (qₑ) of the synthesized molecularly 

imprinted polymers (MIPs) varied between 8.62 and 13.82 mg/g, with the highest binding 

observed for MIP 9 (qₑ = 13.82 ± 0.61 mg/g). In contrast, non-imprinted polymers (NIPs) 

exhibited usually lower adsorption (qₑ = 7.44–13.58 mg/g), confirming the role of 

imprinting in enhancing HC recognition. The imprinting factor (IF), which quantifies MIP 

selectivity over NIPs, ranged from 0.92 to 7.78 with MIP 9 again showing the highest 

selectivity. Notably, MIPs 7–9 demonstrated IF values >2.1, suggesting superior template 

affinity due to optimized monomer-crosslinker ratio.  

 

Fig. 2. Calculated results of HC uptake (qe) and imprinting factor (IF) of polymers 

 

Summary 

This study developed molecularly imprinted polymers (MIPs) for selective 

hydrocortisone (HC) recognition through free-radical polymerization using acrylic acid 

(AA) and ethylene glycol dimethacrylate (EGDMA) at varying ratios (50:50 to 30:70) and 

template concentrations (1-5% HC). The optimal MIP (9) demonstrated exceptional 

binding capacity (13.82 ± 0.61 mg/g) and selectivity (IF = 2.85), attributed to its 30:70 

monomer ratio and 5% HC content. This qₑ higher than reported MIPs for steroids:  
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9.2 mg/g for cortisol using gold-doped MIPs [4] and 7.8 mg/g for dexamethasone [3]. 

Control experiments with NIPs confirmed the critical role of imprinting, showing around 2 

times lower adsorption. While most syntheses achieved >90% yield, exothermic events 

during polymerisation affected some 50:50 ratio polymers.  

The developed MIPs represent a robust platform for environmental corticosteroid 

monitoring, combining high selectivity (IF >2.1 for 30:70 ratio) and reproducible synthesis. 

This work provides a foundation for designing MIP-based sensors to detect trace 

corticosteroids in complex environmental matrices. 
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Introduction 

A key component of the sustainability strategies of Germany and the European Union is 

the development of a hydrogen economy based on green hydrogen. Green hydrogen 

serves as both a feedstock for industrial processes - such as fertilizer and steel 

production - and as a long-term energy carrier or fuel for high energy density applications. 

Its production requires efficient yet cost-effective electrolysers. The high capital costs of 

electrolysers are mainly due to the use of scarce and expensive materials in both the 

membrane–electrocatalyst assembly and the structural components of the electrolyser. 

This study investigates the use of biopolymer-derived carbon aerogels as a support matrix 

for platinum nanoparticle (PtNP) catalysts in the hydrogen evolution reaction (HER). 

Specifically, it explores the influence of the aerogel’s pore structure and the platinum 

deposition method on the stability and catalytic performance of the resulting 

electrocatalysts (ECs). 

Commercial ECs for the hydrogen evolution reaction typically consist of platinum 

nanoparticles dispersed on a carbon black support. Carbon blacks form a macroporous 

structure composed of agglomerated carbon spheres but lack sufficient meso- and 

microporosity to effectively stabilize PtNPs, which limits platinum utilization. As a result, 

high platinum loadings are often required in commercial catalysts to achieve low 

overpotentials over extended periods [1]. 

In prior work by Alsuhile et al. [1], electrocatalysts produced using supercritical CO₂ 

deposition (SCD) on cellulose- and chitosan-based carbon aerogels (CAs) demonstrated 

superior performance compared to both commercial ECs and those made from carbon 

blacks using SCD. 

The improved stability aligns with findings by Meier et al. [2], who showed that small 

mesopores can effectively stabilize PtNPs of similar dimensions. 

The current study examines how the pore structure of carbon supports influences EC 

stability and overpotential. It also compares various platinum loading techniques for their 

effectiveness in forming well-dispersed, reaction-suitable PtNPs. Electrochemical 

performance and durability are assessed using a rotating disk electrode (RDE) setup. 
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Experimental 

Carbon aerogels can be synthesized from various (bio-)polymers via pyrolysis. The 

resulting pore structure depends on the synthesis route, polymer system, crosslinkers, 

and additives used. The extent to which the original aerogel’s pore structure is preserved 

during pyrolysis depends on the thermal stability of the polymer and the pyrolysis 

conditions, especially the heating rate. Lower heating rates promote mesopore retention, 

whereas micropores form primarily as a function of the maximum process temperature. 

Three different loading methods for EC production were selected for the comparison of 

different deposition methods: 

• Supercritical CO2 deposition (SCD) 

• Cold plasma deposition (PD) 

• Wet impregnation (WI) at the hydrogel or alcogel stage (i.e., pre-pyrolysis) 

This current work focusses more on the WI and PD, since SCD was already investigated 

by Alsuhile et al. 

In a proof-of-concept experiment, WI was applied to a chitosan-based gel, yielding an 

electrocatalyst with approximately 50 wt.% platinum. This catalyst demonstrated 

comparable HER performance to a commercial EC containing 40 wt.% platinum as shown 

on the left in Figure 1. On the right the surface of a primary catalyst particle before grinding 

is shown. Large (~100-200 nm) to small (~4-10 nm) platinum particles have formed on the 

surface during pyrolysis. 
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Figure 1: Linear sweep voltammetry (LSV) comparison between a commercial EC 

(40 wt.% Pt) and a WI-derived EC (50 wt.% Pt) (left) and a SEM image of the surface of 

a catalyst particle (right). 
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For better comparability with SCD-produced catalysts, the platinum content in WI samples 

will be reduced to the 1–10 wt.% Pt range typical for SCD. This reduction may also 

alleviate the mass transport limitations often observed in RDE-based electrochemical 

testing [3].  

To study the influence of the platinum ions on the gel structure three more different Pt 

loadings were prepared via WI and analysed using gas physisorption analysis. The results 

are shown in Table 1. A general observation is that the weigh specific surface area 

decreases with increasing platinum content. For the other properties no trends are 

apparent. Pre-pyrolysis samples were studied using the BJH method, while post-pyrolysis 

samples use a DFT-Method. 

 

Table 1: Comparison of the pore structure in dependence of the platinum content. 

Pt-content Pre-pyrolysis Post-pyrolysis 

Surface 

area [m²/g] 

Pore width 

[nm] 

Pore volume 

[cm³/g] 

Surface 

area [m²/g] 

Pore width 

[nm] 

Pore volume 

[cm³/g] 

Low 1060 14.0 4.23 1250 12.7 1.77 

Medium 820 27.3 4.31 770 15.1 1.13 

High 890 27.5 5.55 610 15.1 1.27 

 

Cold plasma deposition (PD) was also explored in preliminary experiments and yielded 

ECs with platinum loadings between 0.3 wt.% and 3 wt.%. However, these results could 

not be replicated with the currently available equipment with a lower power density. So far 

only lower loadings of 0.02-0.04 wt.% Pt were achieved. Although not relevant for 

industrial applications these samples might be suitable to study degradation mechanisms 

and the kinetics of the electrochemical reaction, which is typically limited by mass 

transport [3]. 

 

Summary 

This study highlights the potential of biopolymer-derived carbon aerogels, particularly 

chitosan-based gels, as adaptable support materials for PtNP catalysts in the hydrogen 

evolution reaction. Wet impregnation prior to pyrolysis produced electrocatalysts with 

performance comparable to commercial benchmarks. Future work will focus on optimizing 

platinum content and improving the reproducibility of cold plasma deposition. 
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Introduction 

Human activities, primarily fossil fuel combustion, deforestation, land-use change, and 

resource-intensive industries, have driven atmospheric CO₂ from ~280 ppm in pre-indus-

trial times to 420 ppm today, with projections reaching up to 550 ppm by 2050 [1]. This rise 

underpins global warming, intensifies extreme weather events, accelerates sea-level rise, 

and risks displacing vulnerable populations [1–4]. Limiting temperature increases, cur-

rently forecast at 1.8–4 °C by 2100 without decisive action [1], requires a rapid shift to 

renewable energy and efficiency gains, the deployment of zero-emission and carbon-re-

moval technologies, and a transition to sustainable raw materials. 

Carbon capture utilization and storage (CCUS) offers a critical bridge: it can cut industrial 

CO₂ emissions and mitigate up to 55 % of cumulative warming by the end of the cen-

tury [5]. Among CCUS options, mineral carbonation converts CO₂ into stable carbonate 

minerals via exothermic reactions with calcium- (Ca) and magnesium- (Mg) bearing solids, 

processes that require no external heat and are thermodynamically favoured at high 

pH [6,7]. Rather than mining ultramafic ores, which entails economic, environmental, and 

energy-intensive pretreatment challenges [8,9], industrial alkaline residues provide abun-

dant, reactive Ca/Mg sources at low cost and with minimal processing [6,9–11]. 

Municipal solid waste incineration fly ash (MSWI FA), for instance, can contain more than 

50 wt.% free CaO, yet it is often landfilled due to hazardous leachates and heavy metals 

[12,13]. Although many studies have examined carbonation of single industrial residues, 

frequently requiring chemical additives or pretreatments [14,15], the synergistic blending 

of multiple residues remains underexplored. Recent work demonstrates that mixtures of 

MSWI FA, MSWI bottom ash (MSWI BA), coal fly ash (CFA), and flue gas desulfurization 

residues (FGD) can naturally stabilize heavy metals and sequester CO₂ over weeks [16], 

and that pressurized accelerated carbonation can capture > 90 wt.% CO₂ within days [17]. 
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Building on these findings, the influence of residue properties, water content, and CO₂ 

pressure on accelerated carbonation performance is systematically investigated. Blends 

of MSWI ashes, CFA, and FGD, locally sourced to minimize transport and eliminate the 

need for commercial chemicals, are tested at liquid-to-solid (L/S) ratios of 0.7–1.2 and 

under CO₂ pressures of 15 bar. The effects of these variables on carbonation yield and 

reaction kinetics are assessed.  

 

Experimental 

The residues were provided by the waste-to-energy plant and the coal-fired power plant 

in Brescia (Italy), both operated by A2A S.p.A. Carbonation tests were performed accord-

ing to a patented protocol [17], adapted as described below. A mixture consisting of 

MSWI FA (59 wt.%), ground MSWI BA (< 2 mm, 9 wt.%), CFA (14 wt.%), and 

FGD (18 wt.%) was prepared. The materials were combined with ultrapure water at liquid-

to-solid (L/S) ratios of 0.7, 0.9, and 1.2 L.kg-1 and mixed for 10 minutes to ensure homo-

geneity. Carbonation was then carried out under two conditions: 

Table 1: Summary of accelerated (AC) and natural carbonation (NC) trials conducted on 
the residue mixture under varying durations, liquid-to-solid (L/S) ratios, and CO₂ pres-

sure. 

Samples ID Carbonation Type Time 
L/S  

Ratio 

Reactor  

Volume 

Initial Total  

Pressure 

AC_0.7 

Accelerated 

17 h 0.7 150 mL 15 bar 

AC_0.9 72 h 0.9 150 mL 15 bar 

AC_0.9bis 12 d 0.9 150 mL 15 bar (const.) 

AC_1.2 51 h 1.2 150 mL 15 bar 

NC1_0.7 

Natural 

1 mth 0.7 - 

Ambient 

Condition 

NC1_0.9 1 mth 0.9 - 

NC2_0.9 2 mths 0.9 - 

NC1_1.2 1 mth 1.2 - 

 

 Accelerated Carbonation (AC): Mixtures were exposed to high-purity CO₂ gas 

(99.99%) at 15 bar in a 150 mL reactor at ambient temperature. Reactions proceeded 

until a pressure plateau was observed. For the L/S ratio of 0.9, one trial was conducted 

under constant CO₂ pressure.  

 Natural Carbonation (NC): Mixtures were stored at ambient conditions for 1 month, 

with weekly mild remixing. For the L/S ratio of 0.9, one trial was extended to 2 months.  
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Afterwards, all samples were dried at 105 °C to constant weight, manually milled, and 

subjected to characterization. An overview of the trials is shown in Table 1.  

 

The AC experimental setup included a single sample cylinder (SC, 150 mL), made of 

stainless steel (AISI 316L) from Swagelok, equipped with two needle valves (V-1, V-2) for 

CO₂ inlet, venting, and pressure control. A pressure transducer (PT, ±0.125%) and an 

externally mounted thermocouple (TC, ±1.5 °C) were used for monitoring. The system was 

evacuated using a vacuum pump (VP), and high-purity CO₂ (99.99%) was supplied by 

SOL Group (Monza, Italy). Pressure and temperature data were recorded every 5 s using 

a data acquisition system (DAQ/PC) and processed in LabVIEW®. A schematic of the 

setup is shown in Figure 1 [18]. 

 

Figure 1: Schematic layout of the experimental apparatus. Sample cylinder (SC); ther-
mocouple (TC); pressure transmitter (PT); needle valves (V-1 and V-2); vacuum pump 

(VP); 99.99 % CO2; data acquisition system (DAQ/PC). 

 

The carbonated samples were analysed by loss on ignition (LOI), X-ray diffraction with 

Rietveld refinement (XRD-Rietveld), and scanning electron microscopy with energy-dis-

persive X-ray spectroscopy (SEM-EDS). 

 

Results and Discussion 

A clear correlation was observed between CO₂ uptake and both the liquid-to-solid (L/S) 

ratio and CO₂ pressure during the AC trials. Higher L/S ratios enhanced CO₂ dissolution 

and permeability within the mixtures, resulting in increased uptake, reaching a maximum 

of 166 kg CO₂ per ton of MSWI FA at L/S = 1.2. In contrast, the NC trials did not follow 

this trend, with CO₂ sequestration values of 193, 208, and 181 kg CO₂ per ton MSWI FA 

for L/S ratios of 0.7, 0.9, and 1.2, respectively. These findings emphasize the critical role 
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of water content in AC processes, where increased moisture facilitates gas–liquid–solid 

interactions. Incorporating a continuous stirring system could further improve mass trans-

fer and enhance carbonation efficiency.  

 

Figure 2: SEM Micrographs (polished blocks) and EDS spectra (Intensity [Arb. Units]) of 
AC_0.9bis (A, B) and NC2_0.9 (C, D) [18]. 

 

The trial conducted under constant CO₂ pressure (15 bar) yielded the highest uptake in 

the AC tests, at 170 kg CO₂ per ton MSWI FA, confirming the benefit of maintaining steady 

reaction conditions. Overall, the results demonstrate that blending different industrial al-

kaline residues can significantly improve CO₂ sequestration compared to MSWI FA alone,  

achieving uptake levels beyond those typically reported in the literature. 

SEM-EDS analyses of the carbonated products revealed the formation of calcium car-

bonate agglomerates and calcium aluminosilicate phases encapsulating other particles, 

indicating possible heavy metal stabilization (Figure 2). These observations support the 

potential of AC not only for rapid and effective CO₂ capture but also for residue valoriza-

tion. 
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Conclusions 

In conclusion, the AC process presents a promising pathway for enhanced CO₂ seques-

tration, particularly when optimized for both moisture content and pressure conditions. 

Utilizing industrial by-products leverages synergies across sectors, reduces transportation 

and disposal burdens, and minimizes the need for chemical additives. Additionally, the 

exothermic nature of the reaction may further reduce external energy demands. The re-

sulting carbonated materials hold potential for various circular applications, including con-

struction materials, fire-resistant products, and pollutant immobilization. 
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