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DIELECTRIC BEHAVIOUR OF POLYMERS AND ITS IMPLICATIONS
FOR MICROWAVE-ASSISTED PLASTIC RECYCLING

Mohamed Adam* (1), Nicklas  Hjalmarsson (2), Chai Lee (1), John Robinson (3), Derek Irvine (1),
Eleanor Binner (1)
(1) Faculty of Engineering, University of Nottingham, Nottingham, NG7 2RD, UK, (2) Mitsubishi Chemical UK Ltd,
Wilton Centre, Wilton, Redcar, TS10 4RF, UK, (3) Redstone Engineering Ltd

Plastics are an integral part of modern life, yet their widespread use and ineffective waste management have led
to significant environmental challenges. Of the 353 million tonnes of plastic waste generated annually, only 9%
is recycled [1]. While mechanical recycling remains the dominant technique, accounting for about 99% of
recycled plastics in the EU, it has inherent limitations, including polymer degradation, the inability to process
thermosetting and multilayered films, and difficulties in meeting food and medical-grade standards [2, 3]. As a
result, current recycling rates remain insufficient to support a truly circular economy.
In contrast, chemical recycling methods such as pyrolysis offer a promising alternative by breaking down
plastics into basic compounds that can be used to produce high-value materials including new plastic products.
However, these methods are often energy-intensive, raising both environmental and economic concerns.
Microwave heating has attracted great interest as a promising technique for facilitating the breakdown of the
polymeric chains to achieve chemical recycling [4], offering improved energy efficiency and a reduced carbon
footprint compared to conventional techniques.
This study investigates the dielectric properties of various polymers and their temperature-dependent
behaviours, providing insight into the feasibility of microwave heating for chemical recycling. The findings
revealed that while many polymers exhibit low dielectric loss at room temperature, those containing polar
segments experienced increasing dielectric losses at elevated temperatures. This suggests that additional
susceptors may not always be necessary for efficient microwave heating. Three critical thermal transitions were
identified as significantly impacting the dielectric properties of polymers: the glass transition temperature, the
decomposition temperature, and the point at which the dispersion/displacement peak exceeds the measurement
frequency.
Experimental tests in batch and semi-continuous systems demonstrated that polymethyl methacrylate (PMMA)
could be effectively depolymerised at temperatures in the range of 350 – 425 °C using microwave heating
alone, achieving over 90% monomer recovery. Additionally, the process exhibited encouraging energy
consumption figures, highlighting its potential as an efficient and sustainable approach to plastic recycling and
circular economy advancement.

[1] OECD, Global Plastics Outlook. 2022.
[2] Ragaert, K., L. Delva, and K. Van Geem, Mechanical and chemical recycling of solid plastic waste. Waste Management, 2017. 69: p.
24-58.
[3] Shamsuyeva, M. and H.-J. Endres, Plastics in the context of the circular economy and sustainable plastics recycling: Comprehensive
review on research development, standardization and market. Composites Part C: Open Access, 2021. 6: p. 100168.
[4] Solis, M. and S. Silveira, Technologies for chemical recycling of household plastics – A technical review and TRL assessment. Waste
Management, 2020. 105: p. 128-138.
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MICROWAVE ASSISTED ELECTRIFICATION OF HIGH-TEMPERATURE 
INDUSTRIAL PROCESSES IN THE CERAMIC, ASPHALT AND 
ALUMINIUM SECTORS 

Carmen Alfaro (1), Ismael Viejo (2), Javier Sagües (2), Alberto Pascual (2), Joaquin Pérez Aparicio 
(3), Ivan Echeverria (2), José Ignacio Tolosa (3), Saaed Kooshki (4), Paolo Veronesi* (5), Elena 
Colombini (5), Panagiotis  Davris (6), Efthymios Balomenos (6), Maria Herrando (2) 
(1) Instituto Tecnológico de Aragón (ITA), Zaragoza,, (2) 1Instituto Tecnológico de Aragón (ITA), Zaragoza, (3) 2COLOR 
ESMALT, S.A, Alcora, Castellón, (4) SAMCA, Zaragoza, Spain, (5) Department of Engineering "Enzo Ferrari", University 
of Modena and Reggio Emilia, (6) METLEN Group, Greece 

Process heating accounts for about half of the total industrial energy demand in the EU, with natural gas and 
coal being the main energy sources. The possibility of replacing conventional fossil-fuel-based furnaces with 
electrified ones provides a promising pathway to disentangle process heating from direct emissions stemming 
from fuel combustion. The research performed within the METAWAVE project[1] focuses on the 
decarbonisation of energy-intensive processes, following the principles of circular economy and triggering their 
accelerated and streamlined wide-scale adoption. This research proposes the use of microwave-based heating 
systems in the high-temperature heating processes of three different sectors: firing of ceramic tiles, production 
and recycling of asphalt and carbon anodes manufacturing for the aluminum industry. Currently, an initial 
design of the three microwave-assisted furnaces for the above-mentioned processes has been proposed, 
followed by numerical simulations to assess their performance and optimize the furnace design. 
In the ceramic sector, the current roller kilns, natural-gas powered, are replaced by microwave plasma torches. 
In asphalt production and recycling, the current heating process based on a high-temperature flame (at 1,400ºC) 
to increase the aggregate temperature to around 200ºC, is substituted by direct microwave heating of aggregates 
or recovered asphalt plus hot air flux, where volumetric heating and selectivity of microwaves can be coupled 
to the efficiency of hot air in removing the aggregates’ moisture. In the case of anode baking, a stepwise and 
individual microwave and induction heating treatment allows reducing baking times, thus substituting the 
current collective gas firing of anodes. 
A CFD model of the tiles’ firing kiln has been developed in Ansys Fluent, focusing on the heat transfer between 
the plasma torches, air and tiles through three different mechanisms: radiation from the plasma torches and the 
refractory surfaces of the oven to the tiles; convection between the hot air and the tiles and conduction inside 
the tiles. On the other hand, a multiphysics model has been developed for the aggregate heating process, 
considering the electromagnetic and thermal processes. The electromagnetic simulation computes the heat 
power dissipated within the aggregate and provides the heat flux within the aggregate set as input in the thermal 
simulation. The thermal simulation computes the heat transfer in the aggregate particles through conduction and 
convection, obtaining the temperature evolution in the aggregates over time. Similar multiphysics modeling has 
been implemented in COMSOL to simulate the preliminary microwave and subsequent induction heating of 
cylindrical carbon-based anodes, investigating the conditions to achieve the proper temperature homogeneity in 
the load while dramatically reducing processing time. 
The results obtained are promising, achieving in all cases homogeneous heating of the product (tiles, asphalt 
aggregates and carbon anodes), reaching the required temperature levels while significantly reducing the energy 
consumption. 
  

[1] Dylan D. Furszyfer Del Rio, Decarbonizing the ceramics industry: A systematic and critical review of policy options, developments and 
sociotechnical systems Author links open overlay panel , Renewable and Sustainable Energy Reviews Volume 157, April 2022, 112081 [2] 
METAWAVE project is funded by the European Union under the Grant Agreement No 101138476. 
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INKJET-PRINTED ANTENNAS: FROM SIMPLE STRUCTURES TO
COMPLEX RESONATORS

Anelli Francesco* (1), Loconsole Antonella Maria (1), Francione Vito Vincenzo (1), Khan Md.
Imran (1), Prudenzano Francesco  (1)
(1) Politecnico di Bari, Department of Electrical and Information Engineering

Inkjet-printed antennas have emerged as a promising alternative to conventional antenna fabrication
techniques, offering a cost-effective, flexible, and environmentally friendly solution for modern wireless
communication systems [1].
This manuscript illustrates the design, fabrication, and characterization of inkjet-printed antennas using
conductive inks on a 140 μm thick Polyethylene Terephthalate (PET) substrate. The advantages of inkjet
printing, such as rapid prototyping, material efficiency, and compatibility with flexible electronics, are
discussed in detail [2]. The flexibility, compactness and lightness of the obtained antennas promise medical
applications in biological parameter monitoring of patients.
The ability to create both simple dipole or monopole antennas and advanced resonator-based structures, such as
the Fabry-Perot antennas, highlights the versatility of inkjet printing technology in antenna design. The
flexibility in geometry and the potential to integrate inkjet printing with flexible substrates make this
technology also particularly appealing for future wireless communication systems where space and form factor
are crucial considerations, e.g. in hospital rooms. The design is based on an inkjet-printed Fabry-Perot antenna,
which incorporates a partially reflective surface (PRS) and demonstrates unique characteristics in its frequency
response. The use of complementary frequency-selective surfaces (CFSS) in the design enables an enlargement
of the bandwidth.
Experimental results demonstrate that inkjet-printed antennas in the X band achieve comparable performance
to conventional designs, with acceptable levels of radiation efficiency, gain, and bandwidth [3]. These findings
confirm the feasibility of inkjet-printed antennas as viable candidates for high-frequency communication
applications. The ability to print antennas with tailored electromagnetic properties using inkjet printing
positions this technology as a competitive alternative to traditional fabrication methods, offering the potential
for mass production of low-cost, high-performance antennas.

[1] Castro A. T., Sharma S. K. (2018). Inkjet-Printed Wideband Circularly Polarized Microstrip Patch Array Antenna on a PET Film
Flexible Substrate Material.  IEEE Antennas and Wireless Propagation Letters, vol. 17, no. 1, pp. 176–179.
[2] Cook B. S., Shamim A. (2012). Inkjet Printing of Novel Wideband and High Gain Antennas on Low-Cost Paper Substrate. IEEE
Transactions on Antennas and Propagation, vol. 60, no. 9, pp. 4148–4156.
[3] Anelli F., Loconsole A. M., Francione V. V., Khan Md. I., Prudenzano F. (2025). Cost-effective Fabry-Pérot Antenna via Conductive
Inkjet and Additive Printing. IEEE Antennas and Wireless Propagation Letters.
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NON-DESTRUCTIVE MICROWAVE NEAR-FIELD APPROACH TO
CHIRALITY DISCRIMINATION OF ENANTIOMERIC SAMPLES.

Anufriev Gleb (1), Wildman Ricky (1), Dimitrakis Georgios* (1)
(1) University of Nottingham

In the pharmaceutical industry differentiating pairs of enantiomers is essential, as one enantiomer could provide
treatment benefits and the other could be ineffective, or worse, harmful.1 However, discrimination of
enantiomers is a non-trivial task, as they are mirror-image molecules, which often exhibit distinct behaviours
despite having identical physical properties in achiral environments. This task only gets more complicated,
when enantiomers exist in non-racemic mixtures and the determination of enantiomeric excess is required.
Current techniques used for enantiorecognition are dominated by optical approaches. Such optical techniques,
including circular dichroism (CD), Raman optical spectroscopy (ROS), and vibrational circular dichroism
(VCD), rely on quantifying the interactions between chiral molecules and circularly polarised light.2 These
techniques are non-destructive, sensitive and widely applicable making them a staple in pharmaceutical
research and chemical synthesis. But have limited portability and use outside a laboratory setting and cannot be
used for in-situ monitoring.
In this work we propose a portable and adaptable, microwave near-field chirality discrimination technique is to
identify enantiomers. Our approach is based on the interactions between the magnetic-dipolar-mode (MDM)
resonances of an Yttrium-Iron garnet (YIG) and the effects of microwave radiation on the handedness of the
tested enantiomeric sample. Measurements are carried on the S-parameters of the PCB on which the testing
device is embedded. The results demonstrate the ability to discriminate between enantiomeric samples of
tartaric acid, and glucose in a non-destructive manner and show promise as a novel chirality discrimination
technique.

[1] Coelho M.M., Fernandes C, Remião F., Tiritan M.E. (2021). Enantioselectivity in Drug Pharmacokinetics and Toxicity:
Pharmacological Relevance and Analytical Methods. Molecules 26(11), 3113.
[2] Barman K., Islam M., Das S., Singh N., Priya S., Kurmi B.D., Patel P. (2025). Recent advances in enantiorecognition and
enantioseparation techniques of chiral molecules in the pharmaceutical field. Biomedical Chromatography 39 (2), e6073.
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MICROWAVE-ASSISTED HYBRID CRYSTALLIZATION: BALANCING 
REACTIVE AND COOLING MECHANISMS TO TUNE PARTICLE 
PROPERTIES 

Athanasios Arampatzis* (1), Athanasios Katsakioris (1), Tom Van Gerven (2), Georgios Stefanidis (1) 
(1) National Technical University of Athens, Greece (2) Katholieke Universiteit Leuven, Belgium 

Crystallization processes are among the most vital purification and separation techniques, widely used in the 
pharmaceutical industry to produce Active Pharmaceutical Ingredients (APIs). This study focuses on the 
crystallization of an API intermediate, referred to as Aromatic Amine (AA) for confidentiality reasons. AA 
crystallizes through a reactive crystallization process, where supersaturation is generated by a shift in the pH of 
an alkaline mixture through the addition of a concentrated acid. Controlling the supersaturation of the process is 
of primary importance to minimize fine particle formation and ensure smooth downstream processing. 
Adjusting the acid flow rate to achieve gentle pH shift is the state-of-the-art process that minimizes fine particle 
formation and enhances downstream performance. However, local supersaturation gradients, generated at the 
acid addition ports, still result in fine particle formation [1], rendering the strategy relatively inefficient. We 
report that coupling rapid microwave (MW) heating profiles with a transition to temperatures above the 
solvent’s normal boiling point, can resolve those problems and intensify the acid addition step. Crystallization 
of the AA was carried out in an Anton Parr Monowave 300 digestion oven using a G30 borosilicate vial. Main 
objective of this work is to demonstrate how transitioning from a mass-transfer-dependent reactive 
crystallization system to an energy-driven hybrid crystallization process (with co-existing cooling dependence) 
can provide a novel operating window that enhances particle properties under efficient processing conditions. 
Solubility of the AA rises exponentially upon surpassing the solvent’s normal boiling point (T=82oC), while the 
amine remains stable up to 130 oC under neutral pH conditions and up to 85 °C for pH>10. Thereby any 
temperature increase is performed after the solution has been fully neutralized. All experiments conducted 
involved a single rapid acid addition step (that fully neutralizes the mixture), followed by subsequent rapid MW 
heating to the examined temperature (THigh) for a specified holding time (tHold).  Swift transition to elevated 
temperature regimes appeared to lower the extreme supersaturation levels acquired from the acid addition step, 
suppress nucleation and promote growth phenomena while ensuring the stability of the amine.  Overall, 4 THigh 

(85, 95, 105 & 115 oC), 3 tHold (15, 30 and 45 min) and 2 different cooling strategies (linear and cubic) are 
evaluated with respect to the final particle properties, filtration performance and associated process times. 
Nearly all samples subjected to this novel crystallization process exhibited a lower fine particle population and 
up to 60% improvement in filtration performance when compared to conventional mass-transfer 
supersaturation control methods. The THigh appeared to strongly influence the final PSD. Higher THigh values led 
to lower initial particle populations with fewer fines. Conversely, lower THigh resulted in higher initial particle 
population with increased numbers of fines. In contrary intermediate THigh, demonstrated enhanced filtration 
performance and increased average particle sizes throughout all the cooling profiles examined. This 
temperature zone appeared to efficiently suppress nucleation during the early stages of the process establishing 
a stable and sufficient solid load in the system that consumes the remaining supersaturation through crystal 
growth phenomena. 
 
The research has received funding from the European Union’s Horizon research and innovation programs 
under Grant Agreement No. 101058279 (SIMPLI-DEMO). 
[1] McDonald, Matthew A., et al.,  Reaction Chemistry & Engineering 6.3 (2021): 364-400. 
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EFFECT OF MORPHOLOGICAL MODIFICATIONS AND SURFACE
FUNCTIONALIZATION OF METAL CARBIDES ON THE
MICROWAVE-ASSISTED UPCYCLING OF PLASTIC WASTE TO
MONOMERS

Muhammad Usman Azam* (1), Michael X. Jie  (2), Peter P. Edwards  (3), Daniel R. Slocombe (1)
(1) Cardiff University, (2) Queen Mary University of London, (3) Oxford University

The production and use of plastics have exceptionally changed our lives, owing to their strength, low cost, and
flexibility. However, the same characteristics of plastics made them one of the most difficult classes of
materials to recycle. Globally, ~9% of the plastics are recycled, and the rest are either mismanaged, incinerated
or landfilled, resulting in significant environmental (~2.9 kg CO2e/kg) and economic loss (US$120 billion) [1].
Therefore, it is required to disrupt the plastic waste accumulation by sustainably improving the recycling rates
in accordance with the Kyoto Protocols and Paris Accords [2]. In this context, microwave-leveraged upcycling
of plastic waste is an enticing approach [3]. The targeted heating abilities under microwave fields allow precise
plastic bond activations with minimal energy loss, enabling efficient yield of constituent monomers, otherwise
unachievable under conventional heating. However, the success lies in the development of suitable catalysts,
exhibiting both microwave-absorbing properties (i.e., high dielectric properties) and active sites (i.e., acidic
sites), thereby tailoring the reactions towards high monomer selectivity (i.e., C2=-C3=). Despite this, previous
literature has primarily focused on either dielectric properties or acidic properties of catalysts, leading to a low
product yields and require additional separation [4]. Therefore, new frontiers of microwave-responsive
catalysts need to be studied through morphological tuning and defect engineering of catalysts for efficient
microwave-assisted monomer recovery. Herein, we demonstrate a single-step deconstruction of real-world
plastics over various transition metal carbides (MC= Cr2C3, WC, Mo2C). gC3N4 was considered a carbon source
due to the ease of modifying its morphology (i.e., protonated carbon nanotubes, pCNT) via the template-free
synthesis. As such, various metal carbides nanotubes (M@pCNT) were synthesized which showed high
permittivity, owing to improved textural properties and defect density. Similarly, to introduce the acid
functional groups (–SO3H) on the surface of catalysts, the carbon source (pCNT) underwent sulfonation
followed by the synthesis of microwave-responsive metal carbide nanotubes (M@sCNT). All the synthesised
catalysts (i.e., MC, M@pCNT, and M@sCNT) were characterised and studied for the microwave
deconstruction experiments over a single-mode cylindrical cavity at the TM010 resonant mode (2.45 GHz). As
expected, metal carbides (MC) showed low monomer yield (i.e., C2=-C3=) with the maximum value achieved of
~24.5%. In contrast, metal carbides nanotubes and microwave-responsive metal carbide nanotubes showed
better conversion and selectivity of olefins. Overall, irrespective of different transition metal precursors, the
conversion and selectivity of monomers followed the order:  M@sCNT > M@pCNT > MC. Overall, this study
provided a comprehensive understanding of how the morphology of metal carbides impacted their dielectric
properties. Similarly, the trade-off between the interfacial disorder caused by sulfonation and the potential
changes in the dielectric properties of metal carbides will be presented during the conference.

[1] Azam M.U., Fernandes A., Ferreira M.J., Afzal W., Graça I. (2024). Pore-Structure Engineering of Hierarchical β Zeolites for the
Enhanced Hydrocracking of Waste Plastics to Liquid Fuels. ACS Catalysis 14, 16148-65
[2] Schleussner C-F., Ganti G., Rogelj J., Gidden M.J. (2022). An emission pathway classification reflecting the Paris Agreement climate
objectives. Communications Earth & Environment 3, 135
[3] Jie X., Li W., Slocombe D., Gao Y., Banerjee I., Gonzalez-Cortes S. (2020). Microwave-initiated catalytic deconstruction of plastic
waste into hydrogen and high-value carbons. Nature catalysis 3, 902-912
[4] Ji T., Tu R., Mu L., Lu X., Zhu J. (2018). Structurally tuning microwave absorption of core/shell structured CNT/polyaniline catalysts
for energy efficient saccharide-HMF conversion. Applied Catalysis B: Environmental 220, 581-588

Scientific Research Abstracts
Vol. 16, p. 6, 2025
ISSN 2464-9147 (Online)
Microwawe - AMPERE 2025
© Author(s) 2025. CC Attribution 3.0 License



CIRCULARLY POLARIZED MICROWAVE IRRADIATOR FOR
PERFORMING CHEMICAL EXPERIMENTS

Ryunosuke Baba* (1), Jun-ichi Sugiyama (2), Ohuchi Shokichi (3), Tsubaki Shuntaro (1)
(1) Faculty of Agriculture, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka, Fukuoka 819-0395, Japan, (2) National
Institute of Advanced Industrial Science and Technology (AIST), 1-1-1 Higashi, Tsukuba, Ibaraki 305-8565, Japan, (3)
Faculty of Computer Science and Systems Engineering, Kyushu Institute of Technology, 680-4 Kawazu, Iizuka, Fukuoka
820-8502, Japan

In an enantioselective synthesis of bioactive chiral compounds such as medicine, there are still many industrial
challenges. Currently, catalysts such as metal complexes and enzymes are used in enantioselective synthesis of
chiral compounds. Metal catalysts pose the risk of metal contamination of products and the environment, and
biocatalysts has issues such as long times and low yields. Organocatalysts have been attracting attention in
recent years as an environmentally friendly alternative, but at present they are often inferior to metal catalysts
in terms of versatility. Microwave heating technology have been attracting attention from the perspective of
green chemistry [1, 2]. “Microwave-assisted chemistry” has the advantages of improving atomic efficiency,
suppressing by-products, reducing use of solvents, and reducing energy consumption. In addition to thermal
effects such as rapid heating and localized heating, it has been considered that microwaves have non-thermal
effects (electromagnetic wave effects) caused from anisotropic motion of molecules by orientation polarization
to alternating electromagnetic field of microwaves [2]. In this viewpoint, it can be expected that
enantioselective synthesis can be enhanced by using of polarization state of circularly polarized waves [3, 4]
(circularly polarized microwaves), in which direction of force of electromagnetic field rotates as it propagates.
 
In order to perform chemical experiments for verifying the effect of circularly polarized microwave on
chemical reaction, design and evaluation of circularly polarized microwave irradiator were conducted in this
study. In the designed device in this study, circularly polarized microwave at 2.45 GHz is excited by
axial-mode helical antenna [3] and propagates as traveling wave in cylindrical waveguide [4] as applicator. In
evaluation of designed device in this study, solid-state microwave oscillator was used as microwave power
source for generating monochromatic microwave at 2.45 GHz. As the results of evaluation, it was confirmed
that microwave at 2.45 GHz excited by axial-mode helical antenna was propagated appropriately in cylindrical
waveguide as circularly polarized microwave. The designed device in this study can be expected to contribute
to development for improving issue on such as enantioselective synthesis.

[1] Kumar A., Kuang Y., Liang Z., Sun X. (2020). Microwave chemistry, recent advancements, and eco-friendly microwave-assisted
synthesis of nanoarchitectures and their applications: a review. Materials Today Nano 11, 100076.
[2] Perreux L., Loupy A. (2001). A tentative rationalization of microwave effects in organic synthesis according to the reaction medium,
and mechanistic considerations. Tetrahedron 57, 9199-9223.
[3] Fukusako T. (2018). Fundamentals of Circularly Polarized Antennas (in Japanese). Corona Publishing: Bunkyo-ku, Japan.
[4] Pozar D.M. (2011). Microwave Engineering. 4th ed. John Wiley & Sons: New York (NY), US.
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EXPLORING MICROWAVE ENHANCEMENT OF CONDUCTIVITY IN
MATERIALS

Lucía Bacete-Barchín* (1), José D. Gutiérrez-Cano (1), Aitor Dominguez-Saldaña (2), Pedro J.
Plaza-González  (1), José M. Serra (2), José M. Catalá-Civera (1)
(1) ITACA Institute, Universitat Politècnica de València, Camino de Vera s/n, 46022, Valencia, Spain, (2) Instituto de
Tecnología Química, Universitat Politècnica de València-Consejo Superior de Investigaciones Científicas
(ITQ-UPV-CSIC), Valencia, Spain

The growing demand for more sustainable manufacturing processes by reducing carbon footprints, energy
consumption, and overall costs has driven the development of new materials with advanced properties, as well
as innovative processing techniques such as radiofrequency, microwave, and solar energy.
Microwaves are a form of electromagnetic radiation that oscillate at frequencies typically between 0.3 to 300
GHz. Different from conventional heating, which relies on heat transfer, microwave heating converts
electromagnetic energy directly into thermal energy. When microwaves interact with polar materials or those
containing free or bound charges, the oscillating electric field can induce dipole rotation, charge displacement,
hopping, and other mechanisms. These interactions, particularly under high microwave power, can lead to a
significant increase in electrical conductivity. This conductivity enhancement arises from a combination of
thermal effects, charge carrier generation, polarization, and non-thermal microwave-specific interactions [1][2].
Materials capable of such responses typically exhibit intrinsic properties that enable efficient microwave
energy absorption and dynamic responses to the rapidly oscillating electromagnetic field. As a result, the
improved mobility of charge carriers, such as electrons, holes, and ions, can accelerate surface reactions, redox
processes, and various other chemical transformations [3].
In this work, we present measurements of conductivity enhancement observed in materials under microwave
exposure. Understanding this behaviour is essential for selecting or designing materials that can effectively
exploit microwave-induced conductivity for applications in processes include those capable of generating,
storing, and transporting energy.

[1] Horikoshi S., Schiffmann R.F., Fukushima J., Serpone N. (2018). Microwave chemical and materials processing. Microwave Chemical
and Materials Processing, 33-45.
[2] Chaouki J., Farag S., Attia M., Doucet J. (2020). The development of industrial (thermal) processes in the context of sustainability: The
case for microwave heating. The Canadian Journal of Chemical Engineering 98(4), 832-847.
[3] Serra J.M., Borrás-Morell J.F., García-Baños B., Balaguer M., Plaza-González P., Santos-Blasco J., Catalán-Martínez D., Navarrete L.,
Catalá-Civera J.M. (2020). Hydrogen production via microwave-induced water splitting at low temperature. Nature Energy 5(11), 910-919.
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EFFICIENT OXIDATION OF CARBOHYDRATES AND FOOD WASTE
USING POLYOXOMETALATE CATALYSTS AND MICROWAVE
IRRADIATION

Nobuki Banda* (1), Tadaharu Ueda (2), Noriyuki Igura (3), Ibrahim Maamoun (3), Shuntaro Tsubaki
(3)
(1) Graduate School of Bioresource and Bioenvironmental Sciences, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka,
Fukuoka 819-0395, Japan, (2) Faculty of Agriculture and Marine Science, Kochi University, 200 Otsu Monobe,
Nankoku-shi, Kochi 783-8502, Japan, (3) Faculty of Agriculture, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka,
Fukuoka 819-0395, Japan

The annual emission of food waste is about 1.3 billion tons, and most of them are burnt, leading to the emission
of CO2, NOx, and SOx. Moreover, a lot of energy is required to burn food wastes containing large amounts of
water. Therefore, it is important to establish a new chemical process that efficiently recycles food wastes. The
wet oxidation of carbohydrates, such as cellulose in food wastes, is one of their expected conversion processes.
This reaction yields formic acid (FA) and acetic acid (AA) as the final products. FA and AA are important
chemicals in a wide range of fields, such as chemicals, agriculture, and food. Reichert et al. have previously
shown that one of the polyoxometalate catalysts, H3+xPVxMo12-xO40 (x=0-4) (PVxMo12-x), is effective for the wet
oxidation of carbohydrates. However, cellulose decomposition requires high temperature (around 170ºC)
conditions or a long reaction time over dozens of hours. Therefore, this work focused on promoting the
oxidation of food wastes by microwave irradiation to achieve their efficient chemical recycling process.
Firstly, glucose oxidation was conducted as the model reaction under microwaves. The V substitution of PMo12

increased the FA yield by about 2.8 times that of PMo12. The addition of 20 vol% acetonitrile improved the FA
yield by about 9.6 times. This was attributed to the stability of PMo12 in aqueous acetonitrile solutions, which
prevented its degradation and formation of PMo9. The air introduction to the reaction system was effective in
improving the yield and selectivity by around 2 times due to the catalyst reoxidation. Microwave irradiation
increased selectivity by 2.6 times compared to conventional heating, demonstrating the effectiveness in the wet
oxidation of glucose.
We have also found that this reaction was also effective in the oxidation of α- cellulose. The FA yield and
selectivity improved as the higher levels of vanadium substitution of the PMo12 catalyst by 2.8 times. Moreover,
the addition of 20 vol% acetonitrile generated AA from cellulose.
Finally, we applied this process to the wet oxidation of carrot peel as a real food waste . We obtained FA and
AA by using PV4Mo8 in the 20 vol% acetonitrile solvent. The air introduction to the reaction system every 10
minutes accelerated the catalyst reoxidation achieving the twice higher yields of FA and AA.
In conclusion, we demonstrated that the carbohydrates in food waste could be oxidized and converted into FA
and AA with H3+xPVxMo12-xO40 under microwaves. This reaction was further enhanced by improving the catalyst
stability and promoting their reoxidation by air induction.
 
 
 
 

[1] Reichert J., Brunner B., Jess A., Wasserscheid P., Albert J. (2015). Biomass oxidation to formic acid in aqueous media using
polyoxometalate catalysts – boosting FA selectivity by in-situ extraction. Energy & Environmental Science 8, 2985-2990.
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CAN WE CONSIDER CVD DIAMOND ALMOST READY TO REACH
ELECTRONIC APPLICATION MARKETS?

Bergonzo Philippe * (1)
(1) Seki Diamond Systems - Cornes Technologies USA

Since the 90s, CVD Diamond was expected to become an essential material for electronics and sensing
applications. More recently, quantum applications have made CVD diamond one of the top materials for
quantum computing. However, the lack of available large area high-quality materials on a large-scale
commercial basis continues to hinder progress in diamond research. Is this due to issues with substrates,
production yields, equipment, or simply marketing opportunities? It is evident that during the last decades,
several diamond breakthroughs were slowed down by the marketing impact they would have had on lab-grown
diamonds. With the recent difficulties in the diamond gem synthesis business, at least in Occidental countries,
can we consider that CVD diamond has reached an inflection point where its potential for electronics and
device applications may become more accessible? How can we facilitate progress in this area and contribute to
diamond substrates and wafers becoming more easily available?    
To meet the demand for diamond CVD synthesis to reach fabless manufacturers and production lines, there are
still important steps where MW Plasma configurations will have to address issues to produce equipment
capable of meeting large-areas, clean and low-cost coatings and wafers, dedicated to the manufacturing of
wafer-scale materials and devices.    
Drawing from typical examples of diamond-based devices used for specific applications, a few examples will
be used to illustrate a discussion on diamond material opportunities and challenges to address in the short term. 
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BRIDGING INNOVATION AND INDUSTRY: THE UNOX FRAMEWORK
FOR ADVANCED MICROWAVE PRODUCT DEVELOPMENT

Christian Bianchi* (1)
(1) UNOX

UNOX, a global oven manufacturer, is actively developing next-generation microwave-based technologies by
integrating cutting-edge methodologies across its R&D and manufacturing processes. Our approach combines
Lean management principles, enabling streamlined workflows from concept to production, with advanced
numerical modeling through FEM simulations and cloud-based computational resources. This integration
accelerates design iterations and enhances predictive accuracy for electromagnetic and thermal behavior. To
ensure the highest standards of performance and reliability, UNOX complements simulation with rigorous
experimental validation. Our laboratory infrastructure is continuously evolving, with the upcoming
implementation of a semi-anechoic chamber aimed at ensuring compliance with international EMC regulations
across all relevant frequency bands. This contribution presents our holistic methodology, showcasing how
industrial innovation, when driven by a synergy between modern engineering tools and lean organizational
strategies, can push the boundaries of microwave-assisted processing technologies.

[1] Pavanato R. (2020). The Lean Book. Come creare processi efficaci ed efficienti in ogni organizzazione. Guerini Next.
[2] Franzolin E. (2017). Il potere della semplificazione. Innovare e ridurre i costi della complessità con il metodo Inventive Simplification.
Guerini Next.
[3] Saltiel C., Datta A.K. (1999). Heat and mass transfer in microwave processing. Advances in Heat Transfer 33,
1–94.
​
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MODEL-DRIVEN DEVELOPMENT AND ASSESSMENT OF A LOCAL
THERMAL THERAPY SYSTEM FOR PRE-CLINICAL EXPERIMENTAL
INVESTIGATIONS IN SMALL ANIMALS

Anna Bottiglieri (1), Punit Prakash* (1)
(1) The George Washington University

Image-guided thermal ablation is an established modality for treatment of tumors in several organ sites (e.g. in
the liver, lung, and kidney). Devices and systems employing a range of energy modalities – radiofrequency
(RF), microwave, laser, others – have been developed and are in varying stages of clinical use for ablation
procedures. In current clinical practice, ablation is largely used as a standalone modality with the intent of
achieving local tumor control where the goal is to extend the ablation zone (T > ~50 °C) over the targeted
tumor and a 5 -10 mm margin of surrounding normal tissue, with treatment times typically ranging ~5-15 min.
In addition to coagulative necrosis at temperatures exceeding ~50 °C, thermal ablation also induces a range of
non-lethal biological effects within regions of tumor distant from the ablation applicator – peri-ablation
hyperthermia zone – that offer potential for combination treatment with other therapeutic modalities.
Experimental studies aimed at investigating the performance and mechanisms of thermal ablation with
systemic therapies are most frequently performed in small animal (i.e. rats, mice) tumor models. Small-animal
settings offer the opportunity of studying immunological and biophysical responses and variations in the
trajectory of the tumor growth in response to combinatorial regimens However, the relatively large size of
clinical ablation devices (~14-17 G; ~20-30 mm active length of heating) compared to animal tumor models
(~10-20 mm in maximum diameter) makes them ill-suited to perform thermal ablation in a time representative
of clinical procedures. Further, use of clinical generators affords limited control of applied power, that can
result in overly rapid heating of tumors. Proximity to the skin surface poses another significant contributor to
heat transfer in the setting of subcutaneous small animal tumors. Altogether, these factors are significant
considering that heat-induced biological effects are a function of time and temperature. Shorter ablation
durations in the small-animal setting may lead to unreliable interpretation of the interplay between the local
heating and the triggered biological and immunological responses that ultimately impact the treatment
outcome.
In the present work, we report on our efforts employing an approach integrating electromagnetic-bioheat
transfer computational models and experimental studies to design a small-animal local radiofrequency (500
kHz) thermal system, consisting of a needle-shaped electrode with an affixed thermocouple for feedback
control. A solid-state RF-generator affords careful power adjustment (0.1 W increment) to enable control of
rate of heating, maintaining needle-tip setpoint temperature, and enabling ablation procedures with temperature
profiles and treatment durations representative of clinical procedures (5-15 min).
We will present computational modeling results illustrating the impact of electrode dimensions, applied power
protocols,  and tumor size on temperature profiles within the ablation zone and peri-ablational hyperthermic
zone. Benchtop experimental measurements will be presented to illustrate observed ablation and thermal
profiles. Finally, exemplar temperature measurements and ablation zones from in vivo studies will be
presented.

Scientific Research Abstracts
Vol. 16, p. 12, 2025
ISSN 2464-9147 (Online)
Microwawe - AMPERE 2025
© Author(s) 2025. CC Attribution 3.0 License



MICROWAVE & RF PROCESS SOLUTIONS TO DELIVER POSITIVE
FOOD CHOICES FOR CONSUMERS

John Bows* (1)
(1) PepsiCo

Food manufacturers are increasingly faced with regulatory and competitive pressures, as well strategic
opportunities, to increase healthier food choices for consumers. These drivers include front-of-pack labelling
systems, regulatory frameworks like the UK “High Fat Salt & Sugar”, the Ultra Processed Food concept, and
publicly declared food manufacturers healthy food commitments. This current and emerging context has driven
renewed interest and evolving success criteria for evaluation of non-traditional food processing technologies to
deliver healthier food options.
Historically, disrupting incumbent, well understood and highly cost optimized technologies (such as frying, hot
air, extrusion, retorting, pressure expansion) has been very challenging. Industrial microwave food processing
has found limited success outside notable exceptions (bacon cooking, tempering, and many small scale
installations of vacuum microwave drying, pasta and vegetable drying, and a handful of pasteurization and
sterilization systems). RF is widely used to finish-dry food (e.g. crackers, cookies) as well as tempering.
This presentation includes case studies of several microwave and RF process development projects aimed at
delivering positive food choices for consumers such as nutrient-retention from high vegetable content snacks,
consumer-credible ingredient claims, and reduced fat content snacks. Challenges commercializing such
processes from the perspective of large food manufacturers are also discussed.
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BRING THE HEAT: ADVANCES AND CHALLENGES IN MICROWAVE
ABLATION

Christopher Brace* (1)
(1) University of Wisconsin - Madison

Microwave ablation has emerged as a powerful modality in the treatment of solid tumors, offering rapid
heating, larger ablation zones, and potentially greater efficacy in some settings. This talk explores recent
technological advancements in MWA, including antenna design, real-time monitoring, and energy delivery
optimization. It also addresses ongoing challenges such as precision targeting, treatment repeatability and
predictability, and post-procedural assessment. Attendees will gain insights into the evolving landscape of
microwave ablation and its potential to continue reshaping interventional oncology.
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MEASUREMENT OF ELECTROMAGNETIC FIELD DISTRIBUTION IN
PILOT PLANT SCALE MICROWAVE DRYER

Lucas Briest* (1), Akshay Ujjani Narasimhaiah (1), Vincent Szameitat (2), Mathias Magdowski (2),
Ralf Wagner (3), Anne Tretau (3), Evangelos Tsotsas (1), Nicole Vorhauer-Huget (1)
(1) Institute of Process Engineering, Otto-von-Guericke-University Magdeburg, Germany, (2) Chair of Electromagnetic
Compatibility, Otto-von-Guericke-University Magdeburg, Germany, (3) Material Research and Testing Institute at the
Bauhaus-Universität Weimar, Weimar, Germany

Abstract
The growing demand for energy-efficient and sustainable technologies has led to increased research into
microwave drying, also for thermally thick materials such as bricks, clinker and ceramics. This study
investigates the electromagnetic field distribution within a pilot plant-scale microwave dryer from Püschner
GmbH Schwanewede/Germany. It has a dimension of 600 × 880 × 750 mm3. A precise understanding of the
field distribution in the chamber and within the sample is crucial for analyzing energy coupling during
microwave heating, considering the sample’s position, moisture content, and the rotation of the mode stirrer,
while also assessing the extent to which the simulated field distribution aligns with real conditions to improve
the prediction of energy distribution within the sample.
We employed a Lumiloop LSProbe 1.2 isotropic electric field probe for measurements of the electromagnetic
field inside the dryer. The study involved systematic field mapping under different operation conditions,
including variations in loading configurations (water container, samples) and microwave power settings.
Numerical simulations using Ansys HFSS were conducted to support experimental measurements. More
clearly, the interesting measurement points were a-priori predicted by the numerical simulations.
The field homogeneity was examined, which includes the isotropy of the field. Key parameters influencing the
homogeneity of the microwave field were examined. These are application of a mode stirrer, rotation of the
load (water container, sample), and its geometry. The experimental results were afterwards compared with the
simulated field patterns. Penetration depth into the load, energy dissipation characteristics, and the interaction
between the electromagnetic field and the load were studied. In addition, the particularities of intermittent
heating were addressed by the study.
The findings contribute to the optimization of microwave drying, especially with regard to improve energy
efficiency of the process. This research therefore supports the development of sustainable and cost-efficient
industrial manufacturing processes.
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ENHANCING SUSTAINABLE AGRICULTURE THROUGH INNOVATIVE
ORGANIC FERTILIZERS DERIVED FROM ANIMAL BY-PRODUCTS

Alba Cao (1), Tiziana Pivetta (1), Paola Casti* (2), Mirco Fara (2), Marco Dettori (3), Antonio
Diaferia (4), Costantino Palmas (2)
(1) Università degli Studi di Cagliari, (2) Concimi Biologici Srl, (3) Agris, (4) EMitech Group

Concimi Biologici S.r.l. produces organic fertilizers from animal by-products (SOA), through a transformation
process involving an innovative approach with radio frequencies (International patent no. WO2016/012986 A1
dated 28/01/2016). Distinguishing itself from conventional processes for organic waste recovery, this method is
known for its speed, enhanced environmental sustainability, and the distinctive characteristics of the resulting
product.
In order to enhance the environmental sustainability of agriculture, this study aims to evaluate the effects of
new fertilizers, deriving from an innovative process for non-fermentative, fast humification of Animal
By-Products (ABPs), in comparison with ordinary soil organic amendments and mineral N-fertilizers, in the
cereal-forage cropping systems of Southern Sardinia. A durum wheat small-plotted field trial was carried out
and the effects of ABP-fertilizers (ABPFert), diammonium phosphate (i.e. mineral fertilization) and no
fertilization (i.e. check) on plant growth and production (yield and quality) were compared, with the goal of:  
assessing whether ABPFerts can supplement or fully replace mineral fertilizers in local durum wheat
production systems;
evaluating the short-term impacts of ABPFerts on soil fertility.  
Our results shown that ABPFerts improved soil health, enhanced grain quality, and contributed to yield
stability (Mulè et al., 2020, Plants). These findings support the potential for replacing chemical fertilizers with
ABPFerts, aligning with Circular Economy (CE) principles and promoting more sustainable food production.
This latter goal agrees with the policies of the European Union which supported this study through the Horizon
2020 project ARSINOE.
At the moment, additional research is necessary to understand the medium- and long-term effects of ABPFerts
on the physical, chemical, and biological properties of the soil. Chemical characterization of product and
by-products is also needed, as, for example, the study of fatty acids in slaughter wastes before and after
treatment with microwaves (MW). Furthermore, amino acids and proteins will be also studied.

[1] Loi M., Paciolla C., Logrieco A.F., Mulè G. (2020) Plant Bioactive Compounds in Pre- and Postharvest Management for Aflatoxins
Reduction. Frontiers in Microbiology, 11, 243, 16 
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FROM RESEARCH TO PATIENTS CARE: THE IMPACT OF NEVIO
TOSORATTI ON INTERVENTIONAL ONCOLOGY

Simone Cassarino* (1)
(1) H.S. Hospital Service S.p.A.

The professional life of Eng Nevio Tosoratti, Ph.D. was consecrated to the development of medical devices for
the minimally invasive treatment of tumors. Stemming from his research time in the Italian CNR, he developed
the first high power, high frequency microwave ablation system endowed with an innovative invention to
induce large, spherical necroses of ill tissues with extremely tiny applicators, setting up the performance
standard for the field. His subsequent efforts were devoted on one side to the study of the physics underlying
the microwave ablation process, including the role of the antenna return loss as a predictor of the necrosis
progression, the role of tissue carbonization and shrinkage and the effects of pulsed rather than continuous
power delivery. On the other side, he fostered and often authored several clinical studies measuring the actual
clinical performance of the system, translating physics and engineering into benefits for patients affected by
tumors of the liver, kidney, lung, bone, thyroid and uterus among the mains. 
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ADVANCES IN MATERIAL MEASUREMENTS WITH MICROWAVE AND
MMWAVE MULTIMODE RESONATORS 

Malgorzata Celuch* (1), Marzena Olszewska-Placha (1), Lukasz Nowicki (1)
(1) QWED Sp. z o.o., Warsaw, Poland

Knowledge of dielectric and conductive properties of materials is essential for accurate evaluation of
electromagnetic wave interactions with matter and, as a result, for reliable design of microwave power
applicators. It is generally accepted that resonance methods offer supreme accuracy for microwave material
measurements [1], of which the techniques based on cavity and dielectric resonators have been industrially
validated in terms of repeatability, reproducibility, and ease-of-use [2]. These advantages come at the expense
of narrow-band performance. While multimode cavities have been reported in the literature, e.g. [3],
instruments available on the market are generally limited to a single-mode operation. Herein, we report on
recent advancements from European EUREKA-Eurostars 5G_Foil and M-ERA.NET I4Bags projects [4],
which alleviate the single-mode limitation, while maintaining the ease and reliability of use:  
– dual-mode sapphire resonators for 13GHz/21GHz, 28GHz/44GHz, and 40GHz/62GHz, allowing the
extraction of surface resistance and effective conductivity of copper foils and other high-conductivity materials,
– dual-mode Q-Choked Split Cavity Resonator (Q-SCR), utilising the recently invted Q-Choke [5][6], so as to
allow the characterisation of thicker and/or higher-permittivity samples,
– Q-Choked Sapphire-Sandwich Resonator (Q-SSR) [7], which combines field concentration effect due to
sapphire with modal selectivity and purity due to the Q-Chokes, so as to allow multi-mode measurements of
dielectric materials in a 2.5:1 frequency band.  

[1] J.Krupka, “Microwave Measurements of Electromagnetic Properties of Materials”, Materials, 2021, 14(17), 5097;
https://doi.org/10.3390/ma14175097
[2] The International Electronics Manufacturing Initiative (2023). iNEMI 5G/mmWave Project Report,
https://thor.inemi.org/webdownload//2023/Projects/5G_Material_Characterization_Report-1.pdf 
[3] D. Marques-Villarroya, F. Penaranda-Foix, B. Garcia-Banos and J. M. Catala-Civera, "Extended Full-Wave Analysis of a Multimode
Circular Cavity with Insertion Hole," 2018 48th European Microwave Conference (EuMC), Madrid, Spain, 2018, pp. 448-451,
https://doi.org/10.23919/EuMC.2018.8541729
[4] QWED (2025). Complete measurement setups for material testing. https://qwed.eu/resonators.html, https://qwed.eu/5g_foil.html ,
https://qwed.eu/i4bags.html 
[5] W.Gwarek, Patent Application no. EP23461651.4,  https://register.epo.org/application?number=EP23461651 and PCT/IB2024/056934,
https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2025062194  
[6] M. Celuch, M. Olszewska-Placha, L. Nowicki, and W. Gwarek, "A Novel Q-Choked Resonator for Microwave Material Measurements
Alleviating Sample Thickness Limitations of Existing Techniques",  IEEE Microw. Wireless Tech.Lett., vol. 34, no. 6, pp. 845-848, 2024,
https://doi.org/10.1109/LMWT.2024.3397912
[7] W. Gwarek et al., “A Novel Q-Choked Sapphire Sandwiched Resonator for Wide-Band Measurements of Flat Dielectric Samples”,
accepted for 2025 IEEE IMS
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COMPARISON OF MICROWAVE-VACUUM AND RADIO FREQUENCY
VACUUM DRYING METHODS 

Mahir CİN* (1), Welat MİRAN (2), T. Koray PALAZOĞLU (2)
(1) Department of Food Engineering, Mersin University, (2) Veltia Laboratory and Consultancy Services Inc.

To compare the effect of drying method on the quality of bay leaf, experiments were dried on radio
frequency-vacuum (RF-Vac) and microwave-vacuum (MW-Vac) under constant vacuum pressure of 30 mbar.
Radio frequency-vacuum drying was performed in the 27.12 MHz parallel plate radio frequency (RF) system at
a 170 mm electrode gap setting, and microwave-vacuum drying was performed in the 2.45 GHz microwave
system at a 270 W power setting. Experiments were conducted until a moisture content of less than 10 % by
weight was achieved. During the drying process, the temperature of the bay leaf was continuously measured at
two internal locations with fiber optic probes. This study was compared the effects of RF-Vac and MW-Vac
drying on the temperature profiles, chlorophyll contents, total phenolic content, essential oil yield, and essential
oil compositions of bay leaves. The heating behaviors observed in both drying processes were different. In
MW-Vac drying, an increasing temperature profile was observed towards the end of the process, while a
decreasing temperature profile was observed in RF-Vac drying. Therefore, it can be said that the RF-Vac
process provides more controlled heating. However, the target moisture content was reached in a significantly
shorter time with the MW-Vac (40 min.) method compared to RF-vac (160 min.). Total phenolic content (TPC)
and chlorophyll (Chll) content of dried bay leaves on dry weight (d.w) basis were found to be 7.28±0.30 mg/g
and 3.23±0.01 mg/g in RF-vac drying method and 7.42±0.43 mg/g and 3.30±0.01 mg/g in MW-vac drying
method, respectively. Bay leaves dried by both methods had similar Chll and TPC. The essential oil yield from
by RF-Vac (1,37±0,03 ml/100 g d.w ) compared to MW-Vac (1,03±0,02 ml/100 g d.w ) dried laurel tissue was
found higher. The ratio of main components of bay leaf saved by RF-Vac was 42.01±3.48 % (1.8-Cineole),
17.77±1.83 % (alpha-terpinene), 8.67±1.07 % (sabinene), 4.59±0.33 % (alpha-Pinene), 4.12±0.67 %
(terpinene-4-ol), 2.99±0.37 % (Eugenol) and 1.88±0.20 % (alpha-Terpineol), while that of MW-Vac was
40.57±2.99 % (1.8-Cineole), 19.11±1.18 % (alpha-terpinene), 8.54±2.70 % (sabinene), 4.68±0.89 %
(alpha-Pinene), 4.01±0.64 % (terpinene-4-ol), 2.49±0.17 % (Eugenol) and 1.54±0.07 % (alpha-Terpineol) were
found. While 1.8-Cineole component was found in higher ratio in RF-Vac dried bay leaves, alpha-terpinene
component was found in higher ratio in MW-Vac dried bay leaves.
Keywords: Microwave vacuum, radio frequency vacuum, drying, bay leaves
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DEVELOPMENT OF LARGE-SCALE DEVICE GRADE DIAMOND FOR
EMERGING TECHNOLOGIES

John Ciraldo* (1)
(1) WD Advanced Material

Diamond has been demonstrated to be a critical material for developing technologies in thermal management of
semiconductor devices, quantum technologies, and applications of ultra-wide bandgap technologies.
Applications for diamond include high frequency RF devices (e.g. 5G/6G and radar), high power devices for
power infrastructure and electrification, supporting AI chipsets, enabling fieldable quantum computing, and
quantum sensing for biological monitoring, navigation, timing and more.
Availability and production capabilities in diamond are rapidly expanding. To enable next-generation
diamond-based solutions, particularly in the quantum and semiconductor realms, WD Advanced Materials
(“WDAM”), in cooperation with key industry collaborators, has developed new processes for the synthesis of
large-scale single-crystal diamond wafers for electronic applications.
Through the D100 SCALE program under the DARPA UWBGS initiative, WDAM has proven the efficacy of
the homoepitaxial ELO approach to diamond expansion, with a 600%  increase in single-crystal substrate area
using traditional microwave technologies. At the same time, industry-leading quality has been shown with
~4.5×104 dislocation density, a reduction of 3 orders of magnitude from the initial source substrate and narrow,
uniform x-ray rocking curves. Moreover, the D2 SCALE program has developed a CMP process capable of
achieving sub-nanometer surface roughness with no polishing-induced sub-surface damage and thermal
conductivity values of 2100 – 2400 ± 200 W/(mK) values – in excess of current commercially available
substrates.
Through this talk, led by Chief Technology Officer John Ciraldo, WDAM will provide an overview of the
criticality of diamond to support technologies, and well as provide an overview of microwave technologies to
produce diamond substrates at scales of 50-100+mm to facilitate the integration of diamond into semiconductor
processes, as well as to improve production capabilities of nascent quantum technology.
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HIGH ENTROPY ALLOYS FOR THERMOMAGNETIC ENERGY  
HARVESTERS: DIFFERENT SYNTHESIS TECHNIQUES  

Elena Colombini* (1), Francesco Cugini (2), Magdalena Gualtieri (1), Giovanni Garulli (3), Lorenzo Gallo 
(2), Simone Fabbrici (3), Franca Albertini (3), Giovanna Trevisi (3), Massimo Solzi (2), Paolo Veronesi (1) 
(1) Dipartimento di Ingegneria "Enzo Ferrari", Università degli Studi di Modena e Reggio Emilia, Modena, Italy, (2) Dipartimento 
di Scienze Matematiche, Fisiche e Informatiche, Università degli Studi di Parma, Italy, (3), IMEM-CNR, Parma, Italy 
 
At least 70% of all energy produced by humanity is dissipated as heat, therefore the development of new 
technologies to catch thermal energy for converting it into reusable energy is essential to promote the transition 
towards a circular and sustainable economy.  Thermo Magnetic Power Generators (TMG) are environmentally 
friendly energy conversion systems capable to address this challenge. Exploiting the thermomagnetic properties 
of ferromagnetic materials to convert thermal energy into electrical energy is a principle known since the 19th 
century[1,2]. However, it is only recently that research on magnetic refrigeration has led to the discovery of 
materials that exhibit a wide variation in magnetization around room temperature, thus enabling the possibility 
of creating generators capable of recovering waste heat at temperatures below 100°C to generate electricity 
from small temperature differences [3]. 
In this context, the idea of using high-entropy alloys (HEA) to achieve systems with the desired magnetic 
properties, particularly those free of rare earth elements and containing non-critical, easily accessible and 
recyclable 3d transition metals, such as Fe, Ni and Mn, is being explored [4]. 
In this study the equimolar composition FeCoNiCrAl HEA has been studied and the effect of different sintering 
techniques on magnetic properties is evaluated. 
Powders synthetized by mechanical alloying have been cast by induction heating or formed into ribbon by melt 
spinning. These samples were compared with those obtained by FAST sintering (Field Assisted Sintering 
Technologies), like Spark Plasma Sintering (SPS) and Microwave Activation Combustion Synthesis (MACS). 
All the samples (i.e. mechanical alloyed, cast and sintering) were investigated using microstructural analysis 
and magnetic characterization techniques. Post-synthesis heat treatments have been performed to modify the 
crystallographic and magnetic structure. Results lead to the identification of important considerations on the 
relationship between microstructure and magnetic properties. Indeed, the method of alloy production influences 
the temperature at which the magnetic transition occurs between an ordered phase and a high-temperature 
paramagnetic phase. As evidenced by the a.c. susceptibility measurements, the chosen synthesis methods 
influence the magnetic transition temperature: alloys obtained by FAST show a relatively sharp transition 
around 250 K, whereas the alloy obtained by mechanical alloying  shows a much broader transition over a 
lower temperature range (approximately 150-250 K). On one hand, mechanical alloying offers advantages such 
as extending solid-state solubility in immiscible systems, room-temperature processes, and reducing chemical 
segregation. However, it also leads to the formation of strongly amorphous and thermodynamically unstable 
structures. On the other hand, the FAST offers advantages such as rapid processing and the ability to achieve 
dense materials with fine microstructures. Before and after heat treatment at 600°C for 4 hours, the transition 
tends to shift to a higher temperature, reaching about 700 K. This behavior could also be due to the different 
crystallinity levels of the two systems analyzed. Moreover, the formation of biphasic systems certainly 
complicates the understanding of the predominant mechanism in determining the magnetic transition 
temperature. This could be attributed to the different microstructures of the samples, which undergo a transition 
from a amorphous state in the case of mechanical alloying to a crystalline structure after SPS or thermal treatment. 
 
[1] T. A. Edison, Pyromagnetic Generator, US-Pat. 476983 A, 1892 
[2] N. Tesla, Pyromagneto Electric Generator, US-Pat. 0428057 A1, 1890 
[3] V. Srivastava, et al., Adv. Energy Mater. 1 (2010) 
[4] F. Gong et al., Acta Materialia 256 (2023) 
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MICROWAVE TECHNOLOGIES FOR SENSING AND DIAGNOSTICS

Sandra Costanzo* (1)
(1) University of Calabria

The potentialities of microwaves and millimeter waves for sensing applications in medicine are outlined, with
particular evidence to continuous monitoring, imaging and diagnostics. Physical principles on the basis of
microwave sensors design are described, and specific examples in the framework of non-invasive continuous
monitoring of blood glucose concentrations are illustrated. Signal processing techniques and machine learning
approaches are also presented to enhance sensors accuracy and assure biomedical detection with compact and
fast devices.
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MICROWAVE PLASMA MODELLING FOR DIAMOND ON III-NITRIDES

Jerome Cuenca* (1), Soumen Mandal (1), Oliver Williams (1)
(1) Cardiff University

Diamond, a material of incredibly high thermal conductivity (Kc >1000 W/mK 1), low microwave permittivity
(εr ≈ 5.6 at tanδ < 10-3 2) and superior Young’s modulus (E = 1,000 GPa 3) is an excellent substrate for pushing
the limits of high-power group III-N based electronics. In particular, GaN-on-Diamond high electron mobility
transistors (HEMTs) require sufficient heat extraction for efficient microwave amplifiers while AlN-based
surface acoustic wave (SAW) devices require high acoustic velocity substrates for gigahertz operation.
However direct integration with III-N materials remain a considerable challenge; wafer bonding methods
require very strict cleanliness and sub-nanometric roughness 4 while microwave plasma chemical vapour
deposition (MP-CVD) methods must consider thermal stress and decomposition in hydrogen (H2) at CVD
temperatures (>800 °C) 5,6. For MP-CVD, thermal stress can be managed for large area scalability, however
growth recipes and temperatures must be optimised.
Microwave plasma modelling has emerged as a cost-effective optimisation tool for MP-CVD providing
fundamental understanding of the electron and H-radical number densities and gas temperatures to optimise
diamond uniformity and temperatures on silicon7,8. In the context of III-N-on-Diamond, plasma modelling can
be used to optimise growth temperatures to alleviate III-N decomposition. In this work, we use microwave
plasma modelling to cost-effectively design a MP-CVD sample holder to operate at high plasma gas
temperatures whilst also mitigating damage of III-N on Si films. This holder is compared with conventional
holders and demonstrates that thick (t>100 μm) high quality PCD can be grown at double the growth rate
(microns/hour) with no visible damage.

[1] Pomeroy, J. W., Bernardoni, M., Dumka, D. C., Fanning, D. M. & Kuball, M. Appl. Phys. Lett. 104, 083513 (2014)
[2] Cuenca, J. A. et al. Carbon 221, 118860 (2024)
[3] Klein, C. A. & Cardinale, G. F. Diam. Relat. Mater. 2, 918–923 (1993).
[4] Kagawa, R. et al. Small 20, 1–14 (2024).
[5] Morimoto, Y. J. Electrochem. Soc. 121, 1383 (1974).
[6] Pobedinskas, P. et al. Appl. Phys. Lett. 104, (2014).
[7] Cuenca, J. A., Mandal, S., Thomas, E. L. H. & Williams, O. A. Diam. Relat. Mater. 124, 108917 (2022).
[8] Cuenca, J. A., Leigh, W., Thomas, E. L. H., Mandal, S. & Williams, O. A. in 2022 Asia-Pacific Microwave Conference (APMC) vol.
November 656–658 (IEEE, 2022).
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COLD SALINE IRRIGATION DURING EPICARDIAL RADIOFREQUENCY
ABLATION: PROTECTING ADJACENT STRUCTURES WITHOUT
COMPROMISING LESION EFFICACY

Luis Cuenca-Dacal* (1), Marcela  Mercado-Montoya (2), Tatiana  Gómez-Bustamante (2), Enrique
Berjano (1), José M. Lozano (3), María Teresa Izquierdo (4), Juan J.  Pérez (1), Ana
González-Suárez (1)
(1) UPV Universitat Politècnica de València, Valencia, Spain, (2) IN SILICO STEM S.A.S, Medellín, Colombia, (3)
Hospital Universitario Clínico San Cecilio, Granada, Spain, (4) Hospital Universitari i Politècnic La Fe, Valencia, Spain

Introduction: Epicardial radiofrequency (RF) ablation (RFA) is the gold standard for treating ventricular
tachycardias with epicardial substrates [1]. The procedure involves positioning an irrigated-tip catheter in the
pericardial space and delivering RF current to eliminate the arrhythmogenic substrate. Special care is needed to
prevent damage to adjacent tissues, as the catheter tip is on the heart’s outer surface, near structures like the
lungs and left phrenic nerve. Epicardial RFA has also been applied to the mitral isthmus [2] and left atrium [3],
raising concerns about potential collateral damage to nearby tissues. Therefore, strategies to protect
surrounding structures warrant investigation. This study uses computational modeling to assess whether the
temperature of irrigated saline affects lesion formation in the myocardium and lung during epicardial RFA and
to evaluate its potential as a thermal protection strategy.
Methods: A computational model of epicardial RFA was developed, in which an irrigated-tip catheter was
positioned horizontally on the epicardium over a thin fat layer (1 mm thick), in close proximity to the lung. The
simulation solved heat transfer, electrical current conduction, and fluid dynamics to accurately represent the
process. A 50 W 30 s RF pulse was applied, followed by a 90 s period to account for lesion progression due to
thermal latency. The model included variations in the temperature of the saline infused through the catheter,
ranging from 5 to 37 ºC. Thermal lesion formation in the myocardium and lung was assessed using the
Arrhenius model.
Results: The temperature of the irrigated fluid influences lesion size in both the myocardium and the lung, with
cooler irrigation leading to smaller lesions. In the myocardium, lesion volumes ranged from 52.9 mm³ to 64.1
mm³, whereas in the lung, lesion volumes varied from 111.2 mm³ to 192.6 mm³.
Conclusions: Epicardial RFA can cause damage to structures adjacent to the heart. While the temperature of
the irrigated fluid has little effect on lesion size in myocardial tissue covered by a thin layer of fat, it
significantly influences lesion size in other tissues, such as the lung. Therefore, considering irrigated fluid
temperature as a thermal protection strategy for surrounding structures may be a valuable approach to
enhancing the safety of the procedure.

[1] Aryana A, d’Avila A. Epicardial Catheter Ablation of Ventricular Tachycardia. Card Electrophysiol Clin. 2017 Mar;9(1):119-131. doi:
10.1016/j.ccep.2016.10.009.
[2] Berruezo A, Bisbal F, Fernández-Armenta J, Calvo N, Cabrera JÁ, Sanchez-Quintana D, Andreu D, de Caralt TM, Brugada J, Mont L.
Transthoracic epicardial ablation of mitral isthmus for treatment of recurrent perimitral flutter. Heart Rhythm. 2014 Jan;11(1):26-33. doi:
10.1016/j.hrthm.2013.10.030.
[3] Makati KJ, Sood N, Lee LS, Yang F, Shults CC, DeLurgio DB, Melichercik J, Gill JS, Kaba RA, Ahsan S, Weerasooriya R, Joshi P,
Lellouche N, Blaauw Y, Zannis K, Sebag FA, Gauri A, Zembala MO, Tondo C, Steinberg JS. Combined epicardial and endocardial
ablation for atrial fibrillation: Best practices and guide to hybrid convergent procedures. Heart Rhythm. 2021 Feb;18(2):303-312. doi:
10.1016/j.hrthm.2020.10.004. Epub 2020 Oct 9. PMID: 33045430.
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IMPACT OF DRYING TREATMENT ON SILICA-BASED HYBRID 
MATERIALS WITH SODIUM ALGINATE 

Antonio  D’angelo (1), Marika Fiorentino (1), Elena Colombini (2), Cristina Leonelli (3), Michelina 
Catauro (1), Paolo Veronesi* (2) 
(1) Department of Engineering, University of Campania “Luigi Vanvitelli”, Via Roma 29, 81031 Aversa, Italy, (2) 
Department of Engineering "Enzo Ferrari", University of Modena and Reggio Emilia, (3) Università degli Studi di Modena 
e Reggio Emilia - Dipartimento di Ingegneria "Enzo Ferrari" - Via Vivarelli 10 - 41125 - Modena (Italy) 

Silica-based biomaterials are highly valued for their chemical stability and bioactivity [1]. To enhance 
biocompatibility, hybrid silica systems were developed by incorporating the natural polymer sodium alginate 
(SA), aiming to improve biodegradability and biofunctionality [2]. Silica/SA hybrids were synthesized using 
the sol-gel technique. After gel formation, the samples underwent two different thermal treatments: air-dried in 
an oven at temperatures in the 40-90°C range for 48 h and microwave dried at similar temperatures  in single 
mode applicators operating at 2450 and 5800 MHz. The materials obtained from both treatments were 
chemically analysed to determine the effects of processing on their agglomeration and microstructure. Results 
confirm that a rapid microwave heating treatment can lead to lower agglomeration of the particles, achieving 
spongy-like morphology, which is not encountered in conventional heating treatments, moreover presenting a 
significantly larger surface area. 
  

[1] Zdarta J, Jesionowski T. Silica and Silica-Based Materials for Biotechnology, Polymer Composites, and Environmental Protection. 
Materials (Basel). 2022 15, 7703. doi: 10.3390/ma15217703. PMID: 36363295; PMCID: PMC9657091. 
[2] Marangoni Júnior L, Rodrigues PR, Silva RGD, Vieira RP, Alves RMV. Improving the mechanical properties and thermal stability 

ofsodium alginate/hydrolyzed collagen films through the incorporation of SiO2. Curr Res Food Sci. 2021 5, 96-101. doi: 
10.1016/j.crfs.2021.12.012. PMID: 35024622; PMCID: PMC8728527. 
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MICROWAVE PYROLISIS OF SARGASSUM: HOW TO SCALE-UP?

Randal DE LA CRUZ ITURBIDES (1), Ulises JAUREGUI HAZA (2), Isabelle POLAERT* (1)
(1) LSPC, INSA Rouen Normandie France, (2) INTEC, Santo Domingo, Dominican Republic

Microwave pyrolysis of biomass has been widely studied over the past decade. This technology has gained
interest over conventional pyrolysis due to its well-known advantages such as volumetric heating, rapidity, the
possibility of applying high power densities, easier control and, above all, the fact that microwaves can process
larger particles of material [1].
Sargassum is a type of brown seaweed that is very common in the Caribbean. Over the last ten years, there has
been a significant increase in the amount of seaweed that has been washing up on the coasts of the Dominican
Republic and the West Indies, creating health and economic problems for tourism and local fishing. This raw
material, third-generation biomass, is a resource to be exploited that deserves attention. That is why its
valorisation has become a major issue. Among the various treatments, sargassum can be pyrolysed by
microwaves. They are then heated between 500 and 800°C in an inert atmosphere and this process leads to the
formation of three products: gas, oil and coal. Each of these three products has interesting characteristics: for
the gas, the presence of hydrogen, CO and methane makes it an interesting bio-fuel and therefore a bio-based
energy source. Oil is rich in aromatic or aliphatic chemical compounds and coal has adsorbent properties that
are useful in water treatment.
Studies carried out on a laboratory scale have demonstrated the feasibility of this technology for Sargassum [2].
Although it is not that easy to implement, a single-mode microwave reactor processing 5 g of sargassum has
been developed and used to determine the optimal pyrolysis conditions. The scaling up to a pilot-sized reactor
is the subject of this work. The dielectric permittivities of the different media through which the waves pass
during pyrolysis have been measured and the results exploited. Then, the propagation of the field during the
different phases of pyrolysis was studied by thermography and compared with the simulation results (obtained
using COMSOL Multiphysics®). The strong variation in dielectric permittivities during the transformation of
algae into coal is an obstacle to the penetration of the waves, which must be managed by the geometry of the
reactor or its operating conditions. Ultimately, improvements are still needed to limit hot spots, but a reactor
has been developed and batches of 1kg of sargassum have been able to be treated in 60 minutes under a power
of 1500W.

[1] Ge S., Yek P. N. Y., Cheng Y. W., Xia C., Wan Mahari W. A., Liew R. K., Peng W., Yuan T.-Q., Tabatabaei M., Aghbashlo M., Sonne
C., Lam, S. S. (2021). Progress in microwave pyrolysis conversion of agricultural waste to value-added biofuels: A batch to continuous
approach. Renewable and Sustainable Energy Reviews 135, 110148. 
[2] De La Cruz R., Ubiera L., Jauregui Haza U., Polaert I. (2024). Pyrolysis of sargassum under a single mode microwave cavity: use of
SiC and biochar as microwave absorbers. Reaction Chemistry & Engineering 9, 1235.
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CHARACTERIZATION AND OPTIMIZATION OF AN E-FIELD SENSOR
FOR RADIATIVE HYPERTHERMIA APPLICATION

Marco Di Cristofano* (1), Giorgia Paglialunga (1), Luca Lalli (1), Marta Cavagnaro (1)
(1) Dept. of Information Engineering, Electronics and Telecommunication, Sapienza University of Rome, Rome, Italy

This study presents the characterization and optimization of an electric field (E-field) sensor to measure the
E-field radiated by hyperthermia (HT) devices. The use of the E-field sensor can be a key tool to evaluate the
HT device’s capability to radiate the electromagnetic (EM) field within the target area of the human body.
Introduction— Oncological hyperthermia is a therapy aimed at inducing a temperature increase in the tumor
area up to 43-44 °C for one hour [1]. Radiative HT applicators are antennas or antenna arrays that induce the
heating of the treated region of the body by radiating an EM field [1]. The current commercial deep HT
systems operate in the 60 – 150 MHz frequency range, while superficial HT frequencies are 434 MHz and 915
MHz [1]. The E-field generated by radiative HT systems should be polarized parallel to the cranio-caudal axis
of the body [1]. This work presents the characterization of an E-field sensor to measure the E-field radiated by
HT applicators inside a muscle equivalent liquid phantom. The typical structure of E-field sensors is composed
of a Schottky diode and a short dipole connected to a measurement system by a high-impedance line [2]. The
E-field component parallel to the dipole induces a sinusoidal open-circuit voltage (VOC) on the linear antenna
which is rectified resulting in a DC voltage (Vout) read on the measuring instrument. In the small signal regime
Vout is proportional to the square of VOC, while in the large signal regime Vout is linearly proportional to VOC [2,
3]. In this work numerical and experimental analyses are performed to characterize the behavior of E-field
sensors inside a lossy medium to define the optimal configurations (dipole length, diode junction capacitance)
to optimize the output voltage in the whole radiative HT frequency range (60 – 915 MHz).
Material and methods— The EM and circuit simulations were performed using CST Microwave Studio
(Dassault Systèmes, Vélizy-Villacoublay, France) and Multisim (National Instruments, Austin, Texas, USA),
respectively. The dipole was simulated inside two saline solutions: a 3 g/L (εr= 83.2, σ=0.58 S/m at 70 MHz)
and a 6 g/L (εr= 75.6, σ=1.07 S/m at 434 MHz) to be used at deep and superficial HT frequencies, respectively.
EM simulations were carried out by varying the dipole length between 2 and 6 cm. Next, the equivalent sensor
circuit was simulated [3]. The sensor response was characterized as the dipole length (l) and diode junction
capacitance (Cj) varied. Finally, sensors of different lengths (2 and 3 cm) were realized and studied inside the 6
g/L saline solution under the application of a superficial HT commercial applicator (β antenna, Medlogix Srl,
Rome, Italy) working at 434 MHz.
Results and discussion— For all the studied lengths and in the whole frequency range, the results of the EM
simulations show that the dipole in the dissipative medium maintains the properties of a short dipole, in line
with the literature [2, 3]. Thus, for the same E-field, as the dipole length increases, VOC increases. The
experimental results confirmed the numerical data and will be shown at the congress.
Acknowledgement— Marco Di Cristofano is conducting an industrial PhD program funded by Lazio Region in
collaboration with Medlogix Srl (Rome, Italy). The authors gratefully acknowledge Medlogix Srl for providing
access to their facilities and enabling the measurements required for the experimental part of this work.

[1] Paulides M., Dobsicek Trefna H., Curto S., Rodrigues D.B. (2020). Recent technological advancements in radiofrequency and
microwave mediated hyperthermia for enhancing drug delivery. Advanced Drug Delivery Reviews. 163-164, 3-18.
[2] Kanda M. (1980). Analytical and numerical techniques for analyzing an electrically short dipole with a nonlinear load. IEEE
Transactions on Antennas and Propagation. vol. 28, no. 1, pp. 71-78.
[3] Zivkovic Z., Senic D., Sarolic A., Vucic A. (2011). Design and testing of a diode-based electric field probe prototype. 2011
International Conference on Software, Telecommunications and Computer Networks.
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GEA PUREWAVE: MICROWAVE PASTEURIZATION FOR FRESH PASTA 

Davide Di Nunno* (1), Simone Bertoncello (1) 
(1) GEA Extrusion Food Technologies, Galliera Veneta (PD), Italy 

The GEA PUREWAVE project introduces an innovative microwave-based pasteurization system for fresh 
pasta, offering a sustainable and efficient alternative to traditional steam-based processes. Unlike conventional 
methods that rely on external heat transfer, PUREWAVE uses volumetric heating, directly energizing water 
molecules within the product, enabling faster and more uniform temperature rise. 
Several trials with pilot machine (industrial size unit, 600kg/h throughput) demonstrated significant 
technological and environmental advantages. Key benefits include an 85% energy transmission efficiency, a 
fivefold reduction in pasteurization time (e.g., ravioli from 300s to 60s), and enhanced process control, 
achieving consistent pasteurization values (VP10/71 >30 and <70). The system preserves organoleptic qualities 
by reducing thermal stress and eliminates the need for extensive auxiliary steam infrastructure. 
From an environmental standpoint, PUREWAVE cuts energy consumption by over 75%, lowers water usage, 
reduces CO₂ emissions (up to 271 tons/year), and qualifies as a “carbon-free” technology when paired with 
photovoltaic systems. Economically, annual savings can exceed €300,000 for high-capacity lines, with return 
on investment within 1.5–5.5 years, depending on scale, product type and local tax incentives. 
PUREWAVE represents a major step forward in sustainable food technology, combining energy savings, 
reduced operating costs, and improved product quality. 
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MICROWAVE PROCESSING AT MEGA SCALE FOR ZERO CARBON
APPLICATIONS

Chris Dodds* (1)
(1) The University of Nottingham

Microwave Processing is regularly cited as an opportunity for large scale net zero applications however much
of the current work still exists at laboratory and pilot scale with limited industrial applications at megawatt
scale. This presentation will consider some of the challenges and opportunities to realising these benefits at
very large scale. Low Carbon Steelmaking, an industry responsible for 8% of global CO2 emissions will be
considered as an exemplar application articulating the current status and steps required to achieve commercial
reality. This presentation will also pose the questions as to what is required from the Ampere community and
how they can work together to overcome common barriers in the development of these applications.
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MICROWAVE-DRIVEN REDOX PROCESSES: ADVANCED STRATEGIES
FOR HYDROGEN PRODUCTION, OXYGEN SEPARATION, AND
NANOPARTICLE EXSOLUTION.

Aitor Dominguez-Saldaña* (1), Laura Navarrete (1), María Balaguer (1), Beatriz García-Baños (2),
Joaquín Santos (1), David Catalán-Martinez (1), Pedro J. Plaza-Gonzalez (2), José D. Gutierrez-Cano
(2), Felipe Peñaranda (2), José Manuel Catalá-Civera (2), José Manuel Serra  (1)
(1) Institute of Chemistry Technology (ITQ), (2) ITACA Institute

The use of microwave (MW) radiation in redox processes has emerged as an innovative and energy-efficient
approach for materials synthesis, hydrogen production, and gas separation. In this work, we present recent
advancements in MW-driven redox reactions across three key applications: (i) the exsolution of metallic
nanoparticles, (ii) hydrogen production via thermochemical cycles, and (iii) oxygen separation through
selective sorbents.
First, we explore MW-assisted thermochemical redox cycles for hydrogen production using lanthanum-doped
ceria (Ce0.9La0.1O2-δ), which exhibits enhanced ionic conductivity and efficient MW absorption. By
leveraging its tailored electronic and structural properties, we achieve high hydrogen yields at reduced
operating temperatures, providing a scalable pathway for green hydrogen generation.[1,2,3]
Second,we introduce MW-assisted oxygen-selective sorbents based on CaTi1-xMnxO3-δ perovskites, which
enable rapid O2 absorption-desorption cycles (<3 min) and high oxygen production rates at lower temperatures.
This breakthrough offers a more efficient alternative to conventional thermochemical air separation
techniques.[4]
Finally, we demonstrate a novel MW-driven exsolution method for generating well-anchored Ni nanoparticles
from Ni-doped lanthanum strontium titanates, achieving precise control over nanoparticle size and dispersion
without requiring H2. This method enables fast and scalable synthesis of catalytic materials for CO2
hydrogenation.[5]
Overall, these findings highlight the potential of MW radiation as a powerful tool for controlling redox-driven
processes, paving the way for scalable and energy-efficient technologies in catalysis, hydrogen production, and
gas separation.

[1] Serra, J. M.; Borrás-Morell, J. F.; García-Baños, B.; Balaguer, M.; Plaza-González, P.; Santos-Blasco, J.; Catalán-Martínez, D.;
Navarrete, L.; Catalá-Civera, J. M. Hydrogen Production via Microwave-Induced Water Splitting at Low Temperature. Nat Energy 2020,
5, 910–919. https://doi.org/10.1038/s41560-020-00720-6.
[2] Serra, J. M.; Balaguer, M.; Santos-Blasco, J.; Borras-Morell, J. F.; Garcia-Baños, B.; Plaza-Gonzalez, P.; Catalán-Martínez, D.;
Penaranda-Foix, F.; Domínguez, A.; Navarrete, L.; Catala-Civera, J. M. Modulating Redox Properties of Solid-State Ion-Conducting
Materials Using Microwave Irradiation. Mater Horiz 2023, 10, 5796–5804. https://doi.org/10.1039/D3MH01339A.
[3] Domínguez-Saldaña, A.; Navarrete, L.; Balaguer, M.; Carrillo, A. J.; Santos, J.; García-Baños, B.; Plaza-González, P.;
Catalán-Martínez, D.; Catalá-Civera, J. M.; Serra, J. M. Enhanced Hydrogen Production in Microwave-Driven Water-Splitting Redox
Cycles by Engineering Ceria Properties. Adv Energy Mater 2024. https://doi.org/10.1002/aenm.202401443.
[4] Domínguez-Saldaña, A.; Carrillo, A. J.; Balaguer, M.; Navarrete, L.; Santos, J.; Catalán-Martínez, D.; García-Baños, B.;
Plaza-González, P. J.; Gutierrez-Cano, J. D.; Peñaranda, F.; Catalá-Civera, J. M.; Serra, J. M. Microwave-Driven Reduction Accelerates
Oxygen Exchange in Perovskite Oxides. ACS Appl Mater Interfaces 2024. https://doi.org/10.1021/acsami.4c15150.
[5] López-García, A.; Domínguez-Saldaña, A.; Carrillo, A. J.; Navarrete, L.; Valls, M. I.; García-Baños, B.; Plaza-Gonzalez, P. J.;
Catala-Civera, J. M.; Serra, J. M. Microwave-Driven Exsolution of Ni Nanoparticles in A-Site Deficient Perovskites. ACS Nano 2023, 17
(23), 23955–23964. https://doi.org/10.1021/acsnano.3c08534.

Scientific Research Abstracts
Vol. 16, p. 30, 2025
ISSN 2464-9147 (Online)
Microwawe - AMPERE 2025
© Author(s) 2025. CC Attribution 3.0 License



HIGH-EFFICIENCY, LOW-COST POWER COMBINING VIA MUTUAL
COUPLING AND PHASE-LOCKING IN MAGNETRON ARRAYS

JianMuCuo DongZhi  (1), Dayang Wang (1), Xingyue  Xiang  (1), Kongyi Hu (1), Jianlong Liu* (1),
Baoqing Zeng (1)
(1) University of Electronic Science and Technology of China

Magnetrons exhibit multi-fundamental frequency characteristics, allowing for the random excitation of multiple
frequency points within their operational bandwidth and facilitating seamless frequency switching. Even
among magnetrons of the same model and batch, the central frequency deviation typically ranges in the tens of
megahertz. By leveraging this multi-frequency feature, this study utilizes an external semiconductor microwave
source to inject signals into the magnetrons, thereby initiating oscillation. Ultimately, mutual frequency and
phase locking between two magnetrons is achieved through inter-tube pulling effects.
 In the experiment, two magnetrons of the same model were selected, exhibiting a measured free-running
frequency deviation of 4.2 MHz. A microwave combining system based on an H-T waveguide was constructed
for coherent power synthesis. Initially, a frequency-pulling and locking technique was implemented: a
low-power, high-stability external reference signal, strictly synchronized with a clock signal, was injected into
one magnetron through an external feedback loop. This process locked the magnetron’s output frequency and
phase to the stable injection frequency, thereby enhancing its spectral characteristics. The injection ratio of the
clock signal was maintained between 5‰ ~10‰, limiting the frequency traction range to within ±1.5 MHz.
Subsequently, the second magnetron was activated. When both magnetrons reached oscillation, mutual
frequency and phase locking occurred via inter-tube coupling at a coupling level of approximately -10 dB. This
reciprocal locking mechanism involved reverse-phase signal injection through the coupling structure, resulting
in synchronized frequency and phase outputs.
 The phase of one magnetron can be stabilized through the injection of an external reference signal. As a result,
coherent frequency and phase combining of two magnetrons can be achieved by adjusting the transmission line
length of the other branch. However, in multi-magnetron arrays (beyond two sources), cascaded attenuation
and beat frequency phenomena, caused by slight frequency deviations, inevitably degrade synthesis
performance. To address this issure, it is essential to systematically optimize critical parameters, including
coupling coefficients, isolation levels, and transmission coefficients at each combining node. This optimization
ensures phase coherence, frequency consistency, and impedance matching across all cascaded branches,
thereby achieving optimal synthesis efficiency.

[1] S. Yue, Z.-C. Zhang, and D.-P. Gao, “Injection-locking of magnetrons with matched impedance,” Acta Physica Sinica, vol. 62, no. 17,
pp. 178401-178401, 2013.
[2] C. Lai, C. Zhao, K. Li, D. Cai, Y. Zhang, Y. Yang, H. Zhu, D. K. Agrawal, T. Slawecki, L. Wu, Y. Zhou, Q. Chen, L. Zhou, and K.
Huang, “Highly Efficient Microwave Power System of Magnetrons Utilizing Frequency-Searching Injection-Locking Technique With No
Phase Shifter,” IEEE Transactions on Microwave Theory and Techniques, vol. 68, no. 10, pp. 4424-4432, 2020.
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ELECTROMAGNETIC FIELD EFFECTS DURING MICROWAVE
SINTERING OF ALUMINA-CONTAINING CERAMIC COMPOSITES

Sergey Egorov (1), Anatolii Eremeev* (1), Vladislav Kholoptsev (1), Kirill Rybakov (1), Andrey
Sorokin (1)
(1) Federal research center A.V. Gaponov-Grekhov Institute of Applied Physics of the Russian Academy of Sciences (IAP
RAS)

Over the last decade, the authors have been studying rapid microwave sintering of ceramic and composite
materials. At heating rates of up to hundreds of °C/min, the total duration of such processes is reduced by more
than an order of magnitude compared to conventional sintering. The experiments were carried out using
gyrotron systems operating at a frequency of 24 GHz with a maximum output power of 6 kW [1]. The
microwave power supplied to the workchamber was regulated automatically to suppress the possible
instabilities. The intensity of the electromagnetic field acting on the samples was varied by using different
heating rates and heat insulation assemblies containing different microwave absorbing elements (susceptors).
The shrinkage of the samples was monitored using optical dilatometry. Alumina powders with different particle
size were used for preparing initial samples: commercial submicron powder and nanophase η-Al2O3 powder
prepared by a laser evaporation method.
Samples of Al2O3 + 3YSZ composites were sintered in rapid microwave processing regimes using heating
rates of up to 200 °C/min and zero hold time. The absorbed microwave power density in the rapid sintering
processes reached 100 W/cm3. The final relative density was 96 – 99 % for the samples containing 1.5 and 7.5
wt. % YSZ and 98 – 99 % for the samples containing 13 wt. % YSZ. The microwave sintering kinetics were
compared for the processes carried out under direct and susceptor-assisted microwave heating. The temperature
difference between the densification curves under microwave and conventional sintering experiments exceeded
200 °C. The temperature of the phase transformation in alumina decreased consistently with increasing
microwave electromagnetic field intensity. The samples containing 13 wt. % YSZ exhibited a microhardness of
about 20 GPa and a fracture toughness of about 7 MPa·m1/2.
Ce:YAG + Al2O3 composite samples were microwave reaction sintered from a mixture of Al2O3 and Y2O3
powders using optimized heating regimes with gradually decreasing heating rates. The maximum sintering
temperature was 1650 – 1725 °C, and a hold of 15 min was added. The obtained samples had a density of > 97
% of the theoretical value and exhibited luminescent properties. It has been demonstrated that under microwave
heating the temperature of phase transformations in both alumina and the Y – Al – O system decreases
compared to conventional heating. In the case of microwave heating, the temperature of phase transformations
decreases the more, the higher the intensity of the microwave electromagnetic field. These results suggest that
there is a significant influence of the microwave electromagnetic field on the diffusion transport and nucleation
processes in solid-phase chemical reactions.
This research was supported by Russian Science Foundation, grant No. 23-19-00363.

[1] [1] Egorov S.V., Eremeev A.G., Kholoptsev V.V., Plotnikov I.V., Rybakov K.I., Sorokin A.A. (2022). Implementation of rapid
microwave sintering using a 24 GHz gyrotron system. Review of Scientific Instruments 93, 064708.
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MICROWAVE IMPACTS ON FIELD-EFFECT TRANSISTOR (FET)
DEVICES

Selly Ezra* (1), Eli Jerby† (1)
(1) Faculty of Engineering, Tel Aviv University

In this study, we examine the potential impacts of microwave irradiation on FET devices, mostly on
metal-oxide-semiconductor FET (MOSFET) circuits. Noting the well-established literature in this field (e.g.
[1]), this study includes a comprehensive literature survey followed by experimental and theoretical
observations. Its specific objectives are (a) to identify interference mechanisms caused by microwave leaks
from industrial, scientific and medical (ISM) installations to nearby electronic circuits, (b) to evaluate the
resilience of these devices to higher power densities, and (c) to develop low-cost FET sensors for ISM
applications. The common safety level for human exposure to microwave irradiation in ISM applications,
~1mW/cm2, is adopted here for distinction between relatively low and high power-density levels.
The experimental setup consists of a controlled exposure chamber, in which various FET components and
circuits are examined in a range of operating conditions and modulation patterns at ISM frequencies. A custom
automated control is developed and employed in order to systematically scan the parametric space across
different circuit configurations and experimental conditions. In particular, we look for spurious signals induced
by nonlinear effects (e.g. microwave rectification). These may result in functional disturbance to FET-based
devices and circuits, or otherwise it can be intentionally implemented for useful sensing and detection
purposes.
† Corresponding author, E-mail: jerby@eng.tau.ac.il

[1] Pouant C., Torres F., Reineix A., Hoffmann P., Raoult J., Chusseau L. (2019). Modeling and analysis of large-signal RFI effects in
MOS transistors.  IEEE Transactions on Electromagnetic Compatibility 61(1), 111-120.
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DETERMINATION OF EFFECTIVE DIELECTRIC PROPERTIES OF
FROZEN AQUEOUS SOLUTIONS BY PORE-LEVEL MODELING OF THE
IRREGULAR PORE STRUCTURE

Felix Faber* (1), Isabel Kalinke (2), Sebastian Gruber (2), Petra Först (2), Nicole Vorhauer-Huget (1)
(1) Thermal Process Engineering, Otto-von-Guericke-University Magdeburg, (2) Food Process Engineering, Technical
University Munich

Freeze-drying is a conservation process with many applications in the pharmaceutical and food industries. It
handles products gentle and softly, therefore being applied whenever it comes to heat sensitive products. One
major drawback of freeze-drying is its very long process time and the non-uniform temperature distribution
achieved by the conventional contact heat supply. For overcoming these problems, microwave heating was
proposed as an alternative heat source [1].
As a preparative step for freeze-drying, the materials are first frozen. This results in the formation of a porous
matrix containing the (crystallized) water ice inside its voids. Freeze-drying itself is realized with temperatures
and pressures well below the triple point of water. The energy required for the sublimation of water ice is
usually provided by contact of the frozen materials with the shelf or IR radiation. The heat is then transferred
between the shelf and the sublimation interface via thermal conduction through the porous matrix. The heat
conduction depends strongly on the porosity of the material and the fraction of (well heat conducting) water
ice. However, when using microwaves as an alternative heat source, more homogeneous temperature
distribution can be achieved and the heat be provided at the sublimation front, potentially reducing heat transfer
limitations. The electromagnetic waves are especially absorbed by the solid, imposing again a dependency on
the porous structure of the material [2].
In order to achieve a thorough understanding of the interaction of the dielectric heating with the porous
products, we have developed a pore-level simulation approach that incorporates X-ray computer tomography
(µ-CT) image data, similarly as in Faber et al. [3]. Of significant importance for the simulation is the
parameterization of the model with reliable data of the dielectric loss factor, which is experimentally
determined with a customized dielectric kit from Püschner Microwave Power Systems, Germany.
The simulated dielectric properties are compared to experiments, using exactly the same samples. The results
are evaluated and the potentials and limitations of the new approach are discussed.

[1] Duan, X., Zhang, M., Mujumdar, A. S., &Wang, R. (2010). Trends in Microwave-Assisted Freeze Drying of Foods. Drying
Technology, 28(4), 444–453. https://doi.org/10.1080/07373931003609666
[2] Kalinke, I., Pusl, F., Häderle, F., & Kulozik, U. (2023). A comparative study of frequency-shifting strategies for uniform and
energy-efficient microwave heating in solid-state microwave systems. Innovative Food Science & Emerging Technologies, 86, 103388.
https://doi.org/10.1016/j.ifset.2023.103388
[3] Faber, F., Vorhauer-Huget, N., Thomik, M., Gruber, S., Först, P., & Tsotsas, E. (2025). Pore-scale study of coupled heat and mass
transfer during primary freeze-drying using an irregular pore network model. Drying Technology, 43(1–2), 162–182.
https://doi.org/10.1080/07373937.2024.2407062
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MICROWAVE PLASMA PYROLYSIS OF METHANE: THE EFFECT OF
ACETYLENE AND HYDROGEN COFEEDING

Gregory Facas* (1), Ilva Lazdina (1), Panayotis Dimopoulos Eggenschwiler (1)
(1) Empa, Swiss Federal Laboratories for Materials Science and Technology

Microwave plasma pyrolysis of methane (CH4) is a promising approach for hydrogen (H2) and valuable solid
carbon production. However, process efficiency is often limited by the formation of acetylene (C₂H₂), a common
byproduct that reduces both H₂ and solid carbon yield. Recycling of C₂H₂ or other products during the process
could be a route to enhancing both gas product quality and solid carbon formation [1,2]. To investigate this, the
effects of cofeeding C₂H₂ and H₂ with CH₄ were studied in a 2.45 GHz microwave plasma reactor operated at
atmospheric pressure. Experiments were conducted using C₂H₂:CH₄ feed ratios up to 1:1, H₂:CH₄ ratios ranging
from 1:2 to 4:1, and ternary C₂H₂:H₂:CH₄ mixtures. Gas-phase products were analyzed using gas chromatography,
while solid carbon was characterized via electron microscopy to assess morphology and deposition behavior.
Preliminary results indicate that C₂H₂ cofeeding influences carbon morphology and deposition rates, while H₂
enrichment affects hydrocarbon selectivity and overall energy efficiency. The interplay between these feed
compositions provides insights into optimizing CH₄ pyrolysis for improved hydrogen yield and carbon product
characteristics.

[1] 1.	Kreuznacht S, Purcel M, Böddeker S, Awakowicz P, Xia W, Muhler M, et al. Comparison of the perfor-mance of a microwave
plasma torch and a gliding arc plasma for hydrogen production via methane pyrolysis. Plasma Processes and Polymers 2023;20.
https://doi.org/10.1002/ppap.202200132
[2] 2.	Sánchez-Bastardo N, Schlögl R, Ruland H. Me-thane Pyrolysis for Zero-Emission Hydrogen Produc-tion: A Potential Bridge
Technology from Fossil Fuels to a Renewable and Sustainable Hy-drogen Economy. Ind Eng Chem Res 2021;60:11855–81.
https://doi.org/10.1021/acs.iecr.1c01679.
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MICROWAVE OVEN UNIT FOR USE IN PET BOTTLE MANUFACTURING

Alexander Feigl* (1), José Manuel Catalá Civera (2), Beatriz García Baños (2), Pedro Jose Plaza
González (2)
(1) Krones AG, (2) Universitat Politècnica de València

In the beverage industry, heating PET preforms is the most energy-intensive process in the production of
plastic bottles. Traditionally this is achieved using high-power infrared lamps, which emit their energy across a
broad wavelength spectrum, leading to significant inefficiencies as much of the output is wasted rather than
effectively heating the target material.
Microwave technology, in contrast, enables direct energy application to the material, allowing for rapid heating
and significantly reducing both time and energy consumption. This results in a drastic increase in energy
efficiency, among other benefits.
In this work, we introduce a complete microwave system capable of producing up to 100,000 bottles per hour
with more than double the efficiency of traditional infrared technology. Additional advantages intrinsic to
microwave heating are also described including volumetric heating instead of surface heating, leading to more
uniform temperature distribution.
Due to the characteristics of the target material, a specialized resonant cavity and high-quality input signals are
required. Adjustable dielectric slabs, serving as near-field focusing lenses inside a microwave applicator, allow
precise control over field distribution and temperature profiles along the preforms [1].
The widespread adoption of microwave heating in PET bottle production could significantly reduce global
energy consumption, making the process both more economical and environmentally sustainable.

[1] 1.	García-Baños B., Plaza-González P., Sánchez J.R., Peñaranda-Foix F.L., Catalá-Civera J.M. et al. (2021). Focusing dielectric slabs
for the optimization of heating patterns in single mode microwave applicators. Applied Thermal Engineering 201.
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MICROWAVE HEATING AS AN ENERGY-EFFICIENT ROUTE FOR WASTE 
VALORISATION AND CARBON CAPTURE 

Claudia Fernández Martín* (1), Emmanuel  Dan (1), Simbarashe  Biti (1), Alan McCue (2), Ines 
Graça (1), Davide Dionisi (1) 
(1) School of Engineering, University of Aberdeen, AB24 3UE, Aberdeen, United Kingdom, (2) Department of Chemistry, 
University of Aberdeen, AB24 3UE, Aberdeen, United Kingdom 

The production of cost-effective and sustainable CO2 adsorbents from plastic wastes is crucial for both carbon 
capture and plastic pollution mitigation [1].  Activated carbons (ACs) are attractive sorbents due to their low 
cost, tunable porosity, and potential to be derived from renewable and waste materials, thus coupling carbon 
capture with circular economy benefits [2]. However, conventional thermal activation (600–900 °C, ≥1 h) is 
highly energy-intensive. This work integrates three complementary studies from our group demonstrating 
microwave-assisted activation (MA) as an energy-efficient alternative for producing sustainable ACs from 
diverse waste precursors: cellulose, PET, and household mixed plastics. 
First, cellulose-based chars (from microcrystalline and alpha cellulose) were activated both conventionally at 
600 °C and via microwave heating at 400 °C. Both routes yielded highly microporous sorbents, but microwave-
prepared ACs achieved superior CO₂ uptake (up to 1.73 mmol/g) compared to conventionally produced sorbents 
(up to 1.50 mmol/g) and even commercial Norit R (1.58 mmol/g), despite being produced at 200°C lower 
temperature. This highlights the efficiency of microwave interfacial heating in enhancing narrow pores 
development. 
Second, the influence of microwave activation time was studied using PET-derived chars impregnated with 
KOH. Remarkably, a 5-minute activation produced ACs with the best balance of yield and CO₂ uptake, 
outperforming longer activation times necessary using conventional heating in a furnace. These ACs displayed 
excellent cyclic stability over ten adsorption–desorption cycles, with a stable working capacity (1.67 mmol CO2 

/g) [3], surpassing commercial Norit R benchmark. Shorter activation time therefore emerged as a promising 
strategy to minimize energy input without sacrificing performance. 
Finally, this methodology was extended to real household mixed plastics (LDPE, HDPE, PP, PS, PET). 
Microwave activation (400 °C, 5 min) produced adsorbents (MP-MA) with superior textural properties than 
MP-CA: SBET: 484 vs 311 m²/g; micropore volume: 0.19 vs 0.10 cm³/g; higher equilibrium CO₂ uptake: 2.37 vs. 
1.66 mmol/g; and greater CO₂/N₂ selectivity (31–53 vs. 26–38). Importantly, energy consumption for microwave 
activation was over 80% lower than furnace activation (0.19 vs. 0.98 kWh), further demonstrating a substantial 
operational advantage. 
Together, these studies show that microwave activation enables the production of sustainable, high-
performance adsorbents from both biomass and plastic wastes. This approach not only advances carbon capture 
technologies but also contributes to waste valorisation and energy savings, directly addressing climate and 
environmental challenges. 

[1] Pérez-Huertas S. et al. (2023). On the use of plastic precursors for preparation of activated carbons and their evaluation in CO2 
capturefor biogas upgrading: a review.  Waste Management 161, 116–141. 
[2] Malini K. et al. (2023). Activated carbon from biomass: preparation, factors improving basicity and surface properties for 
enhancedCO2 capture capacity: a review. Journal of CO₂ Utilization 67, 102318. 
[3] Dan E. et al. (2024).  Influence of microwave activation time on yield and CO₂ uptake of PET-derived adsorbents. Journal of CO₂ 
Utilization 83, 102807. 
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SOLID-STATE MICROWAVE GENERATORS FOR ADVANCED TISSUES
ABLATION

Marco Fiore* (1), Fabio Lobascio (1), Nicola Di Modugno (1), Tommaso De Nicolo (1), Cristian
Bruno (1), Rocco Di Modugno (1), Amandine Guissart (2)
(1) LEANFA Srl, (2) Muegge GmbH, Reichelsheim, Germany

Mini-invasive techniques are increasingly contributing to effective and economically sustainable clinical
procedures for cancer treatment [1], arrhythmia [2], benign tumours [3], chronic pain [4] and other clinical
needs [5] [6]. In particular, microwave (MW) ablation, boosted by the availability of solid-state generators, is
providing an accurate way of delivering very controlled necrosis of pathogenic tissues by means of precisely
spatially confined thermal profiles. The treatment is enabled by the use of percutaneous needles or flexible
catheters that doctors, optionally supported by navigators or robots, accurately place into the patient’s body to
conveniently exploit the dielectric heating effect, ultimately governed by software-driven MW generators.
Despite radiofrequency ablation already represents a consolidated mini-invasive clinical technique since ‘90s,
MW ablation is progressively proving to be a faster technique that can be more efficient to treat larger tumours.
An experimental setup with a 250W 2450MHz solid-state microwave generator driving laboratory probes,
governed by a software platform with capability to control radiation mode (CW or pulsed), power level,
frequency and phase of the radiated signal was used to show the accuracy and repeatability of the ablation
effect with ex-vivo tissues [7]. The ablation procedure was controlled by algorithms conceived around
real-time feedback coming from RF and DC measurements of the MW generator, and from temperature sensors
embedded in the probes.
The experiments, conducted with the solid-state generator and the laboratory probes, demonstrated the
capability to generate circumscribed ablation patterns in a repeatable way, safeguarding healthy tissues
surrounding the necrotized ones. Moreover, correlation of the ablation shapes and sizes with power, radiation
waveforms, probes cooling temperature, tissues type and treatment time was shown, generating useful
benchmarks for advanced ablation treatments of in-vivo tissues.

[1] G. Carrafiello, D. Laganà, M. Mangini, et al. “Microwave tumors ablation: principles, clinical applications and review of preliminary
experiences.”, International journal of surgery, London, England, vol. 6, Suppl 1, p. 65-69, Dec. 2008.
[2] W. Wisser, C. Khanzen, E. Deviatko, et al. “Microwave and radiofrequency ablation yield similar success rates for treatment of chronic
atrial fibrillation.”, European journal of cardio-thoracic surgery: official journal of the European Association for Cardio-thoracic Surgery,
vol. 25(6), p.p. 1011-1017, Jun. 2004.
[3] J. Reis, Y. Chang, A.K. Sharma “Radiofrequency ablation vs microwave ablation for osteoid osteomas: long-term results.”, Skeletal
radiology, vol. 49(12), p.p. 1995-2000, Dec. 2020.
[4] D.K. Filippiadis, S. Yevich, F. Deschamps, J.W. Jennings, S. Tutton, A. Kelekis “The Role of Ablation in Cancer Pain Relief.”, Current
oncology reports, vol. 21(12), p. 105, Nov. 2019
[5] L. Bennardo, I. Fusco, C. Cuciti, et al. “Microwave Therapy for Cellulite: An Effective Non-Invasive Treatment.”, Journal of clinical
medicine, vol. 11(3), p. 515, Jan. 2022.
[6] S.J. Goodyear, I.K. Nyamekye “Radiofrequency ablation of varicose veins: Best practice techniques and evidence.”, Phlebology, vol.
30, Suppl 2, p.p. 9-17, Nov. 2015.
[7] Lobascio, F.; Di Modugno, R.; Fiore, M.; Di Modugno, N.; Bruno, C.; De Nicolo, T.; Barberis, R.V.; Cabiale, K.; Radoiu, M.
Microwave and Radiofrequency Ablation: A Comparative Study between Technologies in Ex Vivo Tissues. Drugs Drug Candidates 2024,
3, 550-565
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SCALING UP CARBON-RECYCLED SILICON CARBIDE SYNTHESIS:
EFFECTIVE USE OF INDUSTRIAL WASTE AND CARBON DIOXIDE

Jun Fukushima* (1), Keiichiro Kashimura (2), Hirotsugu Takizawa (1)
(1) Tohoku University, (2) Chubu University

Industrial waste recycling technology is an urgent issue for the realization of a circular economy. In particular,
a technology to synthesize silicon carbide (SiC), a high value-added material, by effectively utilizing silicon
sludge (Si) discharged from the semiconductor industry and carbon dioxide (CO2), which causes global
warming, will contribute to both reduction of environmental impact and resource recycling. In this study, the
SiC synthesis process using CO2 and Si sludge as raw materials was scaled up using a continuous microwave
furnace with a scale of several hundred kilograms per day to accelerate the process toward social
implementation. In the experiment, 4 kg of Si sludge was subjected to microwave irradiation up to 36 kW while
being sprayed with more than 99% high-purity CO2. Consequently, the Si sludge reached a high temperature
within approximately 8 min after the start of the reaction, and an exothermic reaction was clearly observed.
Thermographic observation showed that the exothermic area gradually expanded. X-ray diffraction (XRD)
analysis revealed broad peaks derived from SiO2, in addition to the peaks of SiC and unreacted Si. Repeated
pulverization increases the amount of reacted SiC. These results indicate that the combustion synthesis reaction
confirmed at the laboratory scale and bench scale was maintained after scale-up. These results suggest that SiC
synthesis using silicon sludge and carbon dioxide as raw materials is feasible on an industrial scale. This
research is expected to contribute to the effective utilization of industrial waste and the establishment of CO2
resource conversion technology, thereby contributing to the realization of a sustainable society.
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TRANSFORMATION OF IRON-BEARING OILY WASTES DURING
MICROWAVE HEATING 

Beatriz Garcia-Baños* (1), Beatriz López-Buendía (2), Eduardo Brau (2), Susanne Bethlehem-Seidel
(3), Kersten Marx (4), José M Catalá-Civera (1)
(1) ITACA Institute, Universitat Politècnica de València, Camino de Vera s/n, 46022, Valencia, Spain, (2) CEINNMAT,
INNCEINNMAT SL, Catedratico Agustin Escardino, 9 46980-Paterna, Valencia, Spain, (3) Dillinger Hüttenwerke,
Germany, (4) BFI, VDEh-Betriebsforschungsinstitut, Dusseldorf, Germany

In addition to raw materials like iron ore and scrap, recycling of iron-containing by-products like e.g. scale,
dust, sludge and fines are forming the base of ore-based iron and steel production. Due to the transition from
carbon-based to  low-CO2-steel production, most current production units such as sinter plant, blast furnace
and basic oxygen furnace will be replaced by the direct reduction process (DR) followed e.g. by the electric arc
furnace (EAF). As a result, the current recycling routes for these iron-containing by-products will be cut off
and the demand for high quality DR pellets and high-quality scrap will rise, becoming a critical factor. In
comparison, the current scrap-based steel production (EAF) still results in huge amounts of landfill for these
by-products.
The specific potential of the TransZeroWaste project (EU-HE-ID:101091960) is to develop new recycling
technologies for iron containing by-products including those of new low CO2-steel production routes And for
low-quality ores and fines.
Recycling iron-bearing oily wastes is an additional challenge due to the huge complexity  for recycling
processes in the current and the new low CO2-steel production. However, microwave technology offers
alternative routes of pelletization of iron-bearing waste for processes of low-CO2- and “Net-ZeroWaste”-
transformation. Microwave techniques is used for hot agglomeration of upgraded iron ore as well as for
separation of interfering components such as e.g. oil or zinc.
In this project the mineral transformation based on the characterization technique MicroWave Dielectric
Thermal Analysis (MW-DETA) of the oily and associated wastes has been studied. This technique is suitable
for examining small samples (few grams), providing a typical accuracy range of ± 3-10% and allow to identify
the main transformation affected by dielectric properties.
MW-DETA shows the transformation of de-watering, de-oiling, as well as the reduction of iron oxides in
reduced phases and agglomeration when heated with microwave at high temperature from a “waste” to
valuable pelletized iron-baring raw material for DR- and EAF-processes.
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ENHANCED SYNTHESIS OF UPCONVERSION NANOPARTICLES VIA
MICROWAVE IRRADIATION

Beatriz García-Baños* (1), Jose D. Gutiérrez-Cano (1), Nestor Estebanez (2), Angel M.
López-Buendía (2), Julia Pérez-Prieto (3), Jose M. Catalá-Civera (1)
(1) ITACA Institute, Universitat Politècnica de València, Camino de Vera s/n, 46022, Valencia, Spain, (2) CEINNMAT,
INNCEINNMAT SL, Catedratico Agustin Escardino, 9 46980-Paterna, Valencia, Spain, (3) Institute of Molecular Science,
University of Valencia, c/Catedrático José Beltrán Martínez 2, 46980 Paterna, Valencia, Spain

Rare-earth (RE)-doped upconversion luminescent nanoparticles (UCNPs) are versatile nanomaterials attracting
growing interest due to their potential in diverse fields, including solar energy conversion, biomedical imaging,
photodynamic therapy, targeted drug delivery, thermal sensing, optical data storage, and more [1]. The
synthesis of these nanoparticles is traditionally carried out through methods such as co-precipitation, thermal
decomposition, solvothermal processing, emulsification, and sol-gel techniques. However, these approaches
often involve extreme conditions, such as high temperatures, elevated pressures, complex processing steps, or
extended reaction durations. Such demanding conditions significantly influence key properties of the resulting
nanoparticles, including their yield, size distribution, phase purity, and structural morphology, which in turn
affect their optical performance. These limitations present obstacles to their broader application and make
large-scale production for industrial use challenging.
Microwave-assisted methods provide a highly efficient route for synthesizing UCNPs, as this technique
accelerates the process and enhances energy efficiency and sustainability [2]. Despite these advantages, most
existing research has been conducted using general-purpose multimode microwave applicators, which are
primarily designed for small-scale laboratory experiments and may not be suitable for larger-scale production
[3].
This work introduces a novel single-mode microwave applicator specifically designed to efficiently heat
solvents while ensuring a highly uniform temperature distribution within the reaction mixture. Unlike previous
setups, this system operates in a semi-continuous mode, optimizing energy delivery based on the dielectric
properties of the reactants. The precise control over rapid heating ramps facilitates instantaneous and uniform
nucleation, leading to faster nanoparticle growth and improved size consistency.
In summary, this innovative microwave applicator enables the production of UCNPs with superior uniformity,
efficiency, and reproducibility compared to traditional synthesis techniques. Additionally, its design makes it a
promising candidate for scaling up production to meet industrial demands.

[1] Kumar V., Ayoub I., Swart H.C., Sehgal R. (2023). Upconversion Nanoparticles (UCNPs) for Functional Applications. Progress in
Optical Science and Photonics X, 489.
[2] Nannuri S.H., Singh S., Misra S.K., Santhosh C., George S.D. (2022). Microwave-assisted synthesis and upconversion luminescence of
NaYF4:Yb, Gd, Er and NaYF4:Yb, Gd, Tm nanorods. Methods and Applications in Fluorescence 10, 024004.
[3] Andresen E., Islam F., Prinz C. (2023). Assessing the reproducibility and up-scaling of the synthesis of Er,Yb-doped NaYF4-based
upconverting nanoparticles and control of size, morphology, and optical properties. Scientific Reports 13, 2288.
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INNOVATIVE MICROWAVE-BASED APPROACH FOR
ENERGY-EFFICIENT DRYING OF CERAMIC TILES

Beatriz García-Baños (1), Ángel M. López-Buendía* (2), Mar Urquiola (2), Eduardo Brau (2), Jose
M. Catalá-Civera (1)
(1) ITACA Institute, Universitat Politècnica de València, Camino de Vera s/n, 46022, Valencia, Spain, (2) CEINNMAT,
INNCEINNMAT SL, Catedratico Agustin Escardino, 9 46980-Paterna, Valencia, Spain

During the manufacturing process of ceramic tiles, drying the freshly pressed pieces accounts for
approximately 8–10% of the total thermal energy consumption. Tiles formed through semi-dry uniaxial
pressing retain about 5–7% of their weight in moisture, which must be removed before proceeding to glazing
and decoration. At present, conventional drying methods rely on either vertical or horizontal dryers equipped
with gas burners, utilizing air convection for moisture removal. The duration of the drying process varies
significantly—ranging from 25 to 120 minutes—depending on factors such as the tile’s composition,
dimensions, thickness, and the specific type of dryer employed.
Although microwave technology is considered one of the most promising advancements in this field, it has yet
to be fully developed for industrial-scale applications. Its limited adoption and experimentation can be
attributed to challenges associated with multimode microwave systems, which tend to create localized
overheating and excessive vapour pressure within the material’s pores, potentially leading to cracks and
structural damage [1,2].
This research introduces a rapid yet controlled drying method based on microwave technology, designed to
efficiently remove moisture from freshly pressed ceramic pieces while preventing localized overheating and
excessive internal pressure. Drying experiments were conducted using a specialized microwave setup that
ensured uniform exposure to the electromagnetic field along the length of the material, with controlled
variation across its width. Specifically, a conveyor belt microwave system operating at 2.45 GHz was utilized,
featuring a 2-meter-long applicator and a filtering system to prevent radiation leakage. To track surface
temperature during the drying process, pyrometric sensors were installed for real-time monitoring.
Additionally, the research included an analysis of the dielectric properties of ceramic materials commonly used
in tile production, with the microwave fixture described in [3]. Temperature distribution was assessed using an
infrared camera immediately after the drying process, while the dried samples were further evaluated to
determine their ceramic properties.
Funding. This research was funded by the European Union’s Horizon Europe Innovation Actions programme
under grant agreement number 101192990.

[1] Jung S., Kwak J.H., Han S.M. (2021). Guided-wavelength-controlled dynamic microwave heating in a near-cutoff waveguide. Applied
Thermal Engineering 188, 116630.
[2] Yang B., Zhao Z., Wu Z., Liu S., Yang Y., Liu B. (2024). Research on the optimization of the temperature field distribution of a
multi-source microwave agent system based on event-triggered, Chemical Engineering and Processing - Process Intensification 198,
109727.
[3] García-Baños, B., Catalá-Civera, J.M., Peñaranda-Foix, F.L., Canós, A.J., Sahuquillo-Navarro, O. (2012). Microwave sensor system for
continuous monitoring of adhesive curing processes. Measurement Science and Technology 23, 035101.
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A BROADBAND VERSATILE EXPOSURE SYSTEM FOR DIELECTRIC
SPECTROSCOPY APPLICATIONS

Amir Ghassabi* (1), Alessandra  Paffi (1), Francesca Apollonio (1), Micaela Liberti (1)
(1) Dept. of Information Engineering, Electronics and Telecommunication, Sapienza University of Rome, Rome, Italy

This work presents the numerical and experimental characterization of a broadband exposure system for
dielectric spectroscopy applications [1,2]. The system is based on a grounded coplanar waveguide (GCPW),
modeled in COMSOL Multiphysics, incorporating transitions to 50-ohm coaxial lines to ensure proper
impedance matching [1,2]. S-parameters (S11, S21) were measured and analyzed across different
configurations, including the empty device and the device loaded with a modified 35 mm Petri dish, filled with
different liquid samples (distilled water and physiological solution) at varying volumes (78 µL, 100 µL, 1 mL,
and 2 mL). The simulations provided insights into the system’s response, demonstrating its capability to
accurately differentiate between different dielectric properties.
 To validate the simulation results, experimental measurements were conducted using a Vector Network
Analyzer (VNA) in the frequency range from 50 MHz up to 4 GHz. Initially, the empty device was tested to
confirm its stability and ensure that its response closely matched the simulations. The next step involved
measurements with an empty Petri dish, followed by repeated measurements incorporating liquid samples at
different volumes. A modified 35 mm Petri dish, featuring a small well at its center, was introduced to achieve
the lowest possible measurable volume, allowing for improved sensitivity and precision in dielectric
discrimination. The measurements showed strong agreement with simulations, confirming the device’s
reliability in capturing frequency-dependent variations in dielectric properties.
 Preliminary results demonstrated that the system effectively differentiates between the empty device, the
device with an empty Petri dish, and the device with liquid samples. When the Petri dish was filled with higher
liquid volumes (1 mL and 2 mL), distinct variations in S11 and S21 parameters were observed in the 2–3.5
GHz frequency range, depending on the type of liquid used. These results indicate the potential of the system
for detecting subtle dielectric contrasts, reinforcing its suitability for biomedical and diagnostic applications.
 This research lays the foundation for future developments in dielectric spectroscopy, particularly in detecting
and analyzing biological materials with high sensitivity. The next phase of this work will focus on using the
system for the inactivation of viruses and living cells, further enhancing its applications in biomedical research
and diagnostics.

[1] A. Paffi, A. Banin, A. Denzi, M. Casciola, M. Liberti, F. Apollonio, “Broadband coplanar system for in vitro experiments”, Proceedings
of European Microwave Conference in Central Europe, EuMCE 2019, May 2019, Article number 8874842, Pages 639-642.
[2] M. Casciola, S. Xiao, F. Apollonio, A. Paffi, M. Liberti, C. Muratori, A. G. Pakhomov, “Cancellation of nerve excitation by the reversal
of nanosecond stimulus polarity and its relevance to the gating time of sodium channels”, Cellular and Molecular Life Sciences, vol. 76, n.
22, pp. 4539-4550, Nov. 2019.
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NUMERICAL INVESTIGATION OF THE DEPOLARIZATION FACTOR TO  
IMPROVE THE MEASUREMENT OF THE ELECTRICAL PARAMETERS OF 
MATERIALS 

Khawla Ghorab (1), Junwu Tao* (2), Rawdha Thabet (1), Mohamed Lahdi Riabi (1), Tan Hoa Vuong(2) 
(1) University Frères Mentouri Constantine, Algeria, (2) Toulouse INP -ENSEEIHT/LAPLACE, France 

The application of power microwaves in materials processing and other industrial fields is based on the 
interactions between electromagnetic waves and materials. The more accurate knowledge possible of the 
permittivity and permeability of materials is essential in the design of applicators as well as in the control and 
command processes. One of the most well-known methods of characterization is that of microwave resonant 
cavities. Under small perturbation conditions, fairly accurate estimates of the complex permittivity as well as 
the complex permeability can be obtained using the resonance frequency deviation and the change of the 
quality factors. In the case of a non-magnetic material, the classical perturbation formula relates the change of 
the complex resonance frequency to electric field inside the sample under test. 
The importance of the depolarization factor in the characterization of a dielectric or magnetic material is 
demonstrated. Its evaluation depends on both the shape of the sample and the external electromagnetic fields. 
Much work has been done for ellipsoid-shaped samples in a static electric (or magnetic) field with linear 
polarization. In the case of a spheroid approximate, analytical expressions are available. These expressions are 
widely used in cylinder or disc shaped samples. Numerical models have been developed by J. Venermo and A. 
Sihvola and D. Chen et al. to establish corrective functions of a cylinder sample with respect to the ellipsoids 
as a function of both susceptibility c and the length to diameter ratio t  by solving numerically the Laplace 
equation in magnetostatics or electrostatics. In the case of a cylinder, we show the deviation of the 
depolarization factor with respect to the ellipsoid approximation for two values of susceptibility. A significant 
deviation is observed especially for long cylinder bars with a high susceptibility. Cylindrical shaped alumina 
samples placed in a cylindrical cavity in TM010 resonance mode were investigated by the cavity perturbation 
method. The results show the relative permittivity extracted using the three depolarization factor models 
respectively, and the imaginary part as a function of the sample length to diameter ratio (t =l/d). As expected, 
the results obtained differ depending on the model of the depolarization factor used. However, all three are 
based on the static theory and we know that the behavior of electric and magnetic fields changes according to 
frequencies, especially with higher frequency and high susceptibility. 
We consider a thorough study of the depolarization effect when a sample is placed inside a cylindrical resonant 
cavity. We place ourselves in a TM010 resonance perturbed by the presence of a cylindrical sample with two 
values of length to diameter ratio. A calculation of the depolarization factor as a function of the length to 
diameter ratio and the susceptibility based on the resolution of Maxwell’s equations will be proposed and 
compared to those obtained by the resolution of the Laplace equation. 
 
[1] A. C. Metaxas, R. J. Meredith, Industrial microwave heating, The Institution of Engieering and Technology, 1988 
[2] W. K. Gwarek and M. Celuch-Marcysiak, "A review of microwave power applications in industry and research," 15th Int. Conf. on 

microwave, radar and wireless communications, Warsaw, Poland 2004. pp. 843-848 
[3] Montgomery Baker‑Fales et al., Scientific Reports, 2023 
[4] A.  Parkash,  J.  Vaid,  and  A.  Mansingh,  “Measurement  of  dielectric parameters at microwave frequencies by cavity-perturbation 

technique,” IEEE  Trans.  Microw.  Theory  Techn.,  vol.  27,  no. 9,  pp. 791–795, Sep. 1979 
[5] S. B. Jones and S. P. Friedman, “Particle shape effects on the effective permittivity of anisotropic or isotropic media consisting…..” Water 

Resour. Res., vol. 36, no. 10, pp. 2821–2833, 2000 
[6] J. Venermo, A. Sihvola, "Dielectric polarizability of circular cylinder, " Journal of Electrostatics (2005) pp.101–117 
[7] D.-X. Chen et al, “Demagnetizing Factors for Cylinders,” IEEE  Trans. Magnetics,  Vol.  21,  NO.  4,  July   1991 
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MORPHOLOGY-DEPENDENT DIELECTRIC RESPONSE OF 6H–SIC 
UNDER MICROWAVE HEATING 

Sofia N. Gonçalves* (1, 2), Felipe L. Peñaranda-Foix (1), Reyes Mallada-Viana (3), José D. 
Gutiérrez-Cano (1), Beatriz García-Baños (1), Pedro Plaza-González (1), José M. Cátala-Civera (1) 
(1) ITACA Institute, Universitat Politecnica de Valencia, Spain (2) IDMEC, Instituto Superior Técnico, Universidade de 
Lisboa, Portugal (3) Instituto INMA, CSIC-Universidad de Zaragoza, Spain 
 
Silicon carbide (SiC) is a material with high thermal conductivity, chemically stable and with a strong 
microwave (MW) absorption, making it well suited for high-temperature and MW-assisted catalytic or sensing 
processes. When 6H-SiC particles are heated under conventional resistive heating (CRH), thermally stimulated 
luminescence (TL) peaks appear near ~130 °C and a stronger, more stable near ~250 °C, likely linked to 
intrinsic or dopant-related defect centres. These effects arise from charge carriers released from traps during 
heating, which then recombine to emit light [1]. Under MW heating, 6H-SiC particles show increasing 
dielectric loss above 800ºC across a wide frequency range (up to 13.5 GHz), indicating strong energy coupling 
at high temperatures. Additionally, beta-SiC transforms to alpha-SiC from ~1100 °C – well below the ~2000 °C 
required under conventional heating, suggesting non-equilibrium energy transfer [2]. Both studies highlight 
that MW and TL responses are influenced by particle size, due to surface area, absorption depth, and energy 
dissipation characteristics. 
Morphology-dependent MW absorption and non-equilibrium energy transfer in SiC were explored using 6H-
SiC in three distinct formats: a cylindrical rod, a cylindrical monolith, and a packed cylinder of ~0.5 mm 
particles. Each sample was exposed to electromagnetic heating within the cylindrical MW cavity resonator 
described in [3]. Temperature evolution was either passively driven (via manual bandwidth adjustments) or 
actively controlled using PID-feedback (fixing dT/dt=0.3ºC/s). All measurable variables provided by the 
system in [3] were extracted in real time during heating, enabling a comparative analysis on how geometric 
formats may influence the onset of nonuniform energy absorption in 6H-SiC. 
Results show that the dielectric properties (e’ and e”) are strongly dependent on sample morphology. The 
monolith and rod samples exhibit similar orders of magnitude in their dielectric properties, yet evolve 
differently with temperature under identical MW heating rates. The explicit modelling of electro-thermal 
interactions across multi-domain systems in [4] suggests that the structural complexity of the monolith may 
induce spatial feedback between the electromagnetic field and thermal response, potentially explaining its 
distinct property evolution. The rod – having a more uniform structure – shows that e’ and e” begin to diverge 
around ~250°C when comparing controlled versus free heating conditions, although both follow a similar trend 
with temperature. Granular SiC displays a deviation in e” between ~220 °C and ~520 °C across heating 
conditions, after which the values converge again. These findings suggest morphology-driven field-material 
decoupling under MW heating. The differences in dielectric behaviour observed between heating conditions 
may not be purely thermal, but could instead reflect MW-induced carrier delocalisation over a broader and 
more persistent temperature range than observed under CRH in [1], and/or electromagnetic field–material 
feedback effects [2, 4]. 

[1] H. Toktamiş and P. O. Hama, Applied Radiation and Isotopes, vol. 148, pp. 138-146, 2019, doi:10.1016/j.apradiso.2019.03.036. 
[2] H. Sugawara, K. Kashimura, M. Hayashi, S. Ishihara, T. Mitani, and N. Shinohara, Applied Physics Letters, vol. 105, no. 3, p. 
034103, 2014, doi:10.1063/1.4890849.  
[3] J. M. Catalá-Civera, A. J. Canós, P. Plaza-González, J. D. Gutiérrez, B. García-Baños, and F. L. Peñaranda-Foix, IEEE Transactions 
on Microwave Theory and Techniques, vol. 63, no. 9, pp. 2905–2914, Sep. 2015, doi:10.1109/TMTT.2015.2453263. 
[4] S. N. Gonçalves, D. M. S. Albuquerque, and J. C. F. Pereira, , Journal of Cleaner Production, vol. 467, p. 142912, 2024, 
doi:10.1016/j.jclepro.2024.142912. 
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INFLUENCE OF ELECTROSTATIC FIELD ON OPTICAL ROTATION OF
D-GLUCOSE SOLUTION: EXPERIMENTAL RESEARCH FOR
MICROWAVE NON-THERMAL EFFECT

Dezhi Gou* (1)
(1) China West Normal University

At present, the effects of environmental microwave irradiation on the metabolism of organisms have attracted
extensive attention, but the mechanism of the microwave non-thermal effect is still not clear. In order to
eliminate the influence of thermal effect, electrostatic field is applied to chiral solution system to confirm the
existence of non-thermal effect. D-glucose plays an important role in the metabolism of organisms. In this
work, the change in the optical rotation of D-glucose solution under an electrostatic field is measured
experimentally. The experimental results show that the electrostatic field can alter the optical rotation of
D-glucose solution at different temperatures. Under the different strengths of electrostatic field, the specific
rotation of D-glucose solution increases at different temperatures; the maximum increase can reach 2.07%,
but the effect of temperature and electric field strength on the rotation increment is nonlinear and very
complex. Further, it turns out that the proportion of α-D-glucose in solution increases by up to 3.25% under the
electrostatic field, while the proportion of β-D-glucose decreases by as much as 1.75%. The experimental study
confirms that electrostatic field can change the proportion of two conformation molecules in D-glucose
solution, which can provide a novel evidence of the microwave non-thermal effect.

[1] Guo Q.L., Gou D.Z., Zhao C.X., Ma Y., Chen C.J., Zhu J.X. (2024). Influence of Electrostatic Field on Optical Rotation of D-Glucose
Solution: Experimental Research for Electric Field-Induced Biological Effect. Molecules, 29, 4898.

Scientific Research Abstracts
Vol. 16, p. 46, 2025
ISSN 2464-9147 (Online)
Microwawe - AMPERE 2025
© Author(s) 2025. CC Attribution 3.0 License



MICROWAVE-ASSISTED COMBUSTION SYNTHESIS OF
INTERMETALLIC COMPOSITES FROM RECYCLED POWDERS

Eva Magdalena Gualtieri* (1), Elena Colombini (2), Paolo Veronesi (2)
(1) Department of Engineering "Enzo Ferrari", University of Modena and Reggio Emilia, (2) Università degli Studi di
Modena e Reggio Emilia - Dipartimento di Ingegneria "Enzo Ferrari" - Via Vivarelli 10 - 41125 - Modena (Italy)

This work deals with the synthesis of intermetallic composites using spent powders from additive
manufacturing as raw materials and microwave energy for ignition of combustion synthesis reactions. The
powders derives from laser powder bed fusion (LPBF) manufacturing of components for automotive in
nickel-based super alloys (Inconel 625) and lightweight aluminum (AlSi10Mg) and titanium (Ti6Al4V) alloys.
The powders were combined in two different systems, primarily composed of NiAl and TiAl, with minor
additional metals and metalloids introduced from the powders themselves giving the possibility to obtain
interesting intermetallic composites and alloying of the main nickel and titanium aluminides. Exhaust powders
in LPBF processing derives from sieving operations between builds and from periodical discharge of the
powder bed. Although slightly physically and chemically altered, these powders are still of high quality and
disposal in waste plants must be considered an important loss of both valuable raw materials and energy
embedded in small particles synthesized by energy-intensive gas atomization. Combustion synthesis is an
energetically convenient way of obtaining engineering materials as the energy input is limited to ignition of
highly exothermic reactions that become self-sustained. The energy-efficiency is further enhanced by using
microwave heating for ignition as heating is localized and fast. In summary, the combination of recycled raw
materials with microwave ignition of self-sustained combustion synthesis reactions offers a highly
energy-efficient method for producing engineering-grade intermetallic materials. In this work, nickel and
titanium aluminides were obtained by blending powders in a rotary mixer followed by uniaxial pressing and
microwave ignition of combustion synthesis reactions. Molar proportions between Ni, Ti and Al varied in the
range 40-60 mol%. Reactions were triggered by microwave heating using a single mode applicator (rectangular
waveguide geometry, WR340) in conjunction with a solid state generator (200 W 2450 MHz from Leanfa). The
reactive powder compacs were placed on a silicon carbide plate inside the microwave applicator where it acted
as co-absorber that rapidly heated the sample to ignition temperature. The resulting samples were thoroughly
characterized by scanning electron microscopy in conjunction with energy dispersive spectroscopy (SEM-EDS)
and X-ray powder diffraction (XRPD). It will be shown that the samples were mainly composed of aluminides
matrices with embedded metal silicides. Compositional tuning was enabled by using different molar ratios of
the raw materials.
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A PHYSICS-BASED APPROACH FOR THE DESIGN OF THZ  
DIELECTRIC WAVEGUIDE ACCELERATORS 

Davide Guarnera* (1), Roberta Palmeri (2), Giorgio Mauro (3), Alberto Bacci (4), Nunzio Salerno (1), 
Santi C. Pavone (1), Andrea Locatelli (5), Giuseppe Torrisi (3), Luca Vincetti (6), Gino Sorbello (1) 
 
(1) DIEEI, University of Catania, Italy (2) DIIES, University Mediterranea of Reggio Calabria, Italy (3) LNS, National 
Institute for Nuclear Physics, Italy (4) INFN-Milano, National Institute for Nuclear Physics, Italy (5) DII, Università degli 
Studi di Brescia, Italy (6)Department of Engineering "Enzo Ferrari", University of Modena and Reggio Emilia, Italy 
 
In this contribution, we present a physics-based (PB) approach for the design and optimization of THz 
dielectric waveguide accelerators for sub-relativistic particles. Since the particle velocity is not constant, a 
continuous adjustment of the accelerator geometry is necessary to ensure matching between particle and phase 
velocity along the accelerating path [1,2]. 
Specifically, in the proposed approach, synchrony between particle velocity and phase velocity of the 
accelerating field is achieved by precisely adjusting the cross-sectional geometry of the accelerating structure, 
based on the parametric characterization of the dielectric waveguide through modal analysis. The resulting 
tapered design ensures that the phase velocity progressively adapts to match the particle velocity along the 
propagation direction, thereby optimizing the acceleration efficiency and maximizing the energy gained, which 
is the key Figure of Merit (FoM) for this class of devices. 
Since the approach requires only the characterization of the dielectric waveguide structure through modal 
analysis, it proves to be general and versatile while maintaining a low computational cost. 
As an example of application of the proposed approach, we present the design of a tapered suspended dielectric 
slot waveguide. This structure has been carefully characterized through modal analysis carried out by means of 
Ansys HFSS, and the optimal taper profile has been calculated considering the waveguide excited by a 
continuous wave (CW). To validate the proper functioning of the obtained design, beam dynamics simulations 
have been performed using the electromagnetic field obtained from the full-wave simulations of the three-
dimensional taper structure. 
Furthermore, the designed dielectric waveguide has been analyzed to study the dynamics of particles 
(electrons) under excitation by short pulses. Specifically, the propagation of the pulse envelope within the 
guide has been precisely determined by solving the Schrödinger equation with the split-step technique [3], and 
the resulting field was then used to compute the single-particle dynamics under pulsed operation. 

 
[1] Palmeri, R., N. Salerno, G. S. Mauro, D. Rocco, A. Locatelli, G. Torrisi, and G. Sorbello, “Optimization of sub-relativisticco-
propagating accelerating structures,” Opt. Express, Vol. 31, No. 23, pp. 38891-38909, 2023 
[2] Zhao, Z., T. W. Hughes, S. Tan, H. Deng, N. Sapra, R. J. England, J. Vuckovic, J. S. Harris, R. L. Byer, and S. Fan, “Design of atapered 
slot waveguide dielectric laser accelerator for sub-relativistic electrons,” Opt. Express, Vol. 26, No. 18, pp. 22801–22815, 2018. 
[3] Agrawal, G. P., “Nonlinear fiber optics”, 3rd ed. San Diego, CA, USA: Academic Press, 2001. 
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PERFORMANCE STUDY OF A SOLID-STATE MICROWAVE REMOTE
PLASMA SOURCE

Amandine Guissart* (1), Timo Richter (1), Daniel Baars (1), Marco Fiore (2), Markus Dingeldein
(1), Klaus-Martin  Baumgaertner (1)
(1) Muegge GmbH, Reichelsheim, Germany, (2) LEANFA Srl

Microwave (MW) remote plasma sources (RPS) are used in various types of applications such as chemical
vapor deposition, cleaning of plasma deposition chambers, photoresist or molding compound removal, waste
gas cleaning, etc. Up to now, RPS are mostly based on magnetron-based MW generators. However, as
solid-state technology is becoming more reliable, solid-state generators (SSG) can be utilized for RPS. The
advantages of solid-state technology can be thus transferred to the RPS, enabling the development of highly
flexible and compact systems with extended lifetime and reduced maintenance / downtime issues compared to
magnetron-based technology.
In the context of this work, a remote plasma source based on 2.45 GHz solid-state generators feeding
microwave into a ceramic tube is developed. The flexibility of the SSG is used to ease the plasma ignition and
maximize the power going into the plasma. Properties such as plasma gas temperature and electron density of
several plasma generated by the RPS are determined by means of optical emission spectroscopy (OES).
Additionally, plasma ignition time and etching rate are also studied. The tests are repeated with a magnetron
based RPS. This contribution presents, compares and discusses the results obtained for the two plasma sources,
based on solid-state and magnetron technologies.
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IMPROVED APPROACH FOR DIELECTRIC MEASUREMENTS OF
MATERIALS UNDER MICROWAVE HEATING

José D. Gutiérrez-Cano* (1), Beatriz García-Baños (1), José M. Catalá-Civera (1), Felipe L.
Peñaranda-Foix (1)
(1) ITACA Institute, Universitat Politècnica de València, Camino de Vera s/n, 46022, Valencia, Spain

The processing of materials with microwaves has attracted increasing attention for industrial and scientific
applications due to its efficiency, lower energy consumption, and faster heating rates compared to conventional
heating methods [1]. Developing and optimizing microwave heating processes requires precise knowledge of
the dielectric properties of materials, as this parameter defines how materials interact with electromagnetic
fields.
To address permittivity calculation, we developed an instrument for simultaneous microwave heating and
dielectric properties characterization [2]. This system is based in a dual-mode cylindrical cavity, which utilizes
two orthogonal modes, one dedicated to heating the material and another for dielectric characterization. The
permittivity calculation is addressed by the cavity perturbation method (CPM), which offers a computationally
efficient option to allow real-time operation [3]. CPM accuracy is based on some coefficients which are
typically determined by measuring reference materials of known permittivity.
When exposed to high-power microwaves, dielectric materials often undergo dimensional changes due to
different reasons, such as sintering, melting, water evaporation, etc., which must be considered for in the
electromagnetic model to ensure accurate permittivity measurements. However, a pure empirical CPM
characterization would require a vast amount of reference materials with different permittivity and size, which
is often difficult to obtain.
This paper describes a hybrid strategy to determine the CPM coefficient combining a computationally intensive
electromagnetic model to evaluate the response of the microwave cavity when loaded with dielectric materials
of diverse size. These results are then employed to calibrate the CPM coefficients, solving the challenges
related to the limited availability of reference materials, and allowing real-time dielectric characterization.
Measurement of the dielectric properties of reference materials were used to validate the performance of the
new calibration method. Results demonstrated that the proposed technique provides high accuracy and low
uncertainty across a broad range of permittivity values and sample sizes.

[1] Chaouki J., Farag S., Attia M., Doucet J. (2020). The development of industrial (thermal) processes in the context of sustainability: The
case for microwave heating. The Canadian Journal of Chemical Engineering 98(4), 832-847. 
[2] Catalá-Civera J.M., Canós A.J., Plaza-González P., Gutiérrez J.D., García-Baños B., Peñaranda-Foix F.L. (2015). Dynamic
measurement of dielectric properties of materials at high temperature during microwave heating in a dual mode cylindrical cavity. IEEE
transactions on microwave theory and techniques 63(9), 2905-2914.
[3] Khanna S.K., Ehrenfreund E., Garito A.F., Heeger A.J. (1974). Microwave properties of high-purity
tetrathiofulvalene-tetracyanoquinodimethan (TTF-TCNQ). Physical Review B 10(6), 2205.

Scientific Research Abstracts
Vol. 16, p. 50, 2025
ISSN 2464-9147 (Online)
Microwawe - AMPERE 2025
© Author(s) 2025. CC Attribution 3.0 License



LARGE SCALE MICROWAVE-ASSISTED SPLIT-PHASE GLYCOLYSIS
TO RECOVER POLYOLS FROM POLYURETHANE WASTE

Lutz Hartmann* (1), Dirk Dietrich (1), Jens Kuersten (1), Andreas Bernaschek (2), Christian Dreyer
(1, 2)
(1) Fraunhofer Institute for Applied Polymer Research IAP, Potsdam, Germany, (2) Technical University of Applied
Sciences Wildau, Germany

The volume and the variety of applications in which polyurethane (PU) foams are used, result in a large amount
of waste, which makes resource-saving recycling processes economically reasonable and ecologically
necessary. Among the various approaches to reuse PU foam waste, its chemical recycling by means of
glycolysis aims to at least partially recover the polyols originally used for PU foam production [1,2]. The
energy input for chemical recycling is usually carried out conventionally using ovens or preheated thermal oil
in reactors. In contrast, there are only a few studies in which the energy input by means of microwaves is
investigated. In particular, only studies have been presented to date in which microwave-assisted chemical
recycling has been investigated on a laboratory scale [3,4].
In this contribution, we use a model flexible PU foam to investigate microwave-assisted glycolysis for the
recovery of the polyols, employing a large-scale microwave chamber furnace with a reaction volume of up to
90 l. The process was developed for various recycling agents by combining electromagnetic simulations and
practical tests. In the final process, we follow the procedure described in [2] with glycerol as the recycling
agent. After a phase separation at the end of the foam decomposition, an easy recovery of a polyol-rich phase is
possible as confirmed by IR spectroscopy. Initial results on the reuse of the polyols in the synthesis of new PU
foams are presented. In addition, comparative experiments on the degradation of the same foam are carried out
in a reactor with a volume of 25 l and with a heating based on thermal oil (reference process). Energy balances
are drawn up for both processes. Based on this, it is shown that with a high throughput of foam and using
suitably insulated reactors, the microwave-based process is significantly more energy-efficient than the
reference process.

[1] Wieczorek K., Bukowski P., Stawinski K., Ryłko I. (2024). Recycling of Polyurethane Foams via Glycolysis: A Review. materials 17,
4617.
[2] Del Amo J., Simon D., Ramos M.J., Rodriguez J.F., De Lucas A., Borreguero A.M. (2022). Scaled-up and economic assessment
approach of the split-phase glycolysis process for the recycling of flexible polyurethane foam wastes. Journal of Material Cycles and Waste
Management 24, 1059-1071.
[3] Donadini R., Boaretti C., Lorenzetti A., Roso M., Penzo D., Dal Lago E., Modesti M. (2023) Chemical Recycling of Polyurethane
Waste via a Microwave-Assisted Glycolysis Process. ACS Omega 8, 4655–4666.
[4] Alavi Nikje M.M., Nikrah M., Haghshenas M. (2007) Microwave Assisted “Split-Phase” Glycolysis of Polyurethane Flexible Foam
Wastes. Polymer Bulletin 59, 91–104.
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FROM RENEWABLE ENERGY TO VALUABLE CHEMICALS: PLASMA
INNOVATIONS IN POWER-TO-X APPLICATIONS

Jens Hofmann * (1), Amandine Guissart (1), Markus  Dingeldein (1), Klaus-Martin  Baumgaertner
(1)
(1) Muegge GmbH, Reichelsheim, Germany

The conversion of industrial processes to all-electric power is widely accepted as a solution for transition
toward clean energy [1]. Power-to-X technologies that convert surplus grid and/or renewable electricity into
carbon-neutral synthetic fuels and/or raw material for the chemical industry will be central to this shift, with
plasma processes being a key contributor.
Plasmas can be applied to chemical processes at high and low gas pressures, offering several advantages. They
are on-demand processes, as plasma can be started and stopped instantly. Plasma solutions can also be
implemented in modular plants for decentralized production. Microwave plasma offers several advantages over
other plasma technologies, including higher ionization efficiency, higher electron temperature and reduced risk
of contamination and damage, since not based on electrodes. Moreover, microwave plasma sources can be
operated in a wide range of process parameters, and their use is also economically attractive, as microwave
sources and generators are commercially available at 2.45 GHz up to 15 kW and 915 MHz up to 100 kW. Their
energy efficiency is high [2], allowing both low electrical energy costs and high productivity.
For those reasons, technologies based on microwave plasma processes are rapidly gaining acceptance in the
industry, with their implementation across various types of applications. Prominent examples among others
include [3]: (1) the dissociation of carbon dioxide into carbon monoxide, an important feedstock in bulk
chemicals manufacturing, (2) the biogas, natural gas or generally hydrocarbons into hydrogen and coproducts
(black carbon at atmospheric pressure, acetylene and ethylene at moderate pressure), and (3) the production of
fertilizer from nitrogen and oxygen contained in air.
This work presents how MUEGGE products, and in particular its high-power microwave plasma sources and
generators contribute to these plasma innovations.

[1] B. Elmegaard, F.M. Holm, F. Buhler, Potentials for the electrification of industrial processes in Denmark, The 32nd international
Conference on efficiency, cost, optimization, simulation and environmental impact of energy systems, Wroclaw, Poland, October 2019
[2] M. Radoiu, A. Mello, Plasma Process. Polym. 2024; 21:e2300200. 
[3] Annemie Bogaerts et al 2020 J. Phys. D: Appl. Phys. 53 443001
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MICROWAVE SPATIAL POWER COMBINING REACTOR FOR FAST
PYROLYSIS OF FOOD WASTES

Rie Honda* (1), Shuntaro Tsubaki (1, 2, 3), Noriyuki Igura (2, 1), Maamoun Ibrahim (2, 1), Satoshi
Fujii (4)
(1) Graduate School of Bioresource and Bioenvironmental Sciences, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka,
Fukuoka 819-0395, Japan, (2) Faculty of Agriculture, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka, Fukuoka
819-0395, Japan, (3) International Institute for Carbon Neutral Energy Research (WPI-I2CNER), Kyushu University, 744
Motooka, Nishi-ku, Fukuoka 819-0395, Japan, (4) Department of Information and Communication System Engineering,
National Institute of Technology, Okinawa College, 905 Henoko, Nago, Okinawa 905-2192, Japan

Food waste is a serious problem because a large amount of food waste has significant environmental impacts
and leads to inefficient resource use. Pyrolysis is a sustainable method for transforming food waste into
valuable materials, reducing the volume of waste through a rapid reaction process. However, pyrolysis requires
severe reaction conditions of around 600 °C or higher. Therefore, the practical application of food waste
pyrolysis requires improved energy efficiency. Microwave dielectric heating is capable of selectively and
volumetrically heating materials, enabling more energy-efficient and faster pyrolysis than electrical furnaces.
Conventional microwave heating pyrolysis requires microwave susceptors for heating. More effective pyrolysis
of food waste can be expected by spatially power combined microwaves.
Herein, we report on spatial power combining with phase-shifted microwaves for the pyrolysis of coffee spent
grounds, serving as a model food waste for scaling up microwave pyrolysis. We simulated power combined
microwaves from two or four ports using the finite element method in COMSOL Multiphysics. We first
optimized the electric field strength on the spent coffee grounds by adjusting the resonance frequency, density
of the coffee grounds, cavity size, and quartz tube diameter. Then, the phase of the microwaves was adjusted to
maximize the electric field strength. We found the optimal condition using two ports to form the strongest
electric field on the sample: 25% coffee spent grounds density, 100 mm quartz tube diameter, and 2.4329 GHz
with a phase difference of 180 ° between the two ports. The intensity of the electric field on the sample was
twice as high as that without spatial power combing using one port. We also applied microwave power
combining with four ports. The electric field distribution varied with the positions of the ports and the phase
differences. In addition, we developed microwave spatial power combining reactor. We confirmed that the
electromagnetic field distribution changes depending on the phase differences by using an LED microwave
sensor array. The results suggested that microwave spatial power combining can enhance electric distribution
by optimizing port positions and phase differences, enabling more energy-efficient and scalable pyrolysis.

[1] Guanyu W., Yujie D., Haiping Y., Qingang X.,Kaige W., Jinsong Z., Yunchao L., Shurong W. (2020). Energy Fuels 34
12,15557-15578
[2] Su S.H., Howard A.C., (2012). Energies 5, 4209-4232
[3] Motasemi F., Afzal M.T. (2013).  Renewable and Sustainable Energy Reviews 28, 317-330.
[4] Shuntaro T., Yuki N., Noriko O., Masateru N., Satoshi F., Yuji W. (2020). Green Chemistry 22, 342-351.
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SOLID-STATE GENERATORS AS ENABLERS OF THE
NEXT-GENERATION MICROWAVE APPLICATIONS

Satoshi Horikoshi* (1)
(1) Sophia University

In 1946, the appearance of ENIAC heralded the dawn of computers. At the time, this enormous device, which
ran 17,468 vacuum tubes at 150 kW and achieved 5,000 additions per second, has since evolved into a small,
high-performance, low-power device using logic operation semiconductors (CPUs), and today, it is possible to
perform billions of similar calculations per second. This dramatic progress was brought about by the change
from vacuum tubes to semiconductors.
A similar change is quietly underway in microwave generator technology. In 2005, our laboratory began
introducing semiconductor microwave generators (solid-state generators) in place of vacuum tube magnetrons
and has explored their applications for 20 years. The greatest feature of solid-state generators is their ability to
stably supply high-quality microwaves without fluctuations. This has enabled “new ways of utilizing
microwaves” not possible with conventional heating. For example, in microwave heating processes, it has been
confirmed that reactions rate-limited by heat (such as the Diels-Alder reaction) show no difference in yield
between magnetron and solid-state generators [1]. Since heat relaxation is much slower than electromagnetic
wave fluctuations, their presence or absence does not affect yield. In other words, the advantages of solid-state
generators are hard to see when heating is the main purpose. However, in reactions and phenomena where the
direct action of electrons or electric fields is rate-limiting, the high waveform controllability and stability of
solid-state generators show outstanding effects. We’ve found unique value in fields such as microwave-assisted
catalysis, discharge suppression, and non-invasive applications to biological samples [1–6]. In recent years,
we’ve also entered the field of precision heating control, such as “uniformization” or “intentional
non-uniformization” of microwave heating. This is possible only due to stable microwaves, and the
development of dedicated hardware and software has enabled wide-ranging applications [3, 7, 8]. In this talk, I
will introduce the perspectives and needs to maximize the performance of the “tool” called semiconductor
oscillator, with examples from the user’s viewpoint.
Even if today’s personal computers had existed in 1946, it may not have been possible to imagine how they
would be used. It is not necessity that leads to invention, but the “imagination of people who come into contact
with technology” that creates new needs. Solid-state generators are also a technology that holds the potential
for the next generation of breakthroughs. I hope that this talk will help you realize their potential.

[1] S. Horikoshi, T. Watanabe, A. Narita, Y. Suzuki, N. Serpone, Sci. Rep., 8:5151, 1–10 (2018) DOI:10.1038/s41598-018-23465-5. 
[2] S. Horikoshi, N. Serpone, Microwaves in Organic Synthesis, 3rd edition, Chapter 9, (Eds: A. de la Hoz, A. Loupy), Wiley-VCH,
Weinheim, Germany, (2012).
[3] S. Horikoshi, J. M. Catalá-Civera, R. F. Schiffmann, J. Fukushima, M. Tomohiko, N. Serpone, Microwave chemical and materials
processing; A tutorial, Second Edition, Springer Nature Singapore, (2024).
[4] S. Horikoshi, S. Sawada, S. Sato, N. Serpone, Plasma Chem. Plasma Process., 39, 51–62 (2019). 
[5] S. Horikoshi, T. Mitani, N. Serpone, Molecules, 30, 598 (2025). doi.org/10.3390/molecules30030598
[6] S. Horikoshi, M. Iwabuchi, M. Kawaguchi, S. Yasumasu, N. Serpone, Photochem. Photobiol. Sci.,
doi.org/10.1007/s43630-022-00259-3 (2022).
[7] S. Horikoshi, H. Mura, N. Serpone, Comm. Chem., DOI: 10.1038/s42004-023-01062-6 (2023).
[8] S. Horikoshi, G. Brodie, K. Takaki, N. Serpone, Agritech: Innovative agriculture using microwaves and plasmas: Thermal and
non-thermal processing, Springer Nature Asia, (2021).
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RAPID MICROWAVE SINTERING AND MICROSTRUCTURE
EVOLUTION OF NON-MAGNETIC (316L) AND MAGNETIC (410L)
STAINLESS STEELS: DIFFERENTIATING THE ELECTRIC AND
MAGNETIC FIELD EFFECTS.

Hossain Forhad (1), Turner Jeffrey V. (2), Wilson Robert (2), Chen Ling  (2), De Looze Geoffrey
(2), Katrib Juliano (3), Dodds Chris (1), Dimitrakis Georgios* (1)
(1) University of Nottingham, (2) CSIRO, (3) Gulf University for Science and Technology

Recent advancements in microwave technique have demonstrated superior capabilities in powder metallurgy,
particularly in sintering metals and metal alloys, as well as in applications such as coating, cladding, and
melting. These techniques provide a cost-effective and environmentally sustainable alternative to conventional
methods, offering advantages such as shorter processing times, improved densification, reduced porosity, and
lower oxidation levels [1-3]. Direct microwave exposure of metals induces discharge phenomena, which were
undesirable for these applications. Susceptor-assisted heating is commonly employed to mitigate this effect;
however, the underlying heating mechanism remains analogous to conventional radiant heating, restricting the
full potential of microwave rapid processing.
In this work, microwave-metal arc discharge was investigated for rapid melting of commercial metal powders,
targeting high-temperature metal jetting additive manufacturing (AM). A single-mode cylindrical cavity
operating at 2.45 GHz in the TM010 mode was designed and developed to ignite and sustain macroscale
microwave plasma. Numerical simulations using COMSOL Multiphysics® were conducted to analyse
microwave power dissipation and predicting heating patterns and discharge behaviour. A lab-scale
experimental setup was developed with real-time power absorption monitoring and temperature measurements
to quantify energy efficiency. Experimental validation demonstrated successful melting of aluminium, bronze,
and stainless steels (316L and 410L), as well as controlled ejection of molten bronze droplets. This study
addresses critical limitations in metal-AM particularly for high melting-point materials, where conventional
heating methods often suffer from thermal inefficiencies and restricted material compatibility. The results
establish microwave-driven melting and jetting as a material-flexible, energy-efficient alternative, offering new
possibilities for sustainable and cost-effective metal-AM techniques.

[1] Oghbaei M., Mirzaee O. (2010). Microwave versus conventional sintering: A review of fundamentals, advantages and applications.
Journal of Alloys and Compounds 494 no. 1-2, 175-189. 
[2] Agrawal D. (2013). Microwave sintering of metal powders. Advances in powder metallurgy: Elsevier, 361-379.
[3] Forhad H., Turner J.V., Wilson R., Chen L., De Looze G., Kingman S.W., Dodds C., Dimitrakis G. (2024). State-of-the-art in
microwave processing of metals, metal powders and alloys.  Renewable and Sustainable Energy Reviews 202, 114650.
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STUDY OF A MICROWAVE PLASMA TORCH WITH FOCUSING 
DIELECTRIC 

Yedai Hu* (1), Huacheng Zhu (1), Yang Yang (1) 
(1) Sichuan University, China 

This work explores a novel microwave plasma torch (MPT) enhanced with a focusing dielectric, a quartz ring, 
which intensifies the electric field in the plasma excitation region. The traditional waveguide-based MPT, while 
widely used in industrial applications like material surface treatment and compound decomposition due to its 
efficient plasma generation and stability, suffers from low power and plasma excitation efficiencies caused by 
limited electric field intensity and distribution in the plasma region. Existing methods to improve these 
efficiencies, such as waveguide structures with compression techniques or the TIAGO concept, come with 
drawbacks like microwave leakage, limited plasma scale, or susceptibility to oxidation. The novel MPT design 
overcomes these issues by leveraging the focusing effect of dielectrics in waveguides. The introduced quartz 
ring, serving as the focusing dielectric, has an inner diameter of 16 mm and an outer diameter of 86 mm. It is 
placed within a compressed waveguide and concentrates the electric field on the hollow region of the ring, 
where the plasma is excited. This design is validated through simulations and experiments. The electromagnetic 
field model, built on Maxwell’s equations, shows that the electric field intensity is significantly enhanced in the 
plasma excitation region due to the focusing dielectric. The plasma model simulations reveal that the novel 
MPT achieves higher electron density and better power transfer efficiency compared to the traditional MPT,  
especially when operating at lower incident powers or with oxygen mixed into the working gas. Experiments 
further confirm the superior performance of the novel MPT. It can sustain plasma with as low as 10 W incident 
power, while the traditional MPT requires 20 W. The novel MPT also maintains stable plasma at much higher 
O2/Ar ratios, such as 137.5% at 250 W incident power, compared to only 40% for the traditional MPT. The 
power transfer efficiency of the novel MPT is consistently higher across various incident powers and gas flow 
rates, reaching up to 98.22% at the optimal condition. The results demonstrate that the novel MPT significantly 
enhances plasma excitation and power transfer efficiencies, expanding its potential applications in fields like 
commercial hydrogen production and industrial etching. 
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NEW INSIGHTS INTO THE INFLUENCE OF MICROWAVE ELECTRIC
FIELD ORIENTATION ON SOLUTION EVAPORATION

Kama Huang* (1), Song Jia (1), Song Wang (1)
(1) Sichuan University

Experimental results demonstrate that when heating pure water, alcohol solutions, and sodium chloride aqueous
solutions using microwaves, varying orientations of the electric field relative to the solution surface yield
distinct evaporation outcomes. Specifically, during an equivalent temperature rising, an electric field
perpendicular to the solution surface generates a significantly higher evaporation rate compared to a parallel
orientation. Molecular simulations further reveal that a perpendicular electric field reduces surface tension,
thereby accelerating the evaporation process. This study holds significant implications for enhancing traditional
microwave drying and molecular separation technologies.
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ATOMIC-LEVEL SELECTIVE HEATING OF METAL CATIONS IN
ZEOLITE FRAMEWORKS FOR EFFICIENT MICROWAVE-DRIVEN
CATALYSIS

Ryo Ishibashi* (1), Fuminao Kishimoto (1), Kazuhiro Takanabe (1)
(1) School of Engineering, The University of Tokyo, 7-3-1, Hongo, Bunkyo, Tokyo 113-8656, Japan

Microwave (MW)-driven catalytic reactions are gaining significant attention as a promising strategy for the
electrification of chemical processes. Unlike conventional heating (CH), MW selectively supplies thermal
energy to catalytic active sites, enabling unique reaction control. Recent studies have demonstrated MW-driven
catalysis, including water splitting1)2), ammonia synthesis/decomposition3), and plastic degradation.4)

Additionally, MW irradiation induces notable selectivity changes by suppressing gas-phase reactions, attributed
to the large temperature gradient between the solid catalyst surface and the surrounding gas phase5). Recently
our group demonstrated that MW energy is dissipated through the selective heating of metal cations confined
within a zeolite framework6). The selective heating of metal cation drastically improved selectivity of methane
oxidation by suppressing gas-phase temperature.
The current study aims to establish a catalyst design methodology for controlling atomic-level selective heating
fields around metal ions. Atomic-level selective heating was found to be strongly influenced by both the nature
of the metal cation and the topology of the zeolite. Our findings revealed that the micropore size of the zeolite
plays a critical role in governing the heat transfer from the cations to the zeolite framework. Furthermore, we
demonstrated that the localization of MW energy on metal cations significantly enhances the energy efficiency
of the reverse water-gas shift reaction, where these cations act as catalytic active sites, outperforming
conventional heating methods. This work provides fundamental insights into the design of localized
high-temperature fields at the atomic level, presenting a new paradigm for the development of next-generation
catalytic systems.

[1] Serra, J.M. et al. (2020). Hydrogen production via microwave–induced water splitting at low temperature. Nature Energy 5 910–919.
[2] Domínguez-Saldaña, A. et al. (2024). Enhanced Hydrogen Production in Microwave-Driven Water-Splitting Redox Cycles by
Engineering Ceria Properties. Advanced Energy Materials 14 2401443.
[3] Suguro T. et al. (2023). Coherent Evaluation of Energy Efficiency for Microwave Catalytic Reactors Based on Reaction Equilibrium.
ChemCatChem 16 e202301598.
[4] Jie X. et al. (2020). Microwave-initiated catalytic deconstruction of plastic waste into hydrogen and high-value carbons. Nature
Catalysis 3 902–912.
[5] Kwak Y. et al. (2023). Microwave-assisted, performance-advantaged electrification of propane dehydrogenation. Science Advances 9
eadi8219.
[6] Kishimoto F. et al. (2023) Direct microwave energy input on a single cation for outstanding selective catalysis. Science Advances 9
eadi1744.
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STABLE AND EFFICIENT LUMINESCENCE PROPERTIES OF
SB3+/ER3+-DOPED CHLORIDE DOUBLE PEROVSKITES

Inna Ivashchenko (1), Lubomir  Gulay (2), Marcin Nyk (3), Paweł Dąbczyński (4), Beata Szreniawa
(1), Alicja Szymska-Szymanik (1), Katarzyna Matras-Postołek* (1)
(1) Cracow University of Technology, Faculty of Chemical Engineering and Technology Warszawska St. 24, 31-155
Cracow, Poland, (2) Lesya Ukrainka Volyn National University, Voli Ave. 13, 43000 Lutsk, Ukraine, (3) Wroclaw
University of Science and Technology, Wyb. Wyspianskiego 27, 50-370 Wroclaw, Poland, (4) Faculty of Physics,
Astronomy and Applied Computer Science, Jagiellonian University, Łojasiewicza 11, Krakow 30-348, Poland.

This work presents the synthesis of luminescent halide double perovskites, Cs2BIInCl6, doped with Sb3+ and
Er3+, using a solid-state technique. Chemical analysis of the samples was carried out using XDS and
ToF-SIMS methods. SEM and XRD spectroscopy were employed to provide comprehensive insights into the
morphology, crystal structure, and vibrational properties of both undoped and doped samples. Doping with
Sb3+ introduces electronic absorption at sub-band gap levels. The excited Sb3+ ions emit blue
photoluminescence at 450 nm and transfer excitation energy to Er3+ ions. Furthermore, Er3+ ions exhibit
emissions at 525 nm, 552 nm, and 665 nm, corresponding to the f-f transitions of Er3+. Based on the
synthesized samples, a LED prototype was fabricated using a UV chip (320 nm).
This research work is a part of the project No. UMO_2022/47/P/ST5/01816 within the POLONEZ BIS
programme co-funded by the National Science Centre and the European Union’s Horizon 2020 research and
innovation programme under the Marie Skłodowska-Curie grant agreement No. 945339.
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MICROWAVE-ASSISTED SYNTHESIS OF BIOMASS-DERIVED CARBON
QUANTUM DOTS FOR UV-BASED DETECTION OF SOIL ELEMENTS IN
PRECISION AGRICULTURE

Łukasz Janus* (1), Julia Radwan-Pragłowska (1), Aleksandra Sierakowska-Byczek (1), Klaudia
Kuźmiak (1), Karol Łysiak (1, 2)
(1) Cracow University of Technology, Faculty of Chemical Engineering and Technology Warszawska St. 24, 31-155
Cracow, Poland, (2) Doctoral School of the Rzeszow University of Technology

The development of sustainable, cost-effective, and sensitive analytical tools is crucial for advancing precision
agriculture and ensuring soil health monitoring in line with eco-friendly practices. This study presents an
innovative approach to the synthesis of carbon quantum dots (CQDs) derived from waste biomass using
microwave-assisted hydrothermal treatment. The use of microwave radiation enabled rapid, energy-efficient
conversion of organic waste into highly fluorescent, surface-functionalized CQDs with excellent water
solubility and photostability.
The synthesized CQDs were characterized using TEM, FTIR, and UV-Vis spectroscopy, confirming their
uniform size distribution, rich surface chemistry, and strong emission in the UV-blue region. These properties
were harnessed to develop a simple, label-free fluorescence-based system for the detection of selected elements
in soil extracts, including heavy metals and micronutrients essential for plant growth. The CQD-based sensors
exhibited high sensitivity and selectivity under UV excitation, allowing for real-time quantification of soil
contaminants and nutrient availability.
The proposed method offers a green and scalable alternative to conventional analytical techniques, providing a
valuable tool for rapid soil diagnostics in precision agriculture. By turning agricultural and food industry waste
into functional nanomaterials, this work contributes to circular economy strategies while supporting the
development of intelligent, data-driven soil management practices for sustainable farming systems.

[1] Zhu, S., Song, Y., Zhao, X., Shao, J., Zhang, J., & Yang, B. (2015). The photoluminescence mechanism in carbon dots (graphene
quantum dots, carbon nanodots, and polymer dots): current state and future perspective. Nano Research, 8(2), 355–381.
https://doi.org/10.1007/s12274-014-0644-3
[2] Yang, Y., Wu, M., Wang, Y., Zhou, X., Shen, G., & Yu, R. (2014). Carbon dots derived from banana juice for selective detection of
cobalt ions. Analytical Chemistry, 86(15), 7875–7881. https://doi.org/10.1021/ac501802r
[3] Essner, J. B., Kist, J. A., Polo-Parada, L., & Baker, G. A. (2018). Photoluminescent carbon dots from food waste: a sustainable
approach for sensing and imaging. Environmental Science: Nano, 5(5), 1213–1220. https://doi.org/10.1039/C8EN00078G
[4] Sharma, A., Das, J. (2019). Small molecules derived carbon dots: synthesis and applications in sensing, catalysis, imaging, and
biomedicine. Journal of Nanobiotechnology, 17(1), 92. https://doi.org/10.1186/s12951-019-0525-8
[5] Li, H., Yan, X., Kong, D., & Song, Y. (2022). Sustainable synthesis of carbon quantum dots from biomass waste for heavy metal ion
detection in soil extracts. Journal of Environmental Chemical Engineering, 10(5), 108147. https://doi.org/10.1016/j.jece.2022.108147
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MICROWAVE ENHANCED RECYCLING OF PEM FUEL CELL/
ELECTROLYSER COMPONENTS: MATERIAL CHARACTERISTICS

Muralimohan Juttu Vidyasagar* (1), Ralph Behrend (1), Hartmut Krause (1)
(1) TU Bergakademie Freiberg

One of the preferred ways to store electrical energy from renewable resources is in the form of hydrogen using
an electrolyser. In 2030, European industry is expected to consume 7.13 million tons of clean hydrogen per
year, which requires an installed capacity of 14.2 GWel across Europe [1]. Rare and expensive raw materials
and cost-intensive production processes are required to produce components within the hydrogen value chain.
The resilience of hydrogen technologies is hampered by the lack of European deposits of rare raw materials.
Therefore, recycling the materials is essential for a consistent circular economy and the future realization of
resilient hydrogen components.
This paper proposes a microwave-based heating process for recycling components in PEM fuel cells/
electrolysers. Critical components, including membrane electrode assemblies (MEA) and bipolar plates, are
considered for recycling. Initially, a matrix indicating these components material composition was created.
Determining the dielectric properties of materials under process conditions is an essential prerequisite for
evaluating microwave processes. The dielectric measurement is carried out at different temperatures to analyse
these materials temperature dependence. Finally, a correlation between the dielectric properties and the
recyclability of the identified materials has been developed based on the measured data. Based on this
correlation, microwave-based recycling processes with simplified material recovery for the chosen components
are being investigated.

[1] Fonseca J., Muron M. (2023)  Clean Hydrogen Monitor, Hydrogen Europe, pages 14–39,
https://hydrogeneurope.eu/wp-content/uploads/2023/10/Clean_Hydrogen_Monitor_11-2023_DIGITAL.pdf.
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A COMPACT HORN-PATCH HYBRID ANTENNA

Itay Katabi* (1), Eli Jerby† (1)
(1) Faculty of Engineering, Tel Aviv University

This paper introduces a compact antenna structure, integrating a patch antenna with a  truncated horn-antenna,
similar to [1]. This hybrid design is benefitted from both, the cost-effectiveness and compactness of the patch
antenna, and the efficiency and directivity of the horn antenna. The paper presents the design methodology,
using air as a dielectric substrate for the patch [2], which reduces the dielectric losses, improves the radiation
efficiency, and enables its high-power operation. Additionally, the lightweight nature of the air substrate
contributes to the overall structural simplicity and compactness of the antenna, making it suitable also as a
compact applicator for practical ISM purposes. This hybrid antenna can also be scaled up as a radiating element
in a larger antenna array.
The paper presents simulations and experimental results, which validate the design of this combined antenna
structure, and demonstrate its low reflection coefficient, high gain and compact form factor, compared to
conventional patch and horn antennas. Its potential relevance to various ISM applications is discussed.
† Corresponding author, E-mail: jerby@eng.tau.ac.il

[1] Nasimuddin Esselle K.P., Verma A.K. (2008) "Wideband high-gain circularly polarized stacked microstrip antennas with an optimized
C-type feed and a short horn". IEEE Trans. Antennas and Propagation 56, no. 2, pp. 578-581. 
[2] Belamgi S. B., Ray S., Das P. (2014) “Suspended planar patch antenna for wireless energy transfer at 2.45GHz". Proc. Int’l Conf.
Electronics, Comm. and Instrum. (ICECI), Kolkata, India, 2014, pp. 1-4.
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MICROWAVE AND ELECTRIC FIELD ASSISTED PROCESSING OF
ZIRCONOLITE CERAMICS FOR NUCLEAR APPLICATIONS

Annapoorani Ketharam* (1), Pletser Dimitri  (2), Evans Nigel (2), Sina  Saremi-Yarahmadi (1), Bala
Vaidhyanathan (1)
(1) Department of Materials, Loughborough University, Loughborough, LE11 3TU, United Kingdom, (2) Jacobs, HQ
Building, Thomson Avenue, Harwell Campus, OX11 0GD, United Kingdom

Abstract:
Hybrid (unique combination of conventional and microwave heating), Flash and Ultra-fast High-temperature
sintering (UHS) experiments were performed on Ce-doped zirconolite (CeZ) samples and the results are
compared. Ce-zirconolite was prepared using reactive, pressure-less, field-assisted techniques directly from the
precursor made using commercial chemical reactants viz., CaTiO3, ZrO2, TiO2 and CeO2. Hybrid
synthesis/sintering was performed at 1350oC/2hr using 1kW microwave power.  A reactive flash synthesis
procedure of zirconolite precursors with subsequent flash sintering was also explored. The Ce-zirconolite
samples were flash sintered for the first time at 1100oC in less than 5 minutes with the application of an AC
field to ~98% density with a finer grain size. Reactive UHS was also demonstrated successfully for
manufacturing Ce-zirconolite ceramics in just few minutes.
All the field assisted methods resulted in the formation of >90 % zirconolite phase formation with significantly
enhanced reaction kinetics along with high densification. For comparison, Ce-zirconolite ceramics were
produced by the conventional synthesis at 1350oC/72 hrs and then sintering at 1450oC/10 hrs, based on a
literature methodology. The flash and UHS processes for both synthesis/sintering needs only <15% of the
energy (85% savings) and hybrid method requires ~ 33% (67% savings) of the total energy respectively, when
compared to the values reported for conventional synthesis and sintering processes together for zirconolite
manufacturing. The hybrid process also provides the ability to scale-up and viable for handling complex
ceramic shapes. Thus, the field assisted processing techniques were found to be highly energy efficient for the
fabrication of Ce-zirconolite ceramics, making them suitable for applications in Plutonium based nuclear waste
disposal.
 
Key words: Flash sintering, Hybrid sintering, Microwave sintering, Zirconolite, Nuclear waste disposal
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SUSTAINABLE PRODUCTION OF SYNTHETIC FRAGRANCES AND
PHARMACEUTICALS USING MICROWAVE CHEMISTRY

Ryotaro Kikuchi* (1), Takashi Miyazawa (2), Akinobu Matsumoto (2), Satoshi Horikoshi (1)
(1) Sophia University, (2) Wisdom Pool Research Institute G.K.

The use of microwaves in organic synthesis has garnered attention as a fast and energy-efficient synthesis
process, as it allows for selective energy delivery to the reaction substrate or catalyst, in contrast to
conventional heating methods that rely on thermal conduction. However, while much of the research on
microwave-assisted organic synthesis has focused on exploring the range of its applications, there are limited
studies that clearly establish whether microwave-assisted organic synthesis can become a practically viable and
meaningful implementation technology in industry. The practical advantages of microwave organic synthesis
have mostly been discussed in terms of improved energy efficiency compared to conventional heating methods.
However, in reality, many products are primarily concerned with quality and price for customers or users, and
there is little focus on the manufacturing process itself. In such situations, manufacturers have little incentive to
adopt microwave technology for chemical production, as it is not yet sufficiently established as a reliable
manufacturing technology compared to conventional heating. This has been one of the main reasons why
microwave organic synthesis has not gained wider adoption.
To address this, we sought to lay the foundation for establishing microwave-assisted organic synthesis as a
viable manufacturing technology by targeting products where the manufacturing process itself could serve as a
selling point for customers or users. Specifically, we focused on environmentally-friendly products, such as
insect pheromone attractants, which are used for controlling significant storage pests like tobacco beetles that
have traditionally been managed with harmful fumigants. The key component of these pheromone attractants is
ionone, a compound that has garnered attention as a non-toxic alternative to harmful substances. However, in
the synthesis of ionone, excess sulfuric acid is used, which creates a dilemma, as the process for producing this
component of an environmentally-friendly product involves a manufacturing process that can harm both human
health and the environment.1) If we could resolve this dilemma, the pheromone attractant could genuinely be
considered an environmentally-friendly product. Therefore, it is crucial to develop a more environmentally
sustainable process for ionone synthesis.
We found that by irradiating a cyclohexane solution of pseudo-ionone with microwaves in the presence of a
solid acid catalyst that is easy to separate and recover, the ionone production efficiency increased five-fold
compared to conventional heating methods. Moreover, analysis by GC and NMR revealed that two isomers,
α-ionone and β-ionone, were produced, with a generation ratio of 2.7:1. Furthermore, material balance analysis
confirmed that the method performed well compared to traditional methods.
In this presentation, we will also discuss the potential of microwave-assisted ionone production as a practical
manufacturing technology.

[1] Yanling R., Tao W., Yingjie J., Pengchao C., Jian T., Juan W., Daochao J., Jianjun G. (2022). Research of Synergistic Substances on
Tobacco Beetle [Lasioderma serricorne (Fabricius) (Coleoptera: Anobiidae)] Adults Attractants. Frontiers in Chemistry 10, 1-11. 
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TECHNOLOGICAL ADVANCEMENTS OF THE ALBA 4D: A 70 MHZ
LOCO-REGIONAL RADIATIVE HYPERTHERMIA SYSTEM 

Artemis Kontogoula* (1), Giorgia Paglialunga (1), Francesca Romana Cappelli (1), Eugenio
Pagliaroli (1), Pierfrancesco Pavoni (1)
(1) Med-Logix s.r.l.

Abstract— Radiofrequency (RF) applications play an important role in medical field, including oncological
hyperthermia (HT), where tumors are heated to 39–45°C for 60 minutes, as an adjuvant to radiotherapy(RT)
and chemotherapy(CT), in order to enhance treatment efficacy [1]. To address the need for precise and
effective locoregional HT, Med-Logix SRL (Rome, Italy) has developed the ALBA 4D, a 70-MHz  system,
which enables controlled and targeted heating of deep-seated tumors. Clinical and technical studies confirm its
efficacy and safety, demonstrating its potential to enhance oncological HT treatments. 
Introduction—Simulation studies demonstrate that radiative HT devices operating within the 70–110 MHz
frequency range exhibit superior efficacy in generating higher temperatures within deep-seated tumors [2].
ALBA 4D’s sophisticated technology enables precise focus steering of the EM power within the patient,
allowing the achievement of hyperthermic-range temperatures in challenging deep-seated tumor locations [3].
It is our aim to illustrate the technology behind the ALBA 4D system and its advantages in clinical
applications. 
Material and methods— The ALBA 4D system utilizes four waveguide antennas independently controlled and
driven by a multichannel Direct Digital Synthesizer (DDS) RF generator with ultrafast detectors connected to
four different power amplifiers, for dynamic adjustment of the phase and amplitude [3]. This allows to create a
constructive interference of the radiated EM field in the tumor area. The feedback system, composed of the
DDS and the detectors, measures and tracks the amplitude and the phase of the forward and reflected signals
emitted by the antennas, guaranteeing the stability of the focus ensuring transmission of the RF power with
minimal losses. Additionally, real-time monitoring of temperature within the target volume is achieved through
sophisticated 64-channel thermometric system equipped with multi-tip probes of thermocouples spaced at
intervals of max 1 cm [4].  
 Results & Conclusion— Publications have demonstrated the effectiveness and safety of the ALBA 4D system
in the treatment of a variety of cancers, particularly those located in the pelvis and abdomen. The performance
of ALBA 4D has been evaluated in terms of phase steering in a patient-mimicking phantom [4]. Also, a
comparative study has examined the differences between the latest ALBA 4D system and its predecessor, the
AMC-4, validating its efficiency [5]. The results demonstrated comparable and favorable performance of the
ALBA 4D: the temperature registered in the 50% of the target was 40.5±1.0°C, thanks to the real-time
temperature monitoring. Consequently, HT is a fast-growing field that necessitates advanced devices to ensure
optimal clinical outcomes, when in combination with RT or CT. Within the radiative HT spectrum, the ALBA
4D introduces significant innovations that prove to be fundamental for effective HT treatments.  

[1] Datta, N.R. et al. (2015). Local hyperthermia combined with radiotherapy and-/or- chemotherapy: Recent advances and promises for
the future. Cancer Treatment Reviews, 41, p. 742-753. 
[2] H. P. Kok, F. Navarro, L. Strigari, M. Cavagnaro & J. Crezee (2018). Locoregional hyperthermia of deep-seated tumours applied with
capacitive and radiative systems: a simulation study, International Journal of Hyperthermia, 34, p.714-730. 
[3]  ALBA 4D Brochure, 2021, Med-Logix s.r.l. 
[4] Zweije, R. (2018). Technical and Clinical Evaluation of the ALBA-4D 70 MHz Loco-Regional Hyperthermia System, 48th European
Microwave Conference (EuMC), Madrid, Spain, p. 328-331.
[5] Bakker, A. et al., 2022, Comparison of the clinical performance of hybrid Alba 4D and the AMC-4 locoregional hyperthermia systems,
International Journal of Hyperthermia, 39, p. 1408-1414.    
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PRACTICABILITY ENHANCEMENT OF RADIO-FREQUENCY HEATING
FOR THERMAL PEST CONTROL IN WOODEN BEAMS

Markus Kraus* (1, 2), Ulf Trommler (3), Christian Hoyer (2), Frank Holzer (1), Ulf Roland (1, 3)
(1) Helmholtz Centre for Environmental Research – UFZ, Leipzig, Germany, (2) RWInnoTec GmbH, Schkeuditz,
Germany, (3) Leipzig University of Applied Sciences, Leipzig, Germany

In the context of decarbonising industry as part of the energy transition, the use of electromagnetic waves to
heat a wide range of materials in industrial processes has gained increased relevance. This not only allows the
use of renewable electricity as an energy source in order to achieve greater sustainability and to reduce
greenhouse gas emissions, but also exploits the advantages of dielectric heating over conventional heating
processes such as direct energy input into the volume and independence from heat conduction processes thus
allowing almost unlimited heating rates. Compared to microwave heating, heating based on radio waves has
some specific advantages, such as the variety of materials that can be heated or the possibility of matching the
impedance of the generator system to the load, which leads to a significant increase in energy efficiency [1,2].
Despite these advantages, radio-wave based technological heating processes have only rarely been
commercialised [3-5]. In addition to the high electricity prices compared to fossil fuels such as coal or natural
gas and the still high investment costs for radio wave generators, the lack of practicality in everyday use is a
major problem in many potential application fields, namely in restoration and preservation of cultural heritage.
In this area, thermal heating processes for pest control are established as an alternative to chemical processes,
but the use of radio wave technology for this purpose is still challenging. As part of an EC- and Saxony-funded
project RadioWaveSaxony an optimized arrangement for homogeneous heating of wooden beams was
developed and successfully tested in both pilot and real scale. In close interaction between simulation and
experiments, a combined shielding-electrode geometry was developed that allows largely homogeneous heating
across the entire beam cross section. This also made it possible to adequately heat a sensitive object such as a
beam installed in a half-timbered house in order to safely kill wood pests.

[1] Kraus M., Kopinke, F.-D., Roland U. (2015). Comparison of Microwave and Radio-Frequency Heating of Dealuminated Zeolites and
Al2O3. Journal of Microwave Power and Electromagnetic Energy  49, 225-244
[2] Franzen C., Zötzl M., Trommler U., Hoyer C., Holzer F., Höhlig B., Roland U. (2016). Microwave and Radio-Wave Supported Drying
as New Options in Flood Mitigation of Imbued Decorated Historic Masonry. Journal of Cultural Heritage 21, 751-758
[3] Ahmad F., Jørgensen A.B., Munk-Nielsen S. (2023). Modeling and Operation of Series-Parallel Resonant Load in Industrial RF
Dielectric Heating Application. IEEE Transactions on Industry Applications 59
[4] Stratakos A.C., Koidis A. (2015) Suitability, efficiency and microbiological safety of novel physical technologies for the processing of
ready-to-eat meals, meats and pumpable products. International Journal of Food Science and Technology 50, 1283-1302
[5] Altemimi A., Aziz S.N. Al-Hilphy A.R., Lakhssassi, N., Watson D.G., Ibrahim S.A. (2019). Critical review of radio-frequency (RF)
heating applications in food processing. Food Quality and Safety 3, 81-91
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MICROWAVE-ASSISTED EXTRACTION OF PRECIOUS METALS FROM 
END-OF-LIFE PRODUCTS – OPTIMIZATION AND UPSCALING IN H2020 
PEACOC PROJECT 

Frantisek Kukurugya* (1), Jeroen Spooren (1), Eduardo Brau Cedrá (2), Angel Lopez Buendia (2) 
(1) Waste Recycling Technologies, Materials & Chemistry Unit (MatCh), Flemish Institute for Technological Research – 
VITO NV, Boeretang 200, 2400 Mol, Belgium, (2) CEINNMAT, INNCEINNMAT SL, Catedratico Agustin Escardino, 9 
46980-Paterna, Valencia, Spain 

 
Within the EU H2020 PEACOC project [1], microwave-assisted leaching (MWAL) of precious metals from 
end-of-life (EoL) products is being optimized at laboratory scale and tested in a first-of-its-kind pilot-plant 
installation. The primary focus is on extracting platinum group metals (PGMs) – palladium, platinum and 
rhodium – from spent autocatalysts (SACs), as well as gold and silver from EoL printed circuit board 
assemblies (PCBAs) and photovoltaic (PV) panels. High extraction rates were achieved using a chloride-based 
leaching environment, with oxidizing agents added when necessary to enhance metal solubility. The findings 
[5] indicate that nearly complete extraction of PGMs from SACs can be achieved at significantly lower HCl 
concentrations and without the addition of an oxidizing agent, in much shorter reaction times compared to our 
previous studies [2-4]. Temperature played a crucial role in increasing PGM leachability, particularly for 
rhodium extraction. For silver recovery from EoL PV panels, MWAL achieved almost complete silver 
extraction within 30 minutes using a leaching system consisting of HCl, NaCl, and H2O2. Similarly, nearly 
complete gold extraction was obtained using a lixiviant containing HCl, NaCl, and NaOCl. The results 
underscore the potential of MWAL as a rapid and effective method for precious metal extraction from EoL 
products. This presentation describes the progression of MWAL from small-scale laboratory experiments, 
using a few grams of a sample per experiment, to a pilot-scale installation able to process up to 10 kg of a 
sample per hour. These results indicate that MWAL offers a significantly faster and more sustainable 
alternative to conventional pyrometallurgical and hydrometallurgical processes by integrating electrification 
into the metal extraction process. Furthermore, integrating the MWAL with renewable energy sources has the 
potential to enhance the EU economy by returning precious metals to the supply chain in a more sustainable 
manner. The optimized process can create opportunities for establishing small to medium-scale local 
hydrometallurgical plants for the recovery of platinum group metals. The PEACOC project has received 
funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement 
No 958302. 
Keywords: microwave-assisted leaching, precious metals, end-of-life products, critical raw materials, 
upscaling, electrification 

[1] https://www.peacoc-h2020.eu/ 
[2] Abo Atia T., Spooren J. (2021). Fast microwave leaching of platinum, rhodium and cerium from spent non-milled 

autocatalystmonolith, Chemical Engineering and Processing - Process Intensification  164 https://doi.org/10.1016/j.cep.2021.108378. 
[3] Abo Atia T., Wouters W., Monforte, G., Spooren J. (2021). Microwave chloride leaching of valuable elements from spent 

automotivecatalysts: Understanding the role of hydrogen peroxide, Resources, Conservation and Recycling  166 
https://doi.org/10.1016/j.resconrec.2020.105349. 

[4] Spooren J., Abo Atia T. (2020). Combined microwave assisted roasting and leaching to recover platinum group metals from 
spentautomotive catalysts, Minerals Engineering  146  https://doi.org/10.1016/j.mineng.2019.106153. 

[5] Kukurugya F., Wouters W., Spooren J. (2025). Microwave-assisted chloride leaching for efficient recovery of platinum group 
metalsfrom spent automotive catalysts: An approach for chemical reagent reduction, Cleaner Engineering and Technology 24 
https://doi.org/10.1016/j.clet.2024.100868 
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HETEROGENEOUS CATALYST DESIGN FOR ENERGY-EFFICIENT
MICROWAVE-DRIVEN AMMONIA DECOMPOSITION

Sota Kuramoto* (1), Fuminao Kishimoto (1), Tatsuya Shinagawa (2), Masayuki Kawagoe (2),
Chihiro Hiraiwa (2), Kazuhiro Takanabe (1)
(1) School of Engineering, The University of Tokyo, 7-3-1, Hongo, Bunkyo, Tokyo 113-8656, Japan, (2) The Kansai
Electric Power Company, Inc., 3-6-16, Nakanoshima, Kita-ku, Osaka, Osaka 530-8270, Japan

NH3 is considered as a green hydrogen carrier especially due to its high energy density and mature production
technologies. While the development of thermal power plants using direct NH3 combustion is underway, the
poor ignitability of NH3 poses challenges to scale up. On the other hand, co-combustion of NH3-H2 mixture or
even H2-only combustion systems are still considered to address the shortcomings of direct NH3 combustion.
Ammonia decomposition for hydrogen extraction is an endothermic reaction, so energy efficiency is a crucial
parameter. In this regard, new methods of energy input for catalytic reactions, such as plasma-assisted reactions
and photocatalytic reactions as well as microwave-assisted reactions, are being explored.[1-5] Especially,
microwave (MW) can create microscopic hot spots in the catalyst bed, which can localize thermal energy in the
active sites of the reaction. Therefore, MW heating possesses a potential for achieving high efficiency of NH3

decomposition.[6] However, to clarify the research direction for emphasizing the advantages of
microwave-assisted ammonia decomposition reactions, it is necessary to evaluate these reaction technologies
cross-functionally from the perspective of energy efficiency.
In this study, we developed a MW-driven ammonia decomposition reaction catalyst aimed at producing
hydrogen from ammonia with high energy efficiency. Although Ru/CeO2 catalyst was typically investigated for
NH3 synthesis/decomposition[7], the MW heating performance was relatively poor. On the other hand,
Ru/BaTiO3 and Ru/SiC catalysts exhibited high heating performance, while Ru/C and Ru/TiO2 showed
moderate heating performance.
Ru/SiC exhibited highest performance among the catalysts with 15% of efficiency. This result should be due to
both the support effects of SiC and the MW absorption characteristics of SiC for microscopic hot spot
formation, which cannot be measured by an infrared thermometer. This catalyst represents an outstanding
energy efficiency within reactors driven by compact power supplies of <100 W. On the other hand, since the
theoretical limit has not yet been reached, it is expected that further progress in catalyst design that balances
both microwave heating efficiency and catalyst performance will allow for achieving even higher efficiency in
the future.

[1] Yi Y., Wang L., Guo Y.J., Sun S.Q., Guo H.C. (2018). Plasma-assisted ammonia decomposition over Fe–Ni alloy catalysts for
COx-Free hydrogen. AIChE Journal 65, 2, 691-701.
[2] Guler M., Dogu T., Varisli D. (2017). Hydrogen production over molybdenum loaded mesoporous carbon catalysts in microwave
heated reactor system. Applied Catalysis B: Environmental 219,15, 173-182.
[3] Yuzawa H., Mori T., Itoh H., Yoshida H. (2012). Reaction Mechanism of Ammonia Decomposition to Nitrogen and Hydrogen over
Metal Loaded Titanium Oxide Photocatalyst. The Journal of Physical Chemistry C 116, 5, 4126-4136.
[4] Ponikvar Ž., Sedminek A., Teržan J., Skubic L., Lavrič Ž., Huš M., Grilc M., Likozar B., Makovec D., Gyergyek S. (2024). Electrified
Dynamically Responsive Ammonia Decomposition to Hydrogen Based on Magnetic Heating of a Ru Nanocatalyst. ChemSusChem,
e202401970.
[5] Lin Q.F., Jiang Y.M., Liu C.Z., Chen L.W., Zhang W.J., Ding J., Li J.G. (2021). Instantaneous hydrogen production from ammonia by
non-thermal arc plasma combining with catalyst. Energy Reports 7, 4064-4070.
[6] Suguro T., Kishimoto F., Movick W. J., Takanabe K. (2024). Coherent evaluation of energy efficiency for microwave catalytic reactors
based on reaction equilibrium. ChemCatChem 16 , e202301598
[7] Suguro T., Kishimoto F., Kuramoto S., Movick W. J., Takanabe K. (2024). Inverse kinetic isotope effect of ammonia decomposition
over Ru/CeO2 using deuterated ammonia, Chemical Communication 60, 7713-7716.

Scientific Research Abstracts
Vol. 16, p. 68, 2025
ISSN 2464-9147 (Online)
Microwawe - AMPERE 2025
© Author(s) 2025. CC Attribution 3.0 License



MICROWAVE VS. CONVENTIONAL HEATING METHODS FOR 
METHANE PYROLYSIS INTO HYDROGEN AND CARBON MATERIAL 

Valentin L'hospital* (1), Leandro Goulart De Araujo (1), Emmanuel Landrivon (1), Ariel  Mello (2), 
Marilena Radoiu (2), Yves Schuurman (1), Nolven Guilhaume (1), David Farrusseng (1) 
(1) Univ Lyon, Université Claude Bernard Lyon 1, CNRS, IRCELYON, France (2) Microwave Technologies Consulting, France 

Methane pyrolysis is a promising CO2-free method to produce hydrogen and valuable solid carbon. It involves thermal 
cracking of CH4 into H2 and carbon at temperatures above 1,200°C or 600–800°C using metal-based catalysts like Ni or Fe 
[1]. However, rapid catalyst deactivation and heat transport limitations strongly penalize the efficiency and economics of 
catalytic pyrolysis. Whereas mechanism may differ, deactivation by coking occurs on all type of metal-based catalysts. 
Also, CH4 pyrolysis is a highly endothermic reaction. As a consequence, reaction rates are usually controlled by heat 
transfer and very high CH 4 conversion levels are hardly achieved. This work deals with the design and study of CH4 and 
biogas pyrolysis in a fluidized-bed reactor using an iron-based catalyst heated by microwave (MW) [2,3]. The combination 
of bed fluidization and direct catalyst heating by MW irradiation allows reaching full CH4 conversion at high temperatures. 
Surprisingly, we can observe a significant apparent activation process on time on stream (TOS) in opposite to 
usual catalytic deactivation process. 
The fluidized catalytic bed consists of a quartz tube filled with specific iron-carbon composite catalyst powder of 
100-150 µm diameter. The MW heating device consists of a 1.3 kW solid state generator operating at 915 MHz 
and a standard WR975 waveguide and monomode cavity. The reaction temperature is controlled by a pyrometer 
while an IR camera monitors both the fluidization and the temperature of the different zones of the reactor. 
The IR camera clearly shows that the fluidization enables the establishment of a homogenous temperature 
throughout the catalyst bed heated by MW. We carried out a comparative study using the same reactor size and 
catalyst amount, by varying the temperature from 750 up to 950°C and then down to 750°C, but one heated by 
a conventional electrical furnace and the other by MW. In the two reactions, CH4 conversions increase with the 
temperature and follow similar trends. For MW heating, the CH4 conversion reaches thermodynamic 
equilibrium at 950°C. CH4 is converted to pure H2 and solid carbon without traces of C2 and C3 fractions. The 
produced carbon is deposited on the surface of the fluidized iron grain. 
Characterization of the carbon shell by XRD and Raman indicates a graphitic-type structure with a surface area of 10 m2 
g-1. The carbon production rate is 4.6 g h-1. Consequently, the bed volume builds up with time of stream (TOS). For the 
two heating methods, we can observe that methane conversion increases with TOS over the 30′ of stabilized 
temperature. However, after 4 hours on TOS, CH4 conversion has more than doubled, for example at 750°C (MW), 20% 
against 47%. We can attribute this apparent-activated process to the continuous increase of the bed volume and thus to 
the residence time, assuming that the deposited carbon plays the role of catalyst. The apparent superior catalytic 
performances of MW heating and scalability issues of MW reactor heating will be discussed. 
Catalytic methane pyrolysis in a fluidized bed can achieve very high methane conversion (>90%) into H2 and solid carbon. 
Higher activity has been demonstrated in a MW-heated reactor. Equally important, the output stream is a mixture of H2 and 
CO in a ratio of 2:1, an ideal ratio for Fisher-Tropsch synthesis if biogas (CH4:CO2 2:1) are used. This work opens up the 
prospect of converting biogas into liquid hydrocarbons in two catalytic steps without any gas separation 
We thank the European Union for supporting TITAN program under GA N° 101069474. Views and opinions 
expressed are however those of the authors only and do not necessarily reflect those of the EU. Neither the EU 
nor the granting authority can be held responsible for them. 
 
[1] J. Prabowo et al. Carbon, 2024, 216, 118507  
[2] V. L’hospital et al. New J. Chem., 2024, 48, 9656–9662 
[3] V. L’hospital et al. Catal. Today, 2025, submitted. 
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CHEMICAL RECYCLING OF PET WASTE: MICROWAVE-DRIVEN
PROCESS INTENSIFICATION AND REACTOR DESIGN FOR MULTIPLE
FEEDSTOCKS

Alberto Lazzaretti* (1), Franco Antonio Cavadini (1)
(1) Gr3n SA

The growing demand for sustainable plastic waste management calls for advanced recycling technologies
capable of handling heterogeneous materials.
Gr3n technology focuses on the chemical recycling of polyethylene terephthalate (PET) packaging and textile
waste sources, both post-consumer and post-industrial, through alkaline hydrolysis. Our approach exploits
microwave radiation as a process intensification strategy to significantly accelerate the kinetics of the reaction.
A custom-designed pressurized agitated reactor has been engineered to interface directly with industrial
microwave generators, with a focus on minimizing reflected power and thermal losses across a wide range of
operating conditions. Particular attention was given to the evolving dielectric properties of the reaction mixture,
which change dynamically as depolymerization progresses.
The system enables substantial reduction in residence time while maintaining high depolymerization yields and
demonstrates robust adaptability to variable feedstock compositions showing promise as a modulable,
economically viable, and environmentally sustainable solution for PET recycling.
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HIGHLY EFFICIENT AND RAPID DECHLORINATION OF POLYVINYL
CHLORIDE VIA MICROWAVE PYROLYSIS

Chai Siah Lee* (1), Mohamed Adam (1), Eleanor Binner (1), John Robinson (2)
(1) Faculty of Engineering, University of Nottingham, Nottingham, NG7 2RD, UK, (2) Halocycle Ltd, 19 Albion Street,
Hull HU1 3TG, UK

Polyvinyl chloride (PVC) is the third most used polymer with a global production of 50.7 Mt, estimated in
20211. A large amount of PVC waste is generated due to its versatile and wide applications. However, PVC
waste recycling is challenging due to its high chlorine content, which generates hazardous chlorinated
pollutants if treated improperly2. A safe and promising PVC dechlorination method is urgently needed to
address this issue. Several dechlorination methods have been reported at the laboratory scale; however, each
method has downsides, and none have been proven at the commercial scale. This work presents a novel and
effective microwave pyrolysis process that could decompose and dechlorinate problematic PVC rapidly
without requiring a solvent or microwave absorber for the first time in the literature. High dechlorination
efficiency of up to 99.6 % was achieved in a short treatment time within 96 seconds. This process releases
hydrogen chloride and generates hydrocarbon-containing liquid and a dechlorinated residue. Dielectric analysis
revealed that the untreated PVC was readily heated under microwaves due to the polar chlorine group within its
structure and the presence of polar phthalate plasticiser in the PVC, and the dechlorinated residue had close to
zero loss tangent due to the dechlorination. The thermogravimetric analysis confirmed that there were two
pyrolysis stages and dechlorination was achieved after the first pyrolysis stage within the temperature range
from 175 to 350 °C. Fourier Transform Infrared analysis showed that all the bands corresponding to the
stretching of C-Cl bonds were not detected in the dechlorinated residue indicating the achievement of
dechlorination. All these results prove that microwave pyrolysis is a promising process for PVC dechlorination,
and it could be the game changer that makes PVC recycling commercially viable. Furthermore, the pyrolysis
products and de-chlorinated residue have the potential to be converted into valuable products.

[1] Song J.X., Wang J., Sima J.Y., Zhu Y.Q., Du X.D., Williams P.T., Huang, Q.X. (2023) Dechlorination of waste polyvinyl chloride
(PVC) through non-thermal plasma. Chemosphere 338, 139535.
[2] Ragaert K., Delva L., Van Geem K. (2017) Mechanical and chemical recycling of solid plastic waste. Waste Management 69, 24–58.
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EMPOWERING SYSTEM DESIGN WITH ACCURATE PERMITTIVITY
DATA

Guido Link* (1)
(1) Karlsruhe Institute of Technology

Industrial process heat currently accounts for around 20 % of global energy consumption, and two-thirds of
industrial energy demand most of it is still predominantly based on fossil energy. In view of climate change and
the need for a successful energy transition, there is high demand for the electrification of process heat based on
renewable energies. In addition to the electrification of process heat, microwave technology can increase
energy efficiency in many processes. Therefore, dielectric heating using high-power microwaves is a
technology that has been attracting growing interest for decades, both in research and development and in
industrial applications.
A fundamental understanding of microwave heating is required for the successful development of microwave
processes and the transfer from laboratory to large-scale microwave applicators. The temperature evolution in a
microwave applicator is not just a matter of microwave power used, but also strongly depends on the
microwave absorption and size of the materials as well as the design of the microwave applicator. For an
optimized system design, beside the expertise on microwave engineering the knowledge of dielectric properties
of processed materials is essential. In general, knowing dielectric properties at room temperature only is not
sufficient, as these properties can change significantly with temperature and potential chemical reactions [1; 2].
Therefore, dielectric characterization of the materials to be processed at process conditions is recommended.
Based on this data a proper microwave system can be designed, which is always a tradeoff between the
applicator size, the available microwave power, the number of installed coupling ports and the type of materials
to be processed. The dependencies of these system variables will be discussed by use of a simple analytical
approach that may support and simplify fixing final design parameters of large applicators [3]. Furthermore,
this approach will be exemplarily verified on specific industrial applications.

[1] Hofele J. et al. (2022). Reaction Kinetics and Process Model of the Polyacrylonitrile Fibers Stabilization Process Based on Dielectric
Measurements. Materials 15(3), 1222
[2] Ramopoulos V., et al. (2018). Industrial scale microwave applicator for high temperature alkaline hydrolysis of PET. Proceedings of the
International Astronomical Union 10(5-6), 709–716
[3] Link G., Ramopoulos V. (2018). Simple analytical approach for industrial microwave applicator design. Chemical Engineering and
Processing - Process Intensification 125, 334–342
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A NOVAL MICROWAVE HEATING TECHNOLOGY FOR SOLDERING
ELECTRONIC COMPONENTS

Siyuan Liu* (1), Huacheng Zhu (1), Yang Yang (1)
(1) Sichuan University

This study presents an innovative soldering technology based on microwave heating to improve the efficiency
and quality of soldering in electronic manufacturing. Traditional soldering methods face issues such as low
energy efficiency and uneven heating in high-precision and large-scale production. This research designs a new
microstrip structure radiator that generates uniform and strong electric fields, significantly improving solder
paste heating efficiency. Through the establishment of a multiphysics field model and experimental
verification, results show that the radiator successfully melts solder paste within 120 seconds, and the
simulation data aligns with the experimental results. This technology is applicable not only for high-precision
soldering of electronic components but also demonstrates potential for large-scale soldering applications. The
study shows that microwave heating effectively reduces energy loss, providing an efficient, low-cost alternative
solution with broad application prospects, particularly in automated packaging and miniaturized electronic
component soldering. The results offer a new approach for efficient soldering in the future electronics
manufacturing industry.

[1] Sahota D.S., Bansal A., Kumar V. (2021). Application of microwave in welding of metallic materials – A review. Materials Today: 
Proceedings 43, 466-470.
[2] Mishra R.R., Sharma A.K. (2016). Microwave–material interaction phenomena: Heating mechanisms, challenges and opportunities in 
material processing. Composites Part A: Applied Science and Manufacturing 81, 78-97.
[3] Said M., Salleh N.A., Nazeri M.F.M., Akbulut H., Kheawhom S., Mohamad A.A. (2023). Microwave hybrid heating for lead-free 
solder: A review. Journal of Materials Research and Technology 26, 6220-6243.
[4] Ju Y., Yamauchi H., Oshima H., Tanaka K. (2014). Reflow of lead-free solder by microwave heating. International Journal of Materials
 and Structural Integrity 8, 32-41.
[5] Moon K., Li Y., Xu J., Wong C.P. (2005). Lead-free interconnect technique by using variable frequency microwave. J Electron Mater 
34, 1081-1088.
[6] Moon K., Li Y., Xu J., Wong C.P. (2004). A novel technique for lead-free soldering process using variable frequency microwave 
(VFM). pp. 118-125.
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MICROWAVE NEEDLE APPLICATORS FOR CANCER THERAPY: A
LOW-COST AND MINI-INVASIVE SOLUTION

Antonella Maria Locosole* (1), Francesco Anelli (1), Vito Vincenzo Francione (1), Md. Imran  Khan
(1), Francesco Prudenzano (1)
(1) 2- Politecnico di Bari, Department of Electrical and Information Engineering

Microwave needle applicators have emerged as feasible promising low-cost and minimally invasive solution
for cancer therapy, particularly in tumor ablation techniques. Unlike traditional surgical procedures, microwave
ablation (MWA) uses electromagnetic energy to generate heat and induce localized tissue necrosis, targeting
cancerous cells while minimizing damage to surrounding healthy tissue. The development of miniaturized and
biocompatible microwave applicators has enabled precise and controlled energy deposition, making them
suitable for treating deep-seated tumors, such as those in the liver, lungs, and kidneys. Compared to alternative
thermal ablation methods like radiofrequency ablation (RFA), MWA offers higher tissue penetration, reduced
procedural times, and improved efficacy in high-perfusion environments. Furthermore, advancements in
antenna design, material engineering, and real-time monitoring technologies continue to enhance the safety,
efficiency, and accessibility of microwave-based cancer therapies, particularly in resource-limited settings. In
this work, different 16G and 14G microwave needle applicators for hepatic cancer therapy have been designed
and optimized, also considering a cooling system to minimize heating of healthy tissue in contact with the
biopsy needle. The applicators have been fabricated and characterized in ex-vivo conditions.
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MICROWAVE, HIGH PRESSURE, AND ULTRASONIC TECHNOLOGY FOR 
NANOMATERIALS SYNTHESIS 

Witold Łojkowski * (1), Urszula Szałaj  (1), Jacek Wojnarowicz (1), Julia Higuchi (1), Tadeusz Chudoba 
(1), Anna Swiderska-Sroda (1), Olena Sych (1, 2), Wojciech Majewski (1), Andrzej Majcher (3) 
(1) Institute of High Pressure Physics, Polish Academy of Sciences, (2) Frantsevich Institute for Problems of Materials 
Science, NAS of Ukraine, (3) Łukasiewicz Research Network – Institute for Sustainable Technologies, Radom, Poland 

Nanotechnology exploits the fundamental principle that properties of materials with start to depend strongly on 
theirs’s size as it decreases bellow roughly 100 nm. Their Optical, electrical, mechanical, magnetic, electrical, 
chemical biological and  other properties change. Surface atoms become a large fraction of all atoms and they 
are bounded to various molecules. For example, for particles size less than 20 nm the specific surface area can 
exceed 100 m² per gram, enhancing catalytic activity, reactivity, and other surface-dependent properties. For 
nanomaterials the specific surface is a free thermodynamic variable alongside pressure, temperature, and 
composition. Great opportunities are created by nanoarchitecture, where various nanomaterials are combined in 
an engineered way to achieve structures with novel properties. 
Therefore, precise control of particle size is essential to tailor properties for specific applications. Synthesis and 
processing of nanostructures requires low processing temperatures and short reaction times, as high 
temperature or long time cause  particle’s growth. Additionally, achieving uniform particle size distribution is 
crucial to have clear particle size dependent effects. 
Microwave-assisted synthesis is an ideal method for fabricating nanomaterials with well controlled nanostructure 
via wet chemistry. It enables rapid heating, controlled cooling, and precise reaction timing. The nanoparticles are 
enclosed in closed vessels and cause no health risk to persons. To obtain well-crystallized nanoparticles, synthesis 
must occur at temperatures above the boiling point under ambient pressure, requiring high-pressure vessels. This 
process, known as Microwave Solvothermal Synthesis (MSS) or Microwave Hydrothermal Synthesis (MHS), 
ensures controlled nanomaterial production while preserving size-dependent properties. 
One of the most effective applications of nanomaterials is in coatings. However, applying nanoparticles to coat 
3D, fibrous, or porous surfaces while maintaining their unaltered size is challenging. The Sono-Nano-Coating 
(SNC) technique addresses this by immersing objects in nanoparticle suspensions and using high-power 
ultrasound to achieve uniform deposition at temperatures bellow 30oC without altering particle size. 
For real-world applications, scalability and compliance with industrial safety standards are critical. We report 
the successful use of MHS technology to synthesize nano-hydroxyapatite (GoHAPmed™) particles with 
precisely controlled sizes (10–50 nm) for bone regeneration in medicine, according to the ISO123485 norm, 
required for medical implants. Additionally, we applied the SNC technique to coat medical implants with nano-
hydroxyapatite, nano-ZnO and nano-silver. We also utilized MSS to produce ZnO nanoparticles (20–120 nm) 
for various applications, as well as zirconia nanoparticles doped with rare earth ions. 
Use of this technology was possible due to development of own devices: MSS 4 reactor with precisely 
controlled power, pressure, time of reaction, high microwave power of 3 KW i.e.4 W/ml of the reactants, vessel 
volume 250 ml, maximum pressure of 6 MPa, with relatively high production capacity. Also, reactors for sono-
nano-coating of various objects, where the object to be coated is immersed in a water dispersion of 
nanoparticles at temperature of 30oC, and the coating process takes from 5 to 20 minutes, depending on the 
object to be coated. The fibres of the object are coated from all sides. 
These advances highlight the crucial role of microwave, high pressure and ultrasonic technologies to control 
the size of nanoparticles, while achieving a high crystallinity degree. This approach widens the opportunities to 
exploit size-dependent properties of nanomaterials and unlock novel functionalities in biomedical and 
industrial applications. 
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PYROLYSIS ENHANCEMENT OF BIOMASS WITH
MICROWAVE-ASSISTED PROCESS FOR BIOCHAR AND BIO-OILS
PRODUCTION

Angel M López-Buendía* (1), Néstor Estebanez (1), Jaime Arbona (1), Eduardo Brau (1), Luis Saúl
Esteban (2), Raquel Ramos Casado (2)
(1) CEINNMAT, INNCEINNMAT SL, Catedratico Agustin Escardino, 9 46980-Paterna, Valencia, Spain, (2) Centre for
the Development of Renewable Energies CEDER-CIEMAT, Autovía de Navarra A-15, Salida 56, 42290, Lubia, Spain

Pyrolysis is becoming a solution method for biomass valorization in byproducts as biochar or bio-oil. During
thermal treatment at high temperature under anoxic condition the biomass is decomposed into its constituent
parts (depolymerized and fragmented lignin, hemicellulose, cellulose, and extractive fractions)1, having a solid
fraction enriched in carbon, or biochar, and the liberation of hydrocarbons as bio-oils and bio-gas. According
with literature, the amount of each fraction and the type of hydrocarbons depends on the relationship between
temperature and time of reactions, producing more bio-oils at moderate temperature and longer time and very
lighter organic chains at high temperature and short time. 2

Under conventional heating, the complexity of heat transference keeping anoxic conditions make it low energy
efficient, and limited production yield time of transformation and atmosphere of control.
Microwave technology allows direct biomass heating with affordable gas control. Nevertheless, limitation in
measuring temperature compatible, with the irradiation and the heterogeneity in heating are challenges that has
been carefully considered to implement in an efficient system. Liberation of gases during internal heating
improve permeability by the internal gas liberation enhancing the surface area as has been evidenced with a
high value on BET analysis.
A novel microwave procedure was performed, demonstrating to be a competitive process of high energy
efficiency with an implementation with capacity to obtain product with promising quality. Investigation in key
operating parameters and its influence in product yield, such as microwave power and temperature, time of
exposure, heating ramp, initial moisture content and surrounding gas. This system allows fast heating rates and
minimization of thermal gradients in the material, optimizing the production for a porous and homogeneous
and obtaining high bio-oil production for industrialization perspectives.

[1] [1]	Wystalska, K. & Kwarciak-Kozłowska, A. The Effect of Biodegradable Waste Pyrolysis Temperatures on Selected Biochar
Properties. Materials 14, 1644 (2021).
[2] [2]	Lv, P. et al. Investigation into the interaction of biomass waste with industrial solid waste during co-pyrolysis and the synergetic
effect of its char gasification. Biomass Bioenergy 159, 106414 (2022).
[3] [3]	Ethaib, S., Omar, R., Kamal, S. M. M., Awang Biak, D. R. & Zubaidi, S. L. Microwave-Assisted Pyrolysis of Biomass Waste: A
Mini Review. Processes 8, 1190 (2020).
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MICROWAVE-ASSISTED GREEN SYNTHESIS OF CARBON QUANTUM
DOTS FROM BIOMASS WASTE FOR OPTICAL DETECTION OF SOIL
ELEMENTS IN PRECISION AGRICULTURE

Karol Łysiak* (1, 2), Łukasz Janus (1), Julia Radwan-Pragłowska (1), Aleksandra
Sierakowska-Byczek (1), Klaudia Kuźmiak (1)
(1) Cracow University of Technology, Faculty of Chemical Engineering and Technology Warszawska St. 24, 31-155
Cracow, Poland, (2) Doctoral School of the Rzeszow University of Technology

The increasing demand for sustainable soil monitoring tools in precision agriculture highlights the need for
innovative sensing materials that are both eco-friendly and cost-effective. This research introduces a rapid and
green method for synthesizing carbon quantum dots (CQDs) from agricultural biomass waste using
microwave-assisted hydrothermal treatment. The use of microwave radiation dramatically reduces reaction
time and energy consumption compared to conventional heating methods, enabling scalable production of
photoluminescent nanomaterials from renewable sources.
The resulting CQDs were characterized by TEM, FTIR, UV-Vis spectroscopy, and fluorescence measurements,
confirming their nanoscale size, high quantum yield, and excellent optical stability. These microwave-derived
CQDs were successfully employed as UV-activated fluorescent probes for the detection of essential soil
elements, including micronutrients and potential heavy metal contaminants, in soil extracts. Their strong and
selective fluorescence quenching in the presence of target ions under UV excitation offers a promising platform
for real-time soil analysis, supporting precise fertilization strategies and soil health monitoring.
This study not only demonstrates the synergistic advantages of microwave-driven synthesis in nanomaterial
production but also contributes to circular economy principles by valorizing agricultural waste for high-value
applications in smart farming.
This research was funded by The National Centre for Research and Development Grant number:
LIDER13/0249/2022

[1] Li, H., He, X., Kang, Z., Huang, H., Liu, Y., Liu, J., & Tsang, C. H. A. (2010). Water-soluble fluorescent carbon quantum dots and
photocatalyst design. Angewandte Chemie International Edition, 49(26), 4430–4434. https://doi.org/10.1002/anie.200903679
[2] Sharma, V., Tiwari, P., & Mobin, S. M. (2017). Sustainable carbon-dots: recent advances and applications. Green Chemistry, 19(3),
720–744. https://doi.org/10.1039/C6GC02660A
[3] Kong, M., & Chen, X. G. (2015). Microwave-assisted fabrication of chitosan-based materials and their applications. Carbohydrate
Polymers, 132, 304–312. https://doi.org/10.1016/j.carbpol.2015.06.070
[4] Essner, J. B., Kist, J. A., Polo-Parada, L., & Baker, G. A. (2018). Photoluminescent carbon dots from food waste: a sustainable
approach for sensing and imaging. Environmental Science: Nano, 5(5), 1213–1220. https://doi.org/10.1039/C8EN00078G
[5] Anwar, S., Ding, H., Xu, M., Hu, X., Li, Z., Wang, J., & Jiang, C. (2021). Recent advances in synthesis, optical properties, and
biomedical applications of carbon dots: a review. Journal of Nanobiotechnology, 19(1), 364. https://doi.org/10.1186/s12951-021-01119-1
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GERMINATION INDUCTION OF BACILLUS SUBTILIS BY ROSEMARY
EXTRACT AND THE SYNERGISTIC EFFECT OF MICROWAVES

Ibrahim Maamoun* (1, 2), Seita Murakami (1), Shuntaro Tsubaki (1, 2), Yoshimitsu Masuda (1, 2),
Noriyuki Igura (1, 2)
(1) Graduate School of Bioresource and Bioenvironmental Sciences, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka,
Fukuoka 819-0395, Japan, (2) Faculty of Agriculture, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka, Fukuoka
819-0395, Japan

In recent years, the rapid development of food processing technologies has increased the demand for safer food
products of higher quality, where strict microbial control remains essential to prevent spoilage and foodborne
diseases. In this regard, heat treatment stands as a basic yet effective sterilization method. The processed food
industry may typically contain heat-resistant bacterial spores of Bacillus species, which lead to product
spoilage and quality reduction. Thus, sterilization is conducted under high-pressure conditions at a temperature
of 135℃ or higher, where it has been proven effective yet leads to substantial damage to food flavor and
nutrients. Therefore, germination induction methods have gained attention to reduce the heat resistance of the
spore-forming bacteria before sterilization. Rosemary extract is well-known for its bactericidal effect owing to
its rich content of phenolic compounds that can disrupt bacterial cell membranes and inhibit their growth. This
work aims to combine microwave heating with the germination induction of rosemary extract for rapid and
efficient sterilization of Bacillus subtilis. Rosemary was extracted using three different organic solvents with
different polarities (i.e., acetone, hexane, ethanol) and analyzed using liquid chromatography-mass
spectrometry (LC-MS). Furthermore, germination ratio tests were conducted to evaluate the
germination-inducing effect of rosemary extract components. After germination induction by rosemary extract, 
B. subtilis spore suspensions were heated conventionally and by microwaves to investigate the synergistic
effect of heat treatment after germination.
LC-MS results indicated that rosmanol, ursolic acid, and betulinic acid were the major components of rosemary
extract. Ethanol and acetone solvents were better than hexane in rosemary extraction, where the formers
yielded the three major components, and the latter showed only a slight extraction of ursolic and betulinic
acids. When compared with L-alanine (positive control) and carnosic acid (negative control), rosmanol showed
a germination ratio equivalent to L-alanine after 40 min of germination induction, unlike ursolic and betulinic
acids, which showed no change in turbidity. The heat treatment results indicated that rosemary extract showed
a germination-inducing effect with both conventional heating (90°C for 5 min) and microwave heating (2.45
GHz, 20 W for 5 min). However, with conventional heating, the number of viable bacteria started to decrease
after one hour of germination induction, whereas, with microwave heating, a reduction in the number of
bacteria was confirmed immediately after the start of germination induction. Arrhenius plots were considered
to identify the factors contributing to the microwave germicidal effect and showed no significant change in the
activation energy between conventional and microwave heating, indicating that the sterilizing effect of
microwave heating originates from its thermal effect. Real-time PCR results showed that rosmanol increased
the hydrolytic enzyme gene cwlJ expression by 100- to 300-fold. Since gene expression levels of rosmanol
were comparable to those of L-alanine, these results suggested that the germination-inducing effect of rosemary
extract and rosmanol on B. subtilis were equivalent to that of L-alanine and followed the same germination
induction pathway.
In conclusion, this work demonstrated a new sterilization technology combining microwaves with germination
induction of rosemary extract that exhibited efficient sterilization of spore-forming bacteria under atmospheric
pressure and low temperature (≈90°C) conditions. Such a technique significantly contributes to developing
food production processes without deteriorating food quality.
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MICROWAVE-ASSISTED SYNTHESIS OF GRAPHITIC CARBON
NITRIDE-BASED PHOTOCATALYSTS FOR ENVIRONMENTAL
PURIFICATION 

Katarzyna Matras-Postolek* (1), Alicja Szymska-Szymanik (1), Xiao Zhang (1)
(1) Cracow University of Technology

The growing levels of environmental pollution present an urgent and significant challenge. As awareness of the
need for change increases, there is a pressing drive to explore alternative energy sources and innovative
methods for purifying water and air. Water pollution, in particular, has emerged as a critical issue, with
contaminants from industries—such as dyes from the textile sector—posing serious threats to public health.
Therefore, it is vital to identify new, cost-effective, efficient, and environmentally friendly solutions to address
this problem [1].
Recently, the photocatalyst graphitic carbon nitride (g-C₃N₄) has attracted considerable attention. This polymeric
material, with a narrow band gap of 2.7 eV, is more efficient at harnessing sunlight compared to the widely
used TiO₂ (3.2 eV). Research has demonstrated the potential to modify its structure—through doping with
metals and non-metals or adjusting synthesis parameters—further reducing its band gap and enhancing
photodegradation efficiency.
The studies focused on developing a rapid synthesis method for high-performance materials. Catalysts were
synthesized from various precursors and subsequently modified by doping. These materials were characterized
using FT-IR, UV-VIS, SEM, XRD, and BET techniques. The photocatalysts’ ability to degrade dye pollutants
was assessed with a xenon lamp, and changes in dye solution concentrations were monitored using a UV-VIS
spectrophotometer. The results highlight the remarkable potential of the g-C₃N₄ nanosheets, as the modified
photocatalysts exhibited high efficiency in dye degradation, promising significant contributions to future water
purification efforts. Additionally, the materials’ capability to catalyze CO₂ reduction reactions was explored,
demonstrating their potential to reduce CO₂ to methanol. These findings underscore the potential applications of
g-C₃N₄-based materials in industrial processes and environmental protection.
This research is part of the project No. 2021/43/P/ST5/01729 co-funded by the National Science Centre and
the European Union Framework Programme for Research and Innovation Horizon 2020 under the Marie
Skłodowska-Curie grant agreement No. 945339

[1] X. Ji et al., “Dimensional Nanoarchitectonics of g-C3N4/Co Nanocomposites for Photo- and Electro-Chemical Applications,” ACS
Appl Nano Mater, vol. 5, no. 8, pp. 11731–11740, Aug. 2022, doi: 10.1021/acsanm.2c02755. 

Scientific Research Abstracts
Vol. 16, p. 79, 2025
ISSN 2464-9147 (Online)
Microwawe - AMPERE 2025
© Author(s) 2025. CC Attribution 3.0 License



AN EXPERIMENTAL STUDY OF MICROWAVE DISINFECTION OF SOILS 

Giuseppe Mazzarella* (1), Matteo Bruno Lodi (1), Andrea Melis (1), Alessandro Fanti (1) 
(1) Department of Electrical and Electronic Engineering, University of Cagliari, Italy 

Agriculture must enhance food quality using eco-friendly processes while eliminating harmful pathogens. 
Toward this goal, soil physical disinfection is a promising sustainable method [1]. Soil physical disinfection is 
a promising sustainable method [1]. A proposed cost-effective approach uses microwave (MW) power to heat 
the soil and maintain a threshold temperature to neutralize pathogens efficiently [1]. Despite the promising 
potential [1] and even though new systems are designed [2] for MW soil disinfection, there is still lack of a 
complete understanding and methodologies for the planning of this treatment are missing.   
 
A computational nonlinear model of electromagnetic and heating phenomena involved in the soil disinfection 
was proposed proposed by us [3]. This model exploits the different time-scales of EM and thermal dynamics, 
featuring the solution of the Riccati equation for the EM field and the finite difference time domain 
computation of the Fourier’ equation, more details can be found in [3]. The model was implemented in Matlab 
2024 and used for preliminary considerations, useful for the experimental setup. 
Commercially available soil was purchased and characterized using an open-ended coaxial probe DAK 3.5 
connected to a Rohde&Schwarz ZNH8 vector network analyzer (VNA) in the range 0.5-8 GHz to retrieve the 
complex permittivity. Ten measurements were acquired to assess the variability of the sample. Then, the 
ALBA4000D MW apparatus, usually employed in clinical practice for the MW hyperthermia treatment of 
tumors, was used to perform experimental tests. The system consists of an antenna, a MW power generator that 
can feed up to 100 W, and eight K-type thermocouples. The MW power is modulated so that it is on for a 
period of 5 s and off for 1 s, when the temperature is recorded. The radiator is a Beta model microstrip patch 
antenna working at 434 MHz. The antenna was placed at 8 cm from a box (47 cm x 30 cm x 10 cm) containing 
the soil. Three temperature probes have been placed perpendicular to the field lines below soil surface (<0.5 
cm), monitoring the surface temperature below the maximum SAR line and in the lateral directions.   
 
From the dielectric characterization of the soil, the data show the wet and moist characteristic of the selected 
soil, for a real permittivity of 10.46  1.5 and and imaginary permittivity of 8.09  1.8, implying high 
heterogeneity. These data are used as input for the simulations with the in-house numerical code. The 
experimental tests using the MW apparatus reports some difficulties in coupling the MW field into the soil 
(~20% reflected power). The surface temperature after 80 min is raised from 18.9°C to 33.9°C (heating rate 
0.18°C/min). A temperature difference of ~7°C was observed at 5 cm away from the soil center. Since this 
setup was developed, more experiments will be performed and discussed at the conference. The proposed 
approach can foster the design of new and more effective antennas for MW soils disinfection. 

Brodie G., Carmel R., Lancaster C. (2012).Microwave technologies as part of an integrated weed management strategy: a 
review.International Journal of Agronomy,636905. 
[2] Kumari K., Agarwal M., Singh H.S., Khanna R. (2025).Design and development of a 2.45 GHz slot loaded SIW microwave 
applicatorfor soil treatment.Physica Scripta,035537. 
[3] Fanti A., Spanu M., Lodi M.B., Desogus F., Mazzarella G. (2017).Nonlinear analysis of soil microwave heating: Application 
toagricultural soils disinfection.IEEE Journal on Multiscale and Multiphysics Computational Techniques,105-114. 
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MICROWAVE COLD PLASMA MEDICAL DEVICE - FROM PROTOTYPE
TO COMMERCIALISATION

Mary McGovern* (1)
(1) Adtec Healthcare Ltd

Adtec first developed an atmospheric pressure microwave argon plasma prototype in 2004 and was the first
company in the world to conduct clinical trials using microwave plasma. We now have CE medical device
approval and are commercialising in new markets.
This presentation will cover our journey from
Plasma characterisation (1) – An atmospheric low-temperature microwave plasma torch was developed and
applied to disinfection. Argon gas at a flow rate of 2.2 slm and 85 W microwave power were used. Plasma
discharges are produced between the tip of each electrode and the inner surface of the cylinder. When an
Escherichia coli culture is placed for 2 min at 20 mm below the torch, where the gas temperature is sufficiently
cool, the bacteria are almost completely killed within a 40 mm diameter circle. The UV radiation is one of the
major players responsible for killing bacteria, others being the reactive species and the charged particles.
Managing clinical trials and publication of clinical trial results (2) – Clinical Trials were conducted over an 8
year period and the published results include ‘A 2-min treatment with either of two cold atmospheric argon
plasma devices is a safe, painless and effective technique to decrease the bacterial load in chronic wounds. No
side-effects occurred and the treatment was well tolerated.
Medical device design and characterisation (3) – The safety and effectiveness of plasma devices are of crucial
importance for medical applications. This study presents the novel design of an atmospheric plasma torch
(SteriPlas) and its characterisation. The plasma components (UV, temperature, reactive oxygen species and
reactive nitrogen species) were measured to ensure safe levels for operators and patients.
Adoption by leading health care professionals (4,5 ) – The clinical results published by health care
professionals demonstrated that the combination therapy including cold plasma offers a further conservative
option for patients with infected LVAD systems. It showed good compatibility without any contraindications.
Our RCT shows that treatment with CAP improves various aspects of wound healing in patients with
therapy-refractory chronic wounds.
Commercialisation – lessons learned and our next steps.

[1] Characterization of Microwave Plasma Torch for Decontamination,Tetsuji Shimizu, Bernd Steffes, René Pompl, Ferdinand Jamitzky,
Wolfram Bunk, Katrin Ramrath, Matthias Georgi, Wilhelm Stolz, Hans-Ulrich Schmidt, Takuya Urayama, Shuitsu Fujii, Gregor Eugen
Morfill, Plasma Process. Polym. 2008, 5, 577-582
[2] Successful and Safe Use of 2 Min Cold Atmospheric Argon Plasma in Chronic Wounds: Results of A Randomized Controlled Trial.
Isbary, G., J. Heinlin, T. Shimizu, J. L. Zimmermann, G. Morfill, H-U. Schmidt, R. Monetti, B. Steffes, W. Bunk, Y. Li, T. Klaempfl, S.
Karrer, M. Landthaler and W. Stolz,. British Journal of Dermatology, 2012. 167(2): p. 404-10.
[3] Characterisation of a Cold Atmospheric Pressure Plasma Torch for Medical Applications: Demonstration of Device Safety.  Bennett,
A., Urayama, T., Papangelis, K., Yuen, P., Yu, N. (2021) Applied Sciences 11, no. 24: 11864. https://doi.org/10.3390/app112411864
[4] Preliminary results of a new treatment strategy for relapsed LVAD-specific infections. Rotering, H., Al Shakaki, M., Welp, H.,
Dell`Aquila, A.M., Ann Thorac Surg. 2020 Mar 10. pii: S0003-4975(20)30357-X. doi: 10.1016/j.athoracsur.2020.02.007
[5] Pilot study on the influence of cold atmospheric plasma on bacterial contamination and healing tendency of chronic wounds, M.
Moelleken, F. Jockenhöfer, C. Wiegand, J. Buer, S, Benson, J. Dissemond, JDDG 2020 https://doi.org/10.1111/ddg.14294

Scientific Research Abstracts
Vol. 16, p. 81, 2025
ISSN 2464-9147 (Online)
Microwawe - AMPERE 2025
© Author(s) 2025. CC Attribution 3.0 License



MICROWAVE STUNNING OF BOVINES FOR HALAL AND KOSHER
MARKETS: A 15-YEAR JOURNEY FROM CONCEPT TO
COMMERCIALIZATION

McLean David* (1), McLean Joel  (1), Small Alison (2), Ralph James  (3)
(1) Advanced Microwave Technologies, (2) CSIRO, (3) Wagstaff Cranbourne P/L

Bringing an innovative concept to commercial reality is rarely a smooth process, especially in food technology
and religious procedures. One such challenge is the development of microwave stunning for bovines in halal
and kosher markets, also known as “Diathermic Syncope.” This method induces unconsciousness by
selectively heating brain tissue using high-frequency electric currents—essentially applying diathermy to the
brain to trigger a temporary loss of consciousness.
The project has faced major hurdles in multiple areas, including technical scale-up, regulatory approval,
religious acceptance, and food safety. A key milestone has been the transition from early-stage 2.45 GHz,
low-power (watts) systems to industrial-scale 915 MHz, high-power (kilowatt) systems. This shift has been
essential to ensure deep enough energy penetration and efficient power use while complying with strict
religious and ethical standards.
Over the past 15 years, the project has tackled significant technical challenges, particularly in:  
Optimizing power delivery
Ensuring uniform focused energy distribution
Validating unconsciousness with clinical EEG data  
A major obstacle has been the demand for strong neurological validation to confirm the method’s effectiveness.
However, resistance from established players in the stunning industry has made progress difficult. Traditional
mushroom bolt stunning remains dominant—not necessarily because it’s better for animal welfare, but due to
economic self-interest, regulatory inertia, and industry protectionism. This has slowed the adoption of a
scientifically backed alternative, despite its potential benefits for both animal welfare and religious slaughter
practices.
This presentation traces the technological evolution of microwave stunning, from early feasibility tests to
high-power commercial prototypes. It highlights the crucial role of clinical EEG analysis, the transition to 915
MHz systems, and the regulatory and political challenges faced along the way. Ultimately, this case study
offers insights into the intersection of science, ethics, and industry, shedding light on both the opportunities and
obstacles in bringing disruptive food processing technologies to market.
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MICROWAVE TREATMENT OF PFAS IMPACTED SOIL

McLean David* (1), McLean Joel (1)
(1) Advanced Microwave Technologies

Current soil remediation technologies are largely ineffective in both removing and destroying per- and
polyfluoroalkyl substances (PFAS) (Ross 2018), with conventional thermal treatments relying on natural gas
combustion proving energy-intensive, costly, and generating excessive gas volumes requiring extensive
post-treatment. Microwave technology presents a highly efficient alternative by leveraging selective,
volumetric heating, allowing for complete PFAS degradation across various substrates, including topsoil, clay,
concrete, and asphalt. Unlike traditional thermal methods, microwave-induced pyrolysis and desorption
produce minimal off-gas, reducing the burden on secondary treatment systems.
This study examines the technical feasibility and commercialization challenges of microwave-driven PFAS
remediation, emphasizing microwave system design, power delivery optimization, and materials handling
considerations. Key engineering challenges include dielectric property variability of contaminated media,
uniform field distribution in high-power 915 MHz systems, and the need for adaptive process control to
mitigate thermal runaway. Additionally, materials handling strategies must accommodate heterogeneous
substrates and enable continuous throughput for large-scale remediation.
AMT Remediation is developing the world’s first commercial microwave PFAS destruction system, integrating
high-power microwave energy transfer with advanced materials processing solutions. This presentation will
outline the technological evolution of this approach, the critical engineering barriers to scalability, and the
broader implications for sustainable, high-efficiency environmental remediation.

[1] Ross I (2018). A review of emerging technologies for remediation of PFASs . Remediation Vol 28, Issue 2, on pages 101-126. 
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COMPUTATIONAL INVESTIGATION OF EFFECTS OF SURROUNDING
ENVIRONMENT THICKNESS ON THE RADIO FREQUENCY
TEMPERING UNIFORMITY

Welat Miran* (1, 2), Mahir Cin (1, 2), Tunç Koray Palazoğlu (1, 2)
(1) Department of Food Engineering, Mersin University, (2) Veltia Laboratory and Consultancy Services Inc.

In this study, the effect of the thickness of the environment (deionized water (DW) and insulation (air))
surrounding the frozen beef for radio frequency tempering uniformity was investigated computationally. The
tempering between parallel plates of the 27.12 MHz radio frequency system was simulated using COMSOL
Multiphysics. Since the electrode dimensions (48×100 cm) in the developed simulation are much smaller than
30% of the RF wavelength (≈11 m), the voltage distribution is assumed to be uniform along the top electrode
(Barber, 1983). Therefore, a quarter of the entire geometry was modeled in the study and thus the simulation
solution time was shortened. The model was validated by experiments with a fixed electrode gap of 150 mm
and a distance between the block of frozen beef (2.0 kg) and the top electrode of 48.5 mm. Temperature at four
different locations during tempering was recorded by using a signal conditioner and fiber optic probes. The root
mean square error (RMSE) values were calculated for comparison, and values ranging from 0.9 to 3.1 °C were
obtained. To demonstrate the effect of deionized water and insulation thickness on the temperature uniformity
of frozen beef, three different deionized water thicknesses (1 cm, 3 cm, 5 cm) and five different insulation (air)
thicknesses (1 cm, 2 cm, 3 cm, 4 cm, 5 cm) were tested. Simulated temperature uniformity index (STUI) values
were calculated to evaluate the thickness effect. In the simulations where the thicknesses with the lowest
heating uniformity index were applied, the maximum temperature for lean beef was reduced from 23.4°C to
-0.9°C, and for fatty beef (mixture), it was reduced from 95.6°C to 6.3°C. Using the computationally obtained
results, a video-animation was developed showing the volumetric temperature distribution of beef during radio
frequency tempering. It was computationally shown that the corner and edge overheating of rectangular objects
during RF tempering can be overcome and heating uniformity can be greatly improved when frozen beef is
surrounded by deionized water.  Deionized water has a low dielectric loss factor at 27.12 MHz frequency, so it
does not heat up (Miran and Palazoğlu, 2023). This advantage allows it to be used repeatedly, thus reducing the
water footprint. The application of this approach used in the study to sensitive foods could not only contribute
to the literature but also increase the use of radio frequency in food industry systems.

[1] Barbe H. (1983). Electroheat. Granada Publishing, P. O. Box 9, Frogmore, St Albans, Herts AL 2 2 NF, England.
[2] Miran W., Palazoğlu T. K. (2023). Simulation and measurement of the effects of surrounding material on the uniformity of radio
frequency heating of wheat flour. Biosystems Engineering 227, 130-146.
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APPLICATION OF MICROWAVE CAVITIES AND LOW-LOSS
DIELECTRIC MOLDS FOR THE RECOVERY OF WASTEWATER

Juan Monzó-Cabrera* (1), Alejandro Díaz-Morcillo (1), Francisco Sabater-Martínez (2), Juan
Aparicio-Carrión (2)
(1) Universidad Politécnica de Cartagena, (2) Gestión y Tratamientos Medioambientales, S.L.

The scarcity of water resources in Spain makes water recovery and reuse essential for the sustainability of
many business and institutional activities. While procedures exist for urban wastewater treatment, certain
industrial and service activities generate effluents that cannot be discharged into the sewage system, requiring
specialized management by certified operators.
Among industrial effluents, vehicle wash wastewater is notable for its high pollutant load, including
hydrocarbons and suspended solids. On-site treatment is therefore strongly recommended, although many
companies outsource it to specialized firms, increasing transportation and management costs.
In this context, the project “Application of Low-Loss Dielectric Molds to Enhance the Efficiency of Microwave
Evaporation for Wastewater Recovery (MOLDEMICRO-H₂O)”, developed by the Universidad Politécnica de
Cartagena (UPCT) in collaboration with Gestión y Tratamientos Medioambientales, S.L. (GETRAME),
proposes a water recovery system based on microwave evaporation with thermal energy recovery. While
previous studies [1] examined microwave heating for pollutant removal, the present technology employs
microwave-assisted evaporation enhanced by adaptive control for greater energy efficiency. The applicator
integrates low-loss dielectric structures, improving microwave penetration and impedance matching [2–4].
The system also uses heat exchangers for wastewater preheating, condensation, and recovered water storage,
enabling simultaneous purification and bacterial elimination. The result is high-quality water suitable for reuse
within the facilities that generate the effluent.
This work presents measurements of the dielectric properties of diverse wastewaters, including vehicle wash
effluents, landfill leachates, and greenhouse runoff. In addition, it analyzes the behavior of a microwave cavity
with wastewater under heating and evaporation, focusing on impedance matching and overall performance.
Simulations and experimental results provide promising evidence of the feasibility and effectiveness of this
technology for wastewater recovery.

[1] Remya, N., & Lin, J. G. (2011). Current status of microwave application in wastewater treatment - a review. Chemical Engineering
Journal, 166(3), 797-813.
[2] Xu, C., Shu, W., Ye, J., Yang, Y., Huang, K., & Zhu, H. (2022). Electromagnetic black hole for efficiency microwave heating based on
gradient-index metamaterials in multimode cavities. IEEE Microwave and Wireless Components Letters, 32(10), 1235-1238.
[3] Monzó-Cabrera, J., Escalante, J., Díaz-Morcillo, A., Martínez-González, A., & Sánchez-Hernández, D. (2004). Load matching in
multimode microwave-heating applicators based on the use of dielectric-layer moulding with commercial materials. Microwave and
Optical Technology Letters, 41(5), 414-417.
[4] Domínguez-Tortajada, E., Monzó-Cabrera, J., & Díaz-Morcillo, A. (2005). Load matching in microwave-heating applicators by means
of genetic-algorithm optimization of dielectric multilayer structures. Microwave and Optical Technology Letters, 47(5), 426-430.
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POTENTIAL OF MICROWAVE VULCANIZATION TECHNOLOGY FOR
SUSTAINABLE TIRE RUBBER PRODUCTS IN A CIRCULAR ECONOMY

Takeomi Morishima* (1), Toshiki Takizawa (1), Satoshi Horikoshi (1)
(1) Sophia University

The world’s annual consumption of new rubber is approximately 30 million tons, about 60 % used in tires. [1] In
the vulcanization process of tire manufacturing, prolonged heating is required due to the low thermal
conductivity of rubber, resulting in significant energy consumption and CO2 emissions. To improve these
problems, research on applying microwave heating to rubber vulcanization began in the 1970s. [2] However, at
that time, temperature control was challenging, leading to runaway thermal and uneven heating of the rubber.
Consequently, it was commonly believed that microwaves could not be used for vulcanization. Nevertheless,
by utilizing microwave sources developed for telecommunications that allow precise control, we hypothesized
that the long-standing challenges of microwave rubber vulcanization could be overcome. This study aims to
explore the potential of new microwave technology in the rubber vulcanization process and its application to
actual manufacturing processes using equipment capable of highly controlled microwave emission. The goal is
to demonstrate that this technology is effective for the circular economy of rubber products.
In the experiment, we used a rubber compound modeled after actual tires, primarily composed of isoprene
rubber (IR), carbon black (CB), and sulfur. Variable frequency microwave (VFM) irradiation was applied
across the 5.85-6.65 GHz frequency range. The vulcanization evaluation of microwave-treated rubber samples
was conducted through tensile tests and viscoelastic property assessments. Since microwaves are
electromagnetic waves, penetration depth into thick rubber samples proved critical, prompting measurements of
deep-layer heating characteristics under VFM irradiation. Furthermore, to verify the applicability to the tire
retreading process that contributes to resource circulation and carbon neutrality, the vulcanized
rubber-unvulcanized rubber vulcanization adhesion was examined by T-peel tests using the VFM.
In conventional fixed-frequency microwave (FFM) irradiation, uneven heating due to standing waves was a
problem. However, our study found that VFM irradiation enabled uniform vulcanization. Furthermore, we
confirmed that uniform vulcanization was possible regardless of the type or content of CB. Additionally, rubber
vulcanized using VFM exhibited superior tensile strength compared to FFM, achieving properties equivalent to
those obtained through conventional mold heating. The viscoelastic characteristics also showed loss tangent
(tan δ) values comparable to mold heating methods. For thick samples subjected to VFM irradiation, efficient
heating was observed, reaching a temperature of 84.1°C at a depth of 30 mm within approximately 10 minutes.
This demonstrated significantly faster heating compared to conventional methods. In experiments aimed at
applying VFM technology to the tire retreading process, T-peel tests showed a maximum peel strength of 91
N/inch, along with favorable rubber failure modes.
This study revealed that VFM irradiation technology has the potential to achieve uniform vulcanization while
significantly reducing vulcanization time compared to traditional electric heating methods. Furthermore, we
were able to demonstrate at the laboratory level that replacing the rubber vulcanization process, which uses
fossil fuels as its heat source, with microwave heating using electric energy has the potential to significantly
reduce CO2 emissions during rubber manufacturing processes.

[1] [1] Deng S., Chen R., Duan S., Jia Q., Hao X., Zhang L. (2023). Research progress on sustainability of key tire materials. SusMat 3,
543-556.
[2] [2] Ippen J. (1971). Formulation for Continuous Vulcanization in Microwave Heating Systems. Rubber Chemistry and Technology 44,
294-306.
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MICROWAVE-ASSISTED HYDROTHERMAL PROCEDURE FOR THE
PREPARATION OF EU3+:YPO4 LUMINESCENT NANOPOWDERS

Cecilia Mortalò* (1), Enrico Paradisi (2), Valentina Zin (1), Silvia Maria Deambrosis (1), Enrico
Miorin (1), Cristina Leonelli (2)
(1) Consiglio Nazionale delle Ricerche - Istituto di Chimica della Materia Condensata e di Tecnologie per l'Energia - Corso
Stati Uniti 4 - 35127 - Padova - Italy, (2) Università degli Studi di Modena e Reggio Emilia - Dipartimento di Ingegneria
"Enzo Ferrari" - Via Vivarelli 10 - 41125 - Modena (Italy)

Yttrium orthophosphates doped with trivalent rare earth ions (RE3+:YPO4) have attracted increasing interest as
luminescent materials for their applications in various fields, including bioimaging, advanced light sources,
optoelectronic devices, sensors and optical markers. [1] It is well known that the luminescence properties of
these materials depend on several microstructural and morphological factors, including the degree of
crystallinity, lattice defects, particle size, morphology and shape. In general, the synthesis conditions affect the
shape of the particles and the homogeneity of RE3+ doping into the YPO4 lattice, which in turn can influence the
distance between the RE3+ activator ions in the phosphor: this feature can affect the fluorescence lifetime or the
efficiency of energy transfer. In addition, the presence of some functional groups, especially OH groups, can be
detrimental to the optical properties of these materials. Therefore, in order to improve the luminescence
properties, it is important to optimize a synthetic procedure that allows the formation of a proper
crystallographic phase and minimizes the concentration of detrimental functional groups. Furthermore, the
synthesis method (e.g., sol-gel, hydrothermal, combustion, solid-state reaction) plays a crucial role in
determining these properties.
This contribution focuses on the use of a highly efficient and environmentally friendly approach for
synthesizing Eu-doped YPO4 (5% mol of Eu3+) luminescent nanopowders by a rapid microwave-assisted
hydrothermal synthesis, under neutral aqueous conditions, without any organic templating additives and further
calcination treatment. The MW heating offers several advantages, such as rapid reaction kinetics, uniform
heating, and controlled nucleation and growth, which is critical for the obtainment of nano crystals with
well-defined particle morphology in a faster and more energy efficient way with respect to the classical
hydrothermal method. [2] The crystallization process is strongly influenced by the reaction temperature with a
precise crystallization threshold existing at around 160 °C. [3] The effect of the microwave heating, reaction
time and temperature on the crystallization process is discussed and a mechanism for crystal growth is
proposed. Moreover, the influence of the experimental parameters on the luminescent properties of the
prepared materials is presented.

[1] Priya R., Mariappan R., Karthikeyan A., Palani E., Krishnamoorth E., Gowrisankar G. “Review on Rare Earth Metals Doped LaPO4 for
Optoelectronic Applications”. Solid State Communications 2021, 339, No. 114457.
[2] Paradisi E., Mortalò C., Zin V., Armetta F., Boiko V., Hreniak D., Zapparoli M., Deambrosis S.M., Miorin E., Leonelli C., Saladino
M.L. “Eu-Doped YPO4 Luminescent Nanopowders for Anticounterfeiting Applications: Tuning Morphology and Optical Properties by a
Rapid Microwave-Assisted Hydrothermal Method”, ACS Applied Nano Materials 2024, 7, 6893-6905.
[3] Paradisi E., Mortalò C., Zin V., Deambrosis S.M., Zapparoli M., Miorin E., Leonelli C. “Understanding the Effect of Temperature on
the Crystallization of Eu3+:YPO4 Nanophosphors Prepared by MW-Assisted Method” Ceramics International 2025, 51, 7075-7086. 
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ELECTROMAGNETIC AND THERMAL ANALYSIS OF MICROWAVE
ABLATION USING FDTD SIMULATIONS

Tomasz Nalecz* (1), Lukasz Nowicki (1), Malgorzata Celuch (1)
(1) QWED Sp. z o.o., Warsaw, Poland

Microwave ablation is a minimally invasive thermal therapy increasingly used in oncology, providing
advantages such as shorter procedure times and more uniform energy deposition compared to other ablative
methods and is an alternative to surgical resection [1]. Accurate simulation of  microwave ablation antennas is
essential for optimizing their design, predicting thermal distributions, and improving clinical outcomes [2]. The
FDTD simulations of the microwave ablation antenna after [3] in the liver tissue and the tumor in the liver were
performed in the QuickWave software [4]. The results of the S11 reflection parameters, SAR distribution and
temperature distribution for the two previously mentioned environments were compared. The Neumann
boundary condition was set as the external boundary condition and the Robin boundary condition as the
internal boundary condition at the tumor-liver boundary, where the influence of the coefficient of this condition
on the final temperature distribution was investigated, also temperature dependent materials properties were
added.  Results such as SAR distribution, temperature distribution over time will be shown at conference.

[1] Brace C.L. (2010). Microwave Tissue Ablation: Biophysics, Technology, and Application. Critical Reviews in Biomedical Engineering
38.1, 65-78.
[2] Prakash P. (2010). Theoretical Modeling for Hepatic Microwave Ablation. Open Biomedical Engineering Journal 4, 27-38.
[3] Cavagnaro M., Amabile C., Bernardi P., Pisa S., Tosoratti N. (2011). A Minimally Invasive Antenna for Microwave Ablation
Therapies: Design, Performances, and Experimental Assessment. IEEE Transactions on Biomedical Engineering 58.4, 949-959.
[4] QuickWave Software. Avalibale (Online). https://qwed.eu/quickwave.html.
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MEASUREMENT OF THE TEMPERATURE-DEPENDENT PERMITTIVITY
OF LUNAR REGOLITH SIMULANTS VIA MICROWAVE HEATING

Caroline O'Connell (1), Beatriz Garcia-Baños* (2), José Catalá-Civera (2), Andrea Lucca Fabris (1),
Sungwoo Lim (1)
(1) Surrey Space Centre, University of Surrey, (2) ITACA Institute, Universitat Politecnica de Valencia

To establish a permanent settlement on the Moon, infrastructure will need to be built to protect humans from
radiation, temperature extremes and meteorite impact, and protect equipment such as solar panels, instruments
and rovers from abrasive lunar dust.  Lunar regolith, the layer of loose, unconsolidated rocks and fine-grained
particles covering the surface of the Moon, is a dielectric material which can be efficiently heated to melting
temperature using microwave energy [1].  Sintered or melted regolith can then be used as feedstock to construct
landing pads, roadways and habitats, as well as more complex components using additive manufacturing.
 
Measurements of permittivity in lunar regolith simulants, up to their melting temperature, are crucial for
enhancing computational models and increasing the accuracy of numerical simulations related to the
microwave heating process. This will facilitate improved modelling for the design and optimisation of regolith
melting using microwave heating.
 
In this study, Microwave Dielectric Thermal Analysis (MW-DETA) [2] was employed for the first time to
measure the complex permittivity of lunar regolith simulants at temperatures of up to 1200 oC. The dual-mode
technique enables the simultaneous measurement of real and imaginary permittivity while the sample is heated
using 150W microwave power close to 2.43 GHz.
 
The real and imaginary permittivity of lunar regolith simulants was found to increase significantly with regolith
simulant temperature. Rapid increases in permittivity could be measured instantaneously, and the differences in
permittivity of simulants representing mare and highland regions of the lunar surface, reflecting their different
chemical compositions, could be quantified.
 
This study provides valuable insight into the temperature-dependent dielectric properties of lunar regolith under
microwave heating and compares these to prior datasets obtained under different heating processes, such as in a
resistance furnace.
 
Financiado con Ayuda a Primeros Proyectos de Investigación (PAID-06-24), Vicerrectorado de Investigación
de la Universitat Politècnica de València (UPV).

[1] S. Lim, J. Bowen, G. Degli-Alessandrini, M. Anand, A. Cowley, and V. Levin Prabhu, "Investigating the microwave heating behaviour
of lunar soil simulant JSC-1A at different input powers", Sci Rep, 11, 2133
[2] J.M. Catalá-Civera, A.J. Canós, P. Plaze-González, J.D. Gutiérrez, B. Garcia-Baños, and F.L. Peñaranda-Foix, "Dynamic Measurement
of Dielectric Properties of Materials at High Temperature During Microwave Heating in a Dual Mode Cylindrical Cavity" IEEE Trans
Microw Theory Tech, Vol.63, issue 9, pp. 2905-2914. Sept 2015
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EFFICIENT RECYCLING OF SPENT LITHIUM ION BATTERIES (LIBS)
BY APPLYING MICROWAVE PRETREATMENT 

Mamdouh Omran* (1)
(1) University of Oulu

The demand for lithium-ion batteries (LiBs) has increased significantly due to their extensive use, particularly
in electric vehicles (EVs) [1]. This growing demand has led to increased production of LiBs, which need more
raw materials. The spent LiBs contain valuable metals such as lithium (Li), cobalt (Co), nickel (Ni), manganese
(Mn), and graphite [2]. The efficient recycling of pent LiBs is a one way to supply the critical raw materials
needed for the production of LiBs. Many pyrometallurgical and hydrometallurgical recycling methods have
been applied to recovery the valuable metals from the spent LiBs. The current recycling methods still facing
challenges of inefficient separation of valuable metals, high costs of multiple recycling steps, and produces
harmful gas emissions during recycling [3].  In this study we investigated the effect of innovative microwave
heating of spent LiBs materials on the efficient separation of valuable elements from spent LiBs by subsequent
physical and hydrometallurgical separation steps.
The results showed that microwave pretreatment resulted in binder breakdown between the alumina and copper
current collectors and the anodic and cathodic materials and significantly improved the liberation of graphite
and valuable metals. The results indicated that microwave heating provides rapid and efficient graphite
liberation and recovery compared to the conventional thermal heating.
The results also showed that microwave pretreatment significantly enhances the leaching efficiency of valuable
metals (Li, Ni, Co and Mn) from the spent LiBs. Microwave heating rapidly converted lithium in cathode
materials into lithium carbonate, which was effectively leached using pressurized CO₂ in water. In addition,
optimal recovery of nickel and cobalt were achieved under microwave heating with lower temperature
compared to the conventional thermal heating.

[1] [1] Zubi G., Dufo-López R., Carvalho M., Pasaoglu G. (2018) The lithium-ion battery: State of the art and future perspectives.
Renewable and Sustainable Energy Reviews 89(292-308). 
[2] [2] Fan E., Li L., Wang Z., Lin J., Huang Y., Yao Y., Chen R., Wu, F., (2020) Sustainable Recycling Technology for Li-Ion Batteries
and Beyond: Challenges and Future Prospects. Chemical Reviews 120(7020-7063). 
[3] [3] Zhang G., He Y. Wang, H. Feng, Y. Xie, W., Zhu X. (2019) Application of mechanical crushing combined with pyrolysis-enhanced
flotation technology to recover graphite and LiCoO2 from spent lithium-ion batteries. Journal of Cleaner Production 231(1418-1427). 
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POLYMER DRYING/CRYSTALLIZATION PROJECT USING MICROWAVE 
TECHNOLOGY 

Michele Pagotto (1) 
(1) SMC Group Srl, Spresiano TV, Italy 

This paper details the development of a novel microwave-assisted drying technology, from initial research to 
industrial application. The research and development phase focused on understanding microwave energy 
transfer in polymer drying, studying humidity diffusion under high-frequency electromagnetic fields, and 
optimizing energy balance for competitive performance. Laboratory tests evaluated dielectric loss and drying 
capacity in various materials, leading to the identification of an optimal configuration for the first prototype. 
The prototyping and testing phase involved building a pilot-scale system with adjustable microwave power, 
process air heating, product agitation, and continuous monitoring. This phase analyzed drying times, treatment 
uniformity, energy efficiency, and impact on product quality. Results demonstrated up to 70% energy savings, 
a fast and stable process without thermal degradation, accelerated moisture diffusion, and the ability to 
integrate drying and crystallization. 
Since 2004, the industrialization and application phase has included patent filing, system industrialization for 
varying productivities, layout optimization, and obtaining technical and safety certifications. The system is 
currently operational, demonstrating excellent performance, scalability, and sustainability. Future development 
aims for algorithmic optimization for real-time adaptive control, expansion into new markets and complex 
materials, and further patenting of new concepts. This technology, born from an initial intuition, has evolved 
into a concrete, effective, and competitive solution, available as a low-energy consumption alternative in line 
with Industry 4.0 and 5.0 principles. 
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INTENSIFICATION OF ETHYLENE CARBONATE SYNTHESIS VIA 
MICROWAVE-INDUCED PHASE CHANGE CYCLES (PCCS) 

Ioannis Papaioannou* (1), Athanasios Arampatzis (1), Ioanna Tzortzi (1), Tom Van Gerven (2), 
Georgios Stefanidis (1) 
(1) National Technical University of Athens, Greece, (2) Katholieke Universiteit Leuven, Belgium 

Ethylene Carbonate (EC) is widely utilized as an electrolyte in lithium-ion batteries, an industrial lubricant, and 
a precursor for the green manufacturing of aromatic bisphenol A-based polycarbonates. However, the industrial 
synthesis routes of EC involve the use of hazardous chemicals like phosgene and ethylene oxide (EO), raising 
environmental and safety concerns, such as equipment corrosion and harmful byproduct formation. Among the 
sustainable alternative routes, transesterification of ethylene glycol (EG) with dimethyl carbonate (DMC) 
emerges as the most promising, although traditional systems typically require autoclave reactors that operate 
under high temperatures and pressures.[1] In this work, we explore the potential of microwave heating (MWH) 
to intensify the ambient pressure batch transesterification of EG and DMC towards EC and MeOH compared to 
conventional heating (CH), systematically assessing its influence on key performance metrics such as EG 
conversion, EC yield, catalyst loading requirements, process time, and energy consumption. 
The transesterification reaction of EG was conducted under two distinct operational regimes: (1) isothermal 
operation at 60°C where the reaction proceeds entirely in the liquid phase without evaporation of reactants or 
products, and (2) reflux operation commencing at approximately 90°C, where the evaporation of MeOH is 
exploited to shift the reaction equilibrium and enhance product formation. Under isothermal conditions, CH 
and MWH attained similar EG conversion and EC yield. However, MWH significantly reduced preheating 
time by 94% compared to CH, and ultimately shortened the total process time by 37%. This advantage arises 
from the MW rapid volumetric heating principle, which overcomes the heat transfer limitations set by the 
thermal inertia of the heating fluid in conventional heated systems. Under reflux conditions, MWΗ enhanced 
reaction performance by intensifying continuous phase-change cycles for by-product (MeOH) removal that in 
turn generated a continuous shift of the equilibrium composition values towards ones corresponding to higher 
conversions. The increasing mixture’s polarity coupled with the MeOH low boiling point facilitated its 
selective vaporization increasing its concentration in the vapor phase from 5% with CH to 23% and 41% with 
MW at 100 W and 150 W, respectively. This rapid and targeted phase change behavior effectively overcame 
chemical equilibrium limitations, and drove the reaction toward product formation, establishing a new equilibrium 
state with a 79% EG conversion and 75% EC yield in half the time required by CH to reach its maximum EG 
conversion and EC yield of 71% and 52%, respectively. Further increasing MW power to 150W had minimal 
effect on EG conversion but notably enhanced yield, raising it to ~81%, underscoring the power-dependent nature 
of MW-driven intensification. Additionally, MW heating significantly reduced catalyst dependency, enabling high 
conversions and yields, with CH requiring a 20-fold increase in catalyst loading to reach comparable results. 
Besides, an energy analysis and comparison of the CH and MW-assisted reflux operation showed that MWH 
substantially decreased energy consumption, achieving up to a 92% reduction in preheating energy requirements 
and a 9-fold decrease in specific energy usage per mole of EC produced compared to CH. This study 
demonstrates that MWH not only enhances the transesterification of EG with DMC to produce EC at ambient 
pressure but also significantly improves efficiency by reducing process times, energy consumption, and catalyst 
dependency compared to CH.  The research has received funding from the European Union’s Horizon research 
and innovation programs under Grant Agreement No. 101058279 (SIMPLI-DEMO). 
 
[1] Ng, W. L. et al. Exploring Greener Pathways and Catalytic Systems for Ethylene Carbonate Production. ACS Sustain Chem Eng 11, 
14287–14307 (2023).  
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MICROWAVE HEATING SYSTEM FOR INDUSTRIAL ASPHALT
PRODUCTION AND RECYCLING: TOWARDS ELECTRIFIED AND
SUSTAINABLE PROCESSING

Alberto Pascual* (1), Ivan Echeverría  (1), Fernando Arteche (1), Ismael Viejo (1), Javier Sagües (1),
Begoña García (1), María Herrando (1)
(1) Instituto Tecnológico de Aragón

The production and maintenance of asphalt pavement are fundamental to modern road infrastructure.
Traditionally, the asphalt manufacturing process involves mixing aggregates with bitumen at high
temperatures, generally between 180°C and 200°C, to ensure adequate cohesion of the final material. This
heating is commonly performed in rotary drum ovens, which rely on fossil fuels to remove moisture and heat
the aggregates before mixing. However, this conventional approach is characterized by high energy
consumption, low efficiency, and significant greenhouse gas emissions.
An innovative alternative to optimize this process and move towards the electrification of the industry is the
use of direct microwave heating systems, which offer several advantages over traditional methods, such as
selective heating and higher energy efficiency [1][2]. Nevertheless, implementing microwave technology in
asphalt production presents specific challenges, such as achieving the required temperatures to ensure proper
adhesion between aggregates and bitumen, as well as managing the uneven distribution of power, which may
cause overheating in some areas and affect the final quality of the asphalt.
In this context, this study proposes a preliminary design of a microwave heating system based on the use of
multiple magnetrons. Unlike single-point microwave sources, multiple magnetrons introduce wave
interferences, which can lead to constructive or destructive patterns, significantly affecting the heating
uniformity. The proposed design was developed using a multiphysics model in Ansys, incorporating both
electromagnetic and thermal processes.
To support the simulations, the dielectric properties of the aggregates were first characterized using the
resonant cavity measurement technique. The electromagnetic analysis focuses on the interaction between the
fields generated by the magnetrons and the geometry of the resonant cavity. A key aspect of the study is the
control of the waveguides position and phase offsets between the waves emitted by each magnetron, as this not
only reduces the interference effects, but also promotes the excitation of resonant modes that favor a more
uniform field distribution within the cavity.
The dissipated power distribution resulting from the electromagnetic simulation is used as input for the thermal
model. Heat transfer is modeled assuming a homogeneous material approximation for the aggregates, taking
into account the conductive heat transfer within the aggregate particles and the convective interactions with the
air in the cavity. Initial results indicate that optimizing the cavity design and controlling wave interference
enables a more homogeneous heating profile, reaching the required temperatures for asphalt production and
maintaining the quality of conventional methods while significantly improving energy efficiency.
Consequently, microwave technology enhances energy efficiency and supports the transition toward a more
sustainable and electrified asphalt production process.

[1] Benedetto, A., & Calvi, A. (2013). A pilot study on microwave heating for production and recycling of road pavement materials.
Construction and Building Materials, 44, 351–359. https://doi.org/10.1016/J.CONBUILDMAT.2013.02.082
[2] Hu, Q., He, Y., Wang, F., Wu, J., Ci, Z., Chen, L., Xu, R., Yang, M., Lin, J., Han, L., & Zhang, D. (2021). Microwave technology: a
novel approach to the transformation of natural metabolites. Chinese Medicine 2021 16:1, 16(1), 1–22.
https://doi.org/10.1186/S13020-021-00500-8
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PERMITTIVITY MEASUREMENTS OF MATERIALS FOR CO2 CAPTURE
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Garcia-Baños (1), Pedro J. Plaza-Gonzalez (1), Lucia Bacete Barchin (1), Laura Florentino (2)
(1) ITACA Institute, Universitat Politecnica de Valencia, (2) Instituto INMA, CSIC-Universidad de Zaragoza

The link between global warming and the rising concentration of CO2 in the atmosphere is becoming
increasingly apparent, as demonstrated by recent extreme weather events. For example, in 2021, heatwaves in
Sacramento triggered wildfires, while severe flooding affected Rhineland-Westphalia [1]. In response to these
challenges, the 2015 Paris Agreement, which was signed by 55 nations, set an ambitious goal of limiting global
temperature rise to 1.5°C above pre-industrial levels [2]. Within this context, the chemical industry, which
accounts for 30% of global industrial emissions, plays a critical role in achieving these targets. The European
Union has set a strategic objective to reach net-zero CO2 emissions by 2050, with carbon capture, utilization,
and storage (CCUS) [3] technologies and the increased use of renewable electricity being key components of
this effort. For instance, the cement sector alone emitted 2.3 gigatonnes of CO2 in 2019 [4]. Decarbonizing
energy-intensive sectors, especially chemicals and steel, is an urgent priority. Concepts like Power-to-X and the
electrification of chemical processes using renewable energy are essential to this transformation. Electrification
of industrial processes requires a detailed evaluation of both energy consumption and emissions. One
promising approach is the use of microwave heating, powered by renewable electricity, which can support CO2
capture and hydrogen production, contributing significantly to the decarbonization process.
A critical first step in this endeavor is the measurement of material permittivity, particularly for materials that
may be used as sorbents or catalysts. This paper aims to characterize selected materials across different
atmospheres (air or nitrogen) and temperature ranges. Specifically, CO2 desorption typically occurs at
temperatures between 100 and 150°C, while the dry reforming of methane (DRM) reaction occurs within the
range of 700 to 900°C. So, one of the key challenges in measuring permittivity at high temperatures is ensuring
accurate temperature control. This issue is addressed in previous studies [5]-[6], where a calorimeter is
introduced to ensure precise temperature measurement and account for potential microwave effects, as the
sample is heated by microwave energy. The calorimeter is designed to allow for the use of various atmospheres
and pressures as needed.
Acknowledgement
The authors want to thank the Spanish Government for project RASMIA (code PID2022-138336OB-C21 and
PID2022-138336OB-C22), financed by MCIN/AEI/10.13039/501100011033/FEDER, UE.

[1] https://www.nationalgeographic.com/environment/article/this-year-extreme-weather-brought-home-reality-of-climate-change, Accesed
July 2024.
[2] https://unfccc.int/es/process-and-meetings/the-paris-agreement/que-es-el-acuerdo-de-paris, Accessed July 2024.
[3] European University Institute, Freitas, J., Silva, S., Dabrowski, J., The journey to net zero : 12 perspectives from the frontline of the
energy transition in Europe, European University Institute, 2021, https://data.europa.eu/doi/10.2870/587688, Accessed July 2024.
[4] https://www.globalefficiencyintel.com/new-blog/2021/global-cement-industry-ghg-emissions, Accessed July 2024
[5] José M. Catalá-Civera, Antoni J. Canós, Pedro Plaza-González, José D. Gutiérrez, Beatriz García-Baños, and Felipe L. Peñaranda-Foix,
"Dynamic Measurement of Dielectric Properties of Materials at High Temperature During Microwave Heating in a Dual Mode Cylindrical
Cavity," IEEE Trans. MTT, vol. 63, No. 9, Sept. 2015, pp. 2905-2914. DOI: 10.1109/TMTT.2015.2453263
[6] B. García-Baños, J. J. Reinosa, F. L. Peñaranda-Foix, J. F. Fernández and J. M. Catalá-Civera, "Temperature Assessment Of
Microwave-Enhanced Heating Processes," Scientific Reports, July 2019, pp. 2045-2322. DOI: 10.1038/s41598-019-47296-0
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MICROWAVE-ASSISTED DOWNDRAFT REACTOR FOR SYNGAS AND 
BIOCHAR PRODUCTION 
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Recycling biomass is key to environmental sustainability, reducing waste, lowering greenhouse gas emissions, 
and fostering a circular economy. Biomass, including agricultural residues, food waste, and organic matter, can 
be converted into renewable energy and resources, reducing dependence on fossil fuels. This approach aligns 
with the UN 2030 Agenda, notably Goal 7 (Affordable and Clean Energy), Goal 12 (Responsible Consumption 
and Production), and Goal 13 (Climate Action). 
Endeavour S.r.l. has developed a microwave-assisted downdraft gasification reactor [1] to convert diverse 
biomass feedstocks into syngas for energy and biochar for agricultural or industrial applications. Operating up 
to 1400 °C, the system reduces TAR to below 5 mg/Nm³, much lower than in low-temperature gasification and 
well under the 50 mg/Nm³ limit typically required for internal combustion engines. This simplifies gas 
cleaning, improves efficiency, and prolongs the life of downstream components like filters and engines. The 
reactor uses a high-temperature thermochemical process (drying, pyrolysis, oxidation, and reduction phases) to 
generate syngas containing hydrogen (H₂), carbon monoxide (CO), methane (CH₄), and other combustible 
gases. Syngas applications include electricity and heat generation (via internal combustion engines, gas 
turbines, boilers), industrial chemical synthesis (e.g., hydrogen production, Fischer–Tropsch liquid fuels), and 
direct combustion with reduced emissions. 
The current configuration has four microwave sources, adjustable from 0 to 8 kW [2]. It delivers up to 400 
Nm³/h of syngas, equivalent to about 180 kWh of electricity, plus roughly 360 kWh of heat recoverable via 
exchangers. Conversion efficiency ranges from 1 kg to 2 kg of biomass per kWh, depending on feedstock 
heating value. For optimal operation, biomass moisture content must be below 30% at inlet; recovered thermal 
energy can power drying systems, enabling energy self-sufficiency. 
Biochar is a by-product from exhausted feedstock. In agriculture, it enhances soil fertility, supports carbon 
sequestration, improves water retention, and promotes beneficial microbial activity. Industrial uses include 
pollutant adsorption and environmental remediation. When maximizing gas and energy output, biochar 
represents about 10% of feedstock weight. By adjusting parameters, production can reach up to 80% yield, with 
negligible syngas or heat output. 
The reactor has been tested with a wide range of materials: wood chips, vine and kiwi prunings, animal 
bedding, rice husks, sewage sludge, and anaerobic digestion by-products. Process flexibility allows adaptation 
to feedstocks by adjusting temperature profile, gasifying agent flow, biomass feed rate, and biochar extraction 
rate. 
In conclusion, this gasification technology is a promising alternative to fossil-fuel-based systems, offering 
sustainable energy generation and waste management. Its capability to handle varied biomass and produce 
multiple valuable outputs makes it a versatile and viable solution for decentralized energy production and 
circular economy models. 

[1] P. Basu, Biomass Gasification and Pyrolysis: Practical Design and Theory, Academic Press 2010. 
[2] A.C. Metaxas, R.J. Meredith, Industrial Microwave Heating, Institution of Engineering and Technology, 2011 
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ADVANCEMENTS IN BIOMASS PROCESSING: EXPLORING MW 
COAXIAL ANTENNA TECHNOLOGY FROM LABORATORY TO PILOT 
PLANT 
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☆ A tribute to Iginio Longo, pioneer scientist of coaxial MW   
Coaxial microwave (MW) technology, patented by the physicist Iginio Longo (2011 “Guglielmo Marconi” 
award from the Italian Physics Society) [1], uses a coaxial dipole antenna to deliver electromagnetic energy 
directly into the reacting medium. This method has proven to be a valuable alternative to traditional oven-type 
MW reactors. The primary strength of this MW technology lies in its versatility, which has facilitated the 
development of numerous innovative MW-assisted reactors for a wide array of chemical processes and 
applications  [2]. This presentation provides an overview of two decades of research and technological 
advancements in the use of coaxial MW antennas for green chemistry, with a particular focus on biomass 
processing. 
Lab-Scale Configurations: We begin with the simplest lab-scale setup, employing coaxial MW heating in open 
glassware chemical reactors. This configuration has been effectively used for the hydrodistillation of clove 
buds to extract essential oils (EOs), polyphenols, and lignocellulosic compounds [3], as well as for the 
extraction of keratin from poultry feathers [4]. 
Innovative Configurations: Next, we explore novel configurations that leverage the simultaneous and 
synergistic application of MW and ultrasound (US). Additionally, we discuss solvent-free MW-assisted 
systems applied to substrates like orange peel biomass, which contain inherent moisture, eliminating the need 
for additional solvents. 
Pilot Plant Development: Finally, we present the pilot plant (volume: 15-45L) equipped with multiple coaxial 
dipole antennas designed for the extraction of EOs from various aromatic herbs and citrus peels. This setup 
achieves high purity and rapid extraction times and was developed under the Insole project, https://in-sole.eu/. 
The pilot plant will be further enhanced with the integration of US applicators as part of the ESSENTIA 
project. 
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CARBOWAVE will implement efficient and sustainable alternative heating systems to significantly reduce
reduction of energy consumption in the carbon fibre industry, addressing the challenges and objectives of the
HORIZON-CL5-2024-D4-01-03 call by using alternative heating sources i.e. plasma or microwave heating to
replace conventional heating in energy-intensive industries. The conversion of microwave electromagnetic
radiation into heat relies on a high dielectric loss tangent (DLT). This is important as many of the Europe’s
most energy intensive industries use low dielectric loss raw materials. For example, carbon fibre (CF), which is
used to produce carbon fibre reinforced polymers (CFRP), is made from poly(acrylonitrile) (PAN), which has a
low DLT of 0.007. CFRP is considered a strategic material for Europe as it is used in many critical sectors that
underpin Europe’s future energy security. For example, CFRP can be used in wind energy generation by
making wind turbines lighter and more efficient. Similarly, lightweighting in construction and transport is key
to decarbonising both sectors. The lightweighting of the transport industry is helping to reduce fuel
consumption, while the increased efficiency of electric vehicles (EVs) underlines the huge potential impact of
CARBOWAVE. Europe dominates the market for advanced carbon materials, currently accounting for 37% of
the global market. This market is forecast to grow at a CAGR of 5.8% to reach US$7.9 billion by 20271.
Currently, the industry uses large amounts of electricity and natural gas to generate the heat required to convert
PAN to CF (100-900 MJ per kg of CF produced)2. This high energy consumption, coupled with high carbon
emissions, limits the industrial use of CF to high-end and expensive applications. In this context,
CARBOWAVE aims to drastically reduce the energy consumption, carbon emissions and production costs of
CF.
The project will develop two alternative heat sources: an atmospheric plasma for PF stabilisation and a
radically new susceptor induced microwave heating (SIMWH) technology specifically designed to convert low
DLT materials into high energy loss tangent materials, enabling the conversion of stabilised PF to CF in a
continuous production process at TRL 6.
CARBOWAVE is a EU funded project under the call  HORIZON-CL5-2024-D4-01 (Efficient, sustainable and
inclusive energy use), topic HORIZON-CL5-2024-D4-01-03, grant number 101192581.
“Funded by the European Union. Views and opinions expressed are however those of the author (s) only and
do not necessarily reflect those of the European Union or CINEA. Neither the European Union nor the granting
authority can be held responsible for them”

[1] Advanced Carbon Materials Market – Forecast (2024 - 2030); Industry ARC (accessed 09 April 2024)
[2] H. Khayyam et alI., Improving energy efficiency of carbon fiber manufacturing through waste heat recovery: A circular economy
approach with machine learning; Energy; Vol 225, 2021, https://doi.org/10.1016/j.energy.2021.120113.

Scientific Research Abstracts
Vol. 16, p. 97, 2025
ISSN 2464-9147 (Online)
Microwawe - AMPERE 2025
© Author(s) 2025. CC Attribution 3.0 License



ELECTRIFICATION, RENEWABLE POWER AND INDUSTRIAL
MICROWAVE TECHNOLOGY

Marilena Radoiu* (1), Markus Dingeldein (2), Marco Fiore (3)
(1) Microwave Technologies Consulting, (2) Muegge GmbH, Reichelsheim, Germany, (3) LEANFA Srl

The energy transition requires the replacement of all fossil fuel-fired loads, e.g., motors, boilers or furnaces,
with non-polluting alternatives. The ‘electrification of everything’ currently appears to be one of the most
viable ways to achieve this, if accompanied by a shift to CO2-free generation of the electricity needed to power
all these new electrical devices.
In this context, utilities face several challenges, including grid resilience, balancing the grid to meet customer
demand, and meeting clean energy targets, particularly through greater use of energy-efficient equipment and
renewable generation. In this context, renewable energy, i.e. solar, wind, hydro, biomass and geothermal, is
seen as an effective means of meeting the above requirements and mitigating climate change.
Electrification initiatives, which focus on the transition of equipment and vehicles from fossil fuel sources to
electric power, provide an opportunity for utilities to address these current challenges.
In this context, the energy provided by microwaves (MW), commonly used in industrial applications at 2.45
GHz and 915 MHz, is an alternative energy that is produced by electricity that can replace conventional energy
transfer in industrial processing.
To understand how MW industrial processes can be better integrated with renewable energy sources, we
discuss the influence of renewable energy in powering magnetron-based and transistor-based (semiconductor)
MW generators.  
A magnetron based MW generator consists of a high voltage (HV) power supply and a magnetron. The
magnetron generates the MW power; the power supply increases the voltage from the mains, e.g. 3 x 400 V, to
the value required by the magnetron by means of a switching converter or an L/C transformer in conjunction
with a circuit of diodes and capacitors for rectifying (changing) the AC mains voltage. Changes to the MW
power level are made within the generator using electronic control circuits. Microwave generators are
extremely reactive, allowing rapid adaptation of the power to a specific and possibly non-stationary process.
They also combine perfectly with the intermittency that characterises renewable energy sources.
Magnetron-based generators are commercially available at 2.45 GHz and 915 MHz, delivering up to 15 kW
and 100 kW respectively. With grid efficiencies of around 65% for 2.45 GHz and 80-85% for 915 MHz, such
microwave generators enable both low electrical energy costs and high productivity. In addition, the use of
typical power grids as the supply line allows the integration of magnetron-based generators into existing
infrastructure.
Transistor-based generators produce MW energy using semiconductor materials i.e., transistors such as
LDMOS (laterally diffused metal oxide semiconductor) and GaN (gallium nitride). Both semiconductor
technologies require a low-voltage DC supply, i.e. 32 V or 50 V, enabling direct connection to renewable
sources such as solar and wind. Direct DC supply also facilitates battery-powered operation, while the highest
spectral purity enables industrial process fine-tuning to optimise overall efficiency.  
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Electrification of chemical and catalytic reactors is a promising route to replace CO2-generating fossil fuel
combustion with nuclear and renewable energies [1]. Microwaves (MW) are a particularly suitable means of
converting electricity into heat because some reagents, sorbents or catalysts can be selectively heated up [2].
We have recently reported applications of MW heating in the  fixation of N2 with O2 to NOx over a (La,Ce)MnO
3 perovskite [3] The possibility of producing NOx from air represents a promising alternative to the current
industrial route which involves N2 reduction with H2 to form NH3 (Haber-Bosch process) followed by NH3

oxidation (Ostwald process). The aim of the present work was to investigate whether other perovskites are
active. A dedicated research MW setup was used to determine the MW power absorbed by the system. A 2.45
GHz research MW setup equipped with a semiconductor generator (transistor based) and adjustable output
power from 1 W to 200 W was used. The system was operated with a WR340 monomode resonant cavity
operated in TE01 mode, fitted with upper and lower chimneys to allow the quartz tube reactor to pass through.
A manually operated 1-stub impedance tuner and a sliding short circuit were used to tune the experimental
setup. The gas flow setup and analytical methods have been described in detail elsewhere [3];  the (La,Sr)MnO3

was purchased from Merck.
Results and discussion
600 mg of perovskite was loaded into the ¼” quartz tube reactor. The perovskite acted as MW absorber and
presumably as a catalyst. Despite the small diameter of the reactor compared to the WR340 waveguide
dimensions (width of about 12 cm), almost total MW energy absorption was achieved, especially at the higher
catalyst loading. The perovskite heated up under MW as shown by IR pyrometry. The samples emitted in the
orange region above 100 W of incident MW power, indicating temperatures above 1000 °C. Up to 175 W no
plasma could be observed, while the entire perovskite bed glowed orange. Plasma formation was observed at
200 W, with the hottest zone located just above the top of the bed over a length of about 5 mm, in contrast to
the case at 175 W. The presence of glowing plasma at the top and bottom extremities of the reactor was also
noted. Once the plasma was formed, the conversion of N2 and O2 to NO and NO2 was measured. Initially, a
small amount of N2O4 was observed, as in the case of previously reported (La,Ce)MnO3 [3],  while the
formation of N2O was not observed. The total NOx concentration was about 2 vol. %. If such a NOx
concentration were achieved through thermal equilibrium alone(with no MW-effect), the corresponding
temperature would be above 2000 °C. The high temperatures achieved were confirmed by the fact that the
quartz reactor was partially deformed after the reaction. The plasma and high NOx formation could be
maintained when the MW power was gradually reduced to 100 W, but then disappeared and NOx formation
dropped to zero. The implications of these promising results on the suitability of MW-assisted NOx synthesis
over perovskites and the possible reaction pathways (fully homogeneous or partially surface-assisted) are
discussed in the context of nitrogen oxide synthesis as a promising method to replace the traditional route
involving ammonia synthesis followed by ammonia oxidation.

[1] M. Radoiu, A. Mello, Plasma Process. Polym. 2024, 21, e2300200.
[2] V. Palma, D. Barba, M. Cortese, M. Martino, S. Renda, E. Meloni, Catalysts 2020, 10, 246..
[3] F.C. Meunier, A. Kaddouri, Catalysts 2024, 14, 635.
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MICROWAVE-ASSISTED FABRICATION OF NANOCOMPOSITE
POLYMERIC MATRICES FOR IMMOBILIZATION OF PLANT
GROWTH-PROMOTING BACTERIA TO ENHANCE SOIL FERTILITY

Julia Radwan-Pragłowska* (1), Łukasz Janus (1), Aleksandra Sierakowska-Byczek (1, 2), Karol
Łysiak (1, 3), Klaudia Kuźmiak (2, 1), Dariusz Bogdał (1)
(1) Cracow University of Technology, Faculty of Chemical Engineering and Technology Warszawska St. 24, 31-155
Cracow, Poland, (2) CUT Doctoral School, (3) Doctoral School of the Rzeszow University of Technology

The efficient delivery and long-term survival of plant growth-promoting bacteria (PGPB) in soil environments
are critical challenges for the development of sustainable agricultural practices. In this study, an innovative
microwave-assisted strategy was employed to fabricate nanocomposite polymeric carriers designed for
bacterial immobilization, enabling enhanced nitrogen fixation and soil fertility restoration. Chitosan-based
polymer matrices were synthesized under controlled microwave irradiation, promoting uniform crosslinking
and improved structural stability. The matrices were further enriched with biocompatible nanoparticles — such
as silica and magnesium oxide — to enhance mechanical properties, porosity, and moisture retention, ensuring
optimal conditions for bacterial viability post-immobilization.
Selected strains of nitrogen-fixing Bacillus spp. were immobilized within the microwave-synthesized
nanocomposite carriers, and their metabolic activity and survival were evaluated under various soil conditions.
Preliminary results demonstrated not only improved bacterial retention and release kinetics but also increased
availability of bioaccessible nitrogen forms in treated soils, confirmed via spectrophotometric and
chromatographic analyses.
This research underscores the potential of microwave-assisted techniques for the rapid, energy-efficient
production of functional polymeric matrices. The combination of bacteria, biopolymer carriers, and
nanoparticles offers a promising avenue for smart soil amendments, contributing to both circular economy
goals and precision agriculture.
This research was funded by The National Centre for Research and Development Grant number:
LIDER13/0249/2022

[1] Maleki, A., Hajizadeh, Z., Rahimi, R., & Mohammadlou, H. (2021). Microwave-assisted synthesis of polymer-based nanocomposites:
green routes to functional materials. Polymer Reviews, 61(2), 389–424. https://doi.org/10.1080/15583724.2021.1908031
[2] Zou, X., Zhao, J., Li, J., & Qu, Y. (2019). Immobilization of bacteria with biopolymer-based carriers for wastewater treatment: A
review. Science of The Total Environment, 695, 133834. https://doi.org/10.1016/j.scitotenv.2019.133834
[3] Kong, M., Chen, X. G., Xing, K., Park, H. J. (2010). Antimicrobial properties of chitosan and mode of action: A state of the art review.
International Journal of Food Microbiology, 144(1), 51–63. https://doi.org/10.1016/j.ijfoodmicro.2010.09.012
[4] Patel, H., Srivastava, S., & Sharma, S. (2020). Microwave-assisted polymer synthesis: An eco-friendly approach for advanced
functional materials. Environmental Chemistry Letters, 18, 1103–1116. https://doi.org/10.1007/s10311-019-00956-7
[5] Bhattacharyya, P. N., & Jha, D. K. (2012). Plant growth-promoting rhizobacteria (PGPR): Emergence in agriculture. World Journal of
Microbiology and Biotechnology, 28(4), 1327–1350. https://doi.org/10.1007/s11274-011-0979-9
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MODELING OVERLAPPING IN HEPATIC RADIOFREQUENCY
ABLATION (RFA): DEVELOPMENT OF A CLINICALLY-ORIENTED
COMPUTATIONAL MODEL

Antonio Romero* (1), Jose Bon (1), Macarena Trujillo (1)
(1) UPV Universitat Politècnica de València, Valencia, Spain

Radiofrequency ablation (RFA) is a common minimally invasive technique used in the treatment of liver
tumors [1]. Radiofrequency (RF) currents are able to increase the temperature of hepatic tissue causing thermal
damage, and creating a coagulation zone (lesion) around the RF device (electrode) inserted into the tumor [2].
The lesions resulting from the RFA have an ellipsoidal shape [3]. Lots of researches in RFA are focused on
achieving spherical lesions, which more closely resemble the natural morphology of tumors. To address this
limitation, clinicians commonly perform overlapping applications, wherein the RF current is reapplied. This
procedure involves creating an initial lesion, removing the device, reinserting it, typically in a perpendicular
orientation, and producing a second lesion overlapped on the previous one. Despite the widespread use of this
technique, there is a lack of knowledge about the precise increase in the total lesion zone. The computational
models are an effective tool for addressing clinical questions in an agile and straightforward manner. The aim
of this work is to develop a clinically-oriented theoretical model to assess the extent of lesion volume after
overlapping applications in hepatic radiofrequency ablation.
One of the main challenges of the work is to model the geometry changes during the overlapping, considering
that the second ablation is performed perpendicular to the first one, and also the centers must coincide. The
results of the first ablation are used as the initial conditions for the second application. The geometry of the
model includes both ablations in the liver, the device and the tumor. Three different scenarios were studied
based on tumor diameter: 1) the device is not fully surrounded by the tumor, 2) the tumor has the same
diameter as the device, 3) the tumor is larger than the device.
The model also incorporates temperature dependent tissue properties and thermal damage [4]. Additionally, an 
in vivo approach is used, taking into account blood perfusion, that also depends on the level of thermal damage.
Another relevant effect is to consider the water vaporization of tissue due to high temperatures exceeding
100 °C during RFA. To model this phenomenon, the bioheat equation modified by the enthalpy method is used.
The developed model accurately reproduces the overlapping technique in RFA, which allows quantify the
lesion volume before and after the second ablation. Remark that lesion growth after the second ablation is not
double than the first one, although a significant increase in the transverse diameter of the lesion is observed.
This finding supports the clinical relevance of the overlapping technique, demonstrating that it is an effective
strategy for enlarging the volume of the lesion.

[1] Berjano, E.J. (2006). Theoretical modeling for radiofrequency ablation: state-of-the-art and challenges for the future. Biomedical
engineering online 5(1), 24.
[2] Trujillo, M., Alba, J., & Berjano, E. (2012). Relationship between roll-off occurrence and spatial distribution of dehydrated tissue
during RF ablation with cooled electrodes. International Journal of Hyperthermia 28(1), 62-68.
[3] Bruners, P., Lipka, J., Günther, R.W., Schmitz‐RodE, T., & Mahnken, A.H. (2008). Bipolar Radiofrequency ablation: Is the shape of the
coagulation volume different in comparison to monopolar RF‐ablation using variable active tip lengths?. Minimally Invasive Therapy &
Allied Technologies 17(5), 267-274.
[4] Fang, Z., Wei, H., Zhang, H., Moser, M. A., Zhang, W., Qian, Z., & Zhang, B. (2022). Radiofrequency ablation for liver tumors
abutting complex blood vessel structures: treatment protocol optimization using response surface method and computer modeling.
International Journal of Hyperthermia 39(1), 733-742.
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CLINICAL APPLICATION OF COLD ATMOSPHERIC PLASMA ONE-
YEAR FOLLOW UP OF A PLASMA BASED TREATMENT CONCEPT FOR 
STERNAL INFECTION 

Heinrich Rotering* (1)  
(1) University Clinic Muenster, Germany 

Background. Deep sternal infection is still a life-threatening complication following cardiac surgery. Current 
guidelines recommend radical debridement of the infected area with removal of the sternal wires and partial or 
complete resection of the sternum. 
Most of these patients are in need for plastic surgery afterwards. However short and long term results of this 
radical approach with regard to mortality – up to only 50% one-year survival rate reported in retrospective 
studies – and quality of life remain unsatisfactory. 
A tissue saving approach – avoiding sternal resection – using cold atmospheric plasma (CAP) and advanced 
negative pressure therapy (aNPWT) has already proven its ability in the management of sternal infection. 
 
Methods.  
Retrospektive data analysis of our own patient population. 
Inclusion criteria: patients who developed a sternal infection after cardiac surgery between August 2019 and 
July 2021 (two years). 
One year follow up after wound closure was examined to assess the long-term course regarding chest wall 
stability and overall survival. 
44 patients (30 male/ 14 female) were included and were treated with a plasma based protocol. 36 patients were 
treated with cold atmospheric plasma in combination with aNPWT, 8 patients were treated only with cold 
atmospheric plasma and a standard dressing. 
  
Results. 
The most frequently detected pathogens were staphylococci (57%). 
Average number of surgical interventions required was 2.3. 
Median treatment time (debridment to wound closure) was 14 days. 
An additional follow-up treatment was required for 10 patients (22,7%). 
Following the tissue saving protocol sternal resection could be avoided in all 44 patients. 
To regain sternal stability 8 patients (18%) received sternal plates in the formerly infected sternal area. 
 
Conclusion. 
The retrospective data analysis shows a one-year survival of 86.4% (38/44). 
In all patients sternal resection could be avoided and chest wall stability was maintained. 
Compared to the recommendations of the current guidelines the tissue saving treatment concept enables a 
reduction in the number of necessary surgical interventions and length of hospital stay. 

[1] Rotering H, Hansen U, Welp H, Dell´Aquila AM. Kaltes atmosphärisches Plasma und „advanced negative pressure wound therapy“. Z 
Für Herz- Thorax Gefäßchirurgie. 2020;(34):52-61. doi:https://doi.org/10.1007/s00398-019-00355-0 
[2] Bieler D, Franke A, Völlmecke M, Hentsch S, Markewitz A, Kollig E. Treatment regimen for deep sternal wound infections 

aftercardiac surgical interventions in an interdisciplinary approach. Unfallchirurgie 2024; 127:211–220, https://doi.org/10.1007/s00113-
023-01394-x 

[3] Kade St. Sternale Wundinfektion als Komplikation nach kardiochirurgischen Operationen. Analyse des plastisch-chirurgischen 
Behandlungskonzeptes. Universität Leipzig 2020; https://nbn-resolving.org/urn:nbn:de:bsz:15-qucosa2-890639 
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SECOND-GENERATION TRANSBRONCHIAL MICROWAVE ABLATION
TECHNOLOGY FOR SAFE AND CONTROLLED TREATMENT OF LUNG
TUMOURS

Giuseppe Ruvio* (1), Laura Farina (1)
(1) Endowave Ltd.

Following the success of percutaneous local ablation in hepatocellular carcinomas, microwave ablation (MWA)
of lung tumors has been attempted since the early 2000s. In contrast to the percutaneous route, transbronchial
microwave ablation (tMWA) has gained popularity in recent years thanks to the development and spreading of
adjuvant imaging and navigation technology. The advantage of the transbronchial access over the percutaneous
approach is the avoidance of pleural puncture, hence fewer pleura-based complications such as pneumothorax
and bronchopleural fistula. Furthermore, transbronchial ablation catheter allows the treatment of nodules in
difficult to reach locations with the percutaneous route including regions near the diaphragm, lung apex,
mediastinal pleura, or areas shielded by the scapula.
The first-generation designs of microwave ablation catheters for transbronchial ablation were directly translated
from percutaneous ablation needles which were used as predicate for regulatory approval. However, the distinct
specificity of lung tissue compared to other soft tissues has shown the shortcomings of ablative technologies
which are not focused on the complexity of the pulmonary space. The impact of large vessels on the
predictability of the ablation has been known and documented in the literature for liver tumours. By acting like
heat-sinks, large vessels can largely alter shape and size of the ablation outcome from its planning. This
problem becomes even more challenging in the lung due to the co-presence of blood vessels and airways in the
target region. It was also recently reported in the literature that the dielectric properties of lung tissue present a
very different behaviour during ablation in comparison to other soft tissues like liver[1]. While tissue
permittivity decreases in liver during ablation, lung tissue permittivity increases due to the reduced air-content
in the ablated region.
Significant challenges also derive from the complex tortuous path that the ablation catheter needs to navigate to
reach peripheral nodules under image-guidance.
These challenges have been addressed in the design of Endowave’s FlexAblate microwave ablation system.
More consistent ablation performance against heat-sinks is achieved by optimising energy delivery throughout
the treatment with a rapid and controlled temperature increase of the target volume. Moreover, the pushability
and flexibility of the FlexAblate catherer ensure trajectory control as the catheter stretches out from the
working channel to reach the target nodule. Together with the radiopaque references integrated in the catheter,
these features enable accurate delivery and simplification of the procedure’s workflow.
Safety and performance of the Endowave microwave ablation technology has been verified in numerous animal
studies and will soon be assessed in human.

[1] Vidjak, K., Farina, L., Challapalli, R.S. et al. Histology-validated electromagnetic characterization of ex-vivo ovine lung tissue for
microwave-based medical applications. Sci Rep 14, 5940 (2024). https://doi.org/10.1038/s41598-024-55035-3
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MULTIPHYSICS MODELLING OF CLEAN HYDROGEN PRODUCTION 
USING MICROWAVE ENERGY AND FLUIDIZED BEDS 

Mehdi Salakhi* (1), Murray Thomson (1) 
(1) University of Toronto, Canada 

Hydrogen, a carbon-free energy alternative, will play a key role in achieving a Net-Zero emission future by 
2050 [1]. Methane pyrolysis can produce hydrogen without direct CO2 emissions and with relatively low 
energy inputs, bridging the transition from fossil fuels to renewable energy sources [1]. However, this process 
requires heat and a hot medium (>1000°C). Fluidized beds can serve as an effective medium, but conventional 
heating methods in these systems generate substantial greenhouse gas (GHG) emissions [2]. Microwave 
energy, powered by renewable electricity, not only presents an exciting opportunity for electrifying process 
heat in fluidized bed industries but also supplies the required sustainable energy for methane pyrolysis [3,4]. 
The present study computationally investigates CO2-free hydrogen production via methane pyrolysis using 
microwaves and carbon particles in a fluidized bed reactor (FBR). Carbon particles in FBR absorb microwave 
energy and create a hot medium (>1200℃) in contact with flowing methane. As a result, methane decomposes 
into hydrogen and solid carbon. In an experimental setup, we have validated the effectiveness of this 
technology, showing more than 90% of methane converts into hydrogen and solid carbon as a by-product [4]. 
While experimental studies have been performed in this regard [4], computational model development remains 
scarce and largely unexplored. This gap stems from the complex nature of microwave interactions with the 
transient hydrodynamics of fluidized beds, making accurate modeling a significant challenge. Another 
fundamental challenge in microwave-assisted fluidized beds is accurately determining the temperature 
difference between phases, which remains experimentally unmeasurable. 
Given this, the current research introduces a pioneering multiphysics model by coupling electromagnetics, 
reacting fluid flows, and particle dynamics, providing novel insights into clean hydrogen production using 
microwave energy. This is achieved through a one-way frequency-transient algorithm, where Maxwell’s 
equations are solved in the frequency domain while coupling CFD-DEM (Computational Fluid Dynamics and 
Discrete Element Method) equations in a two-way transient scheme.  Modeling results of methane conversion 
rate and gas temperature are validated against the experimental data, showcasing a reasonable agreement 
between the developed model and the experiments. Leveraging this model, we investigate the complex 
interplay between microwave power absorption, thermal radiation, endothermic heat of reaction, and 
convective heat transfer at both particle and reactor levels. Afterwards, we explore the effects of fluidization 
regime and particle size on microwave heating patterns, coupling efficiency, temperature distributions, and 
methane conversion rate. Finally, we outline key opportunities for researchers to enhance and scale the model, 
driving advancements in microwave-assisted fluidized bed technologies for sustainable chemical production. 

[1] Sánchez-Bastardo N, Schlögl R, Ruland H (2021). Methane Pyrolysis for Zero-Emission Hydrogen Production: A Potential 
BridgeTechnology from Fossil Fuels to a Renewable and Sustainable Hydrogen Economy. Industrial & Engineering Chemistry Research 
60, 11855-81. 
[2] Mallapragada DS, Dvorkin Y, Modestino MA, Esposito D V., Smith WA, Hodge BM, et al (2023). Decarbonization of the 
chemicalindustry through electrification: Barriers and opportunities. Joule 7, 23-41.  
[3] Ahmed I, Duchesne M, Tan Y, Lu DY (2024). Electrically Heated Fluidized Beds─A Review. Industrial & Engineering 
ChemistryResearch 63, 4205-35. 
[4] Salakhi, M, Thomson MJ (2025). A particle-scale study showing microwave energy can effectively decarbonize process heat 
influidization industry. Science 28. 
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REDUCTION OF DYSPROSIUM OXIDE BY MICROWAVE PLASMA

Fujii Satoshi* (1)
(1) Department of Information and Communication System Engineering, National Institute of Technology, Okinawa
College, 905 Henoko, Nago, Okinawa 905-2192, Japan

Reduction technology employing microwave plasma was applied to dysprosium, which is a rare-earth element
that is similar to scandium and has been studied in previous research, to attempt its reduction. The results from
an SEM/EDS analysis and a magnetic property measurement system confirmed the presence of Dy, thus
indicating the first successful reduction of dysprosium oxide using microwave plasma. Furthermore, revising
the reaction system to include getter metals was necessary to further increase the reduction yield.

[1] Fujii, S., Fukushima, J., Okawa, Y., Miyazawa, T. (2024). Al-Sc Alloy Production using Metal Ion Plasma. European Journal of
Microwave Energy 1, 38-43. https://doi.org/10.18573/ejme.7.
[2] Fujii, S., Suzuki, E., Inazu, N., Tsubaki, S., Fukushima, J., Takizawa, H., Wada, Y. (2020). Microwave Irradiation Process for Al–Sc
Alloy Production. Scientific Reports 10, 2689. https://doi.org/10.1038/s41598-020-59664-2.
[3] Inazu, N., Suzuki, E., Fujii, S., Tsubaki, S., Wada, Y. (2020). A Facile Formation of Vanadium(0) by the Reduction of Vanadium
Pentoxide Pelletized with Magnesium Oxide Enabled by Microwave Irradiation. Chemistry Select 5, 2949-2953.
https://doi.org/10.1002/slct.201904547
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MULTI-PHYSICAL MODELING OF MICROWAVE-BASED DRYING OF
MOIST POROUS MEDIA

Albrecht Schmidt* (1), Ralf Wagner (1), Anne Tretau (1), Akshay Ujjani Narasimhaiah (2), Lucas
Briest (2), Nicole Vorhauer-Huget (2)
(1) Material Research and Testing Institute at the Bauhaus-Universität Weimar, Weimar, Germany, (2) Institute of Process
Engineering, Otto-von-Guericke-University Magdeburg, Germany

Microwave-based drying allows the use of renewable electricity for rapid and energy-efficient processing of
porous materials. It is applicable for the energy-intensive drying of wet clay bricks, which is an essential
upstream process step for the pre-conditioning of the product before firing at 800 to 1000 °C. Due to the large
volume of the clay bricks and their high material depth, the absorbed electromagnetic field is locally
distributed, generating hot and cold spots. Simultaneously, moisture is evaporated with phase change rates
depending on the spatial temperature distribution. The evolving internal vapor pressure gradients do not only
alter the vapor transport mechanisms but also affect the liquid transport. In more detail, liquid moisture is
redistributed not only by the capillarity of the porous material but also by the imposed pressure gradients
during microwave heating. Numerical modeling can be used to optimize the drying process w.r.t. to energy
efficiency and high drying rates, taking the product quality as a control criterion.
 According to the above mentioned complex interaction of physical phenomena, it requires a multi-physical
approach, incorporating electromagnetic fields, heat and moisture transport as well as mechanical
considerations, to assess the risk of product damage and geometrical changes, i.e. shrinkage. A multi-physical
finite element model has been developed that incorporates experimentally determined material properties, such
as dielectric properties, heat transport coefficients, as well as moisture storage and transport parameters (like
permeability). The (inter-)dependencies of the various material parameters on temperature and moisture content
are implemented to cover the change of material properties and their respective influence on the drying
dynamics itself. For example, the dielectric properties of clay material can exhibit strong variations with
temperature and moisture change [1], which is captured by our model approach. The drying-induced change of
the dielectric properties strongly alters the electromagnetic field distribution, the penetration depth, the location
of hot spots and hence the amount of the dissipated energy.
 Drying simulations are parameterized based on microwave drying experiments of brick material samples in a
laboratory-scale apparatus [2]. The evaluation of the numerical procedure addresses various modeling schemes
(full vs one-way coupling), time and space discretization approaches, and model parameter calibration. The
simulation results are analyzed concerning energy efficiency and temporal evolution of the drying rates.
Damage indicators like local (non-equilibrium) vapor pressures as well as temperature gradients are explored.
The results are compared with experimental data from drying experiments. These evaluations can be used to
extend and modify the presented model towards a validated model that would constitute the base for process
optimization towards energy and time efficiency, while studying the variability of sample and cavity geometry,
waveguide positions, total power, etc.

[1] Wagner R., Ganß M., Tretau A. (2023). Determination of the permittivity of clay to explain thermal runaway during
microwave-assisted firing of bricks. 19th International Conference on Microwave and High-Frequency Applications. Cardiff, UK, 11-14
September 2023.
[2] Vorhauer-Huget N., Briest L., Wagner R., Tretau A., Rahimi A., Tsotsas E. (2022). Using microwave heating for electrification of the
drying of green heavy clay products. Ziegelindustrie International, ZI 3/2022.
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OPTICAL EMISSION SPECTROSCOPY CHARACTERIZATION OF
MICROWAVE PLASMA

Nora Schüller* (1), Panayotis Dimopoulos Eggenschwiler (1), Gregory Facas (1)
(1) Empa, Swiss Federal Laboratories for Materials Science and Technology

Microwave plasma pyrolysis of methane (CH4) is a promising technology for hydrogen (H2) production with
low CO2 emissions. The present work focuses on characterizing the plasma in a 2.45 GHz microwave-based
laboratory-scale plasma reactor system operated at atmospheric pressure with N2 as the plasmagen gas.
To accurately characterize a plasma, it is essential to determine the temperatures of its species and the electron
number density. Various methods exist for estimating these properties, but passive techniques are preferred as
they do not interfere with the plasma. One such method is optical emission spectroscopy (OES), which allows
for the observation of plasma temperatures and electron number density.
The optical emission spectrum of the plasma is measured using an IsoPlane 320 spectrograph, which spatially
disperses light by wavelength, and a PCO DiCam Pro camera equipped with a 1280×1024 sensor to detect the
emitted radiation.
To determine the temperatures of different plasma species (rotational, vibrational, and electron), the simulation
tool sparkLBL is employed. This tool generates theoretical plasma emission spectra based on different
temperature inputs. By comparing the simulated and measured spectra using the Normalized Least Square
Difference method, the best-matching theoretical spectrum is identified, and its corresponding temperature
values are taken as the plasma temperatures.
The Stark effect is utilized to estimate the electron number density from optical emissions. Trace amounts
(below 1%) of Hydrogen are added to the plasma gas generating Balmer emission lines. The Balmer lines are
isolated from the spectrum, and the Voigt function describing the line is deconvoluted into its Gaussian and
Lorentzian components. The full width at half maximum (FWHM) of the Lorentzian component is then used to
calculate the electron number density.

[1] M. Lino da Silva, "The SPARK Nonequilibrium, High-Temperature Line-by-Line Code: 2021 Update"
[2]  Konjević NIvković MSakan N, "Hydrogen Balmer lines for low electron number density plasma diagnostics"
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ENHANCING EFFICIENCY OF CO2 REDUCTION IN ATMOSPHERIC
MICROWAVE PLASMA BY MEANS OF QUENCHING IN A
WATER-COOLED NOZZLE

Sergey Soldatov* (1), Silberer Lucas (1), Link Guido (1), Navarrete Alexander  (1), Dittmeyer
Roland  (1), Jelonnek John  (1)
(1) Karlsruhe Institute of Technology

The conversion of CO₂ either captured from industrial emissions or directly from the atmosphere into
energy-dense fuels or chemical feedstocks offers a viable pathway to reducing net greenhouse gas emissions
and storing surplus renewable energy. Plasma-assisted CO₂ reduction offers rapid on-demand operation,
aligning well with the fluctuating nature of renewable energy generation. Among various plasma reactor
configurations, microwave plasma has demonstrated the highest reported efficiency of 80%; however, this has
been achieved exclusively under vacuum conditions [1]. Operating at atmospheric pressure rather than under
vacuum conditions lowers both energy consumption (vacuum pump) and capital investment. However, this
transition introduces a significant challenge: at near-atmospheric pressures, the plasma undergoes contraction,
leading to the formation of an extremely hot core region (6000–7000 K) with sharp temperature gradients. This
thermal inhomogeneity results in excessive gas heating at the plasma core, as the optimal temperature range for
CO₂ splitting lies between 3000 K and 5000 K, while gas near the reactor walls remains underprocessed at
temperatures below 1000 K. In this study, we investigate how gas temperature quenching and enhanced
cross-mixing can improve the efficiency of CO₂ dissociation in a microwave plasma reactor operating at
atmospheric pressure and kilowatt power levels. To achieve this, a water-cooled metallic nozzle was installed
downstream in the reactor. The rapid cooling of product gases as they pass through the nozzle mitigates the
recombination of CO and O, while the nozzle’s converging geometry enhances radial mixing between hot and
cold gas regions. To optimize the process, both the nozzle and reactor geometries were systematically varied.
The nozzle-based gas quenching promotes the CO2 conversion and energy efficiency by a factor of 4, as
compared with a configuration without nozzle. Under optimized conditions, the maximum CO₂ conversion rate
and energy efficiency reached 40% and 45%, respectively. Experimental results were further validated through
multi-physics simulations conducted in COMSOL.

[1] R. I. Asisov, A. K. Vakar, V. K. Jivotov, M. F. Krotov, O. A. Zinoviev, B. V. Potapkin, A. A. Rusanov, V. D. Rusanov, A. A. Fridman,
Non-Equilibrium Plasma-Chemical Process of CO2 Decomposition in a Supersonic Microwave Discharge, Proc. USSR Acad. Sci. 271
(1983) 94−98
[2] 
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MICROWAVE ASSISTED CATALYTIC DECOMPOSITION OF AMMONIA

María Dolores Seva * (1), Elena  Barrio (1), José Daniel Gutiérrez Cano (2), Beatriz García Baños
(2), José Manuel Catalá Civera (2), María  Balaguer  (1), Sonia  Escolástico  (1), José Manuel Serra 
(1)
(1) Instituto de Tecnología Química, Universitat Politècnica de València-Consejo Superior de Investigaciones Científicas
(ITQ-UPV-CSIC), Valencia, Spain, (2) ITACA Institute, Universitat Politècnica de València, Camino de Vera s/n, 46022,
Valencia, Spain

The increasing demand for clean energy has driven research into advanced hydrogen production technologies1.
Ammonia has emerged as a promising hydrogen carrier due to its high energy density and ease of transport.
The catalytic cracking of ammonia enables the production of carbon-free hydrogen, making it relevant for clean
energy technologies1. However, this reaction is thermodynamically reversible and endothermic1, requiring
significant energy input. Conventional thermal cracking of NH3 requires high temperatures (850-950 ºC) and
noble metal-based catalysts, leading to high energy consumption and cost.
To improve the efficiency, microwave irradiation has been explored2 as an innovative and efficient approach
for ammonia decomposition. Unlike conventional heating, where thermal energy is transferred indirectly,
microwave irradiation enables direct interaction with catalytic materials, facilitating energy transfer at the
active surface. This can enhance catalytic activity and allow operation at lower temperatures. Additionally,
microwave irradiation can influence catalytic properties and alter reaction kinetics. When some solid-state ionic
materials (SSIMs)are irradiated with microwaves, they undergo reduction, releasing oxygen and creating
oxygen vacancies at significantly lower temperatures compared to conventional radiative methods3. The release
of oxygen is associated with an increased electrical conductivity, which depends on microwave power.
This study uses SSIMs as support material and as a microwave receptor, taking advantage of its dielectric
properties for efficient microwave absorption, leading to localized heating and stabilization of oxygen
vacancies at lower temperatures. A transition metal is used as the active catalytic component for ammonia
decomposition. This combination enhances catalytic performance and optimizes energy transfer under
microwave irradiation. The study compares hydrogen production with this approach with results from a
conventionally heated reactor to evaluate the advantages of microwave irradiation in terms of efficiency and
catalytic performance.
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INVESTIGATION ON MICROWAVE MACHINING OF DIFFICULT-TO-
MACHINE ALLOYS 

Apurbba Kumar Sharma* (1), Pranjal Gupta (1), Inderdeep Singh (1) 
(1) Indian Institute of Technology Roorkee, Roorkee, India 

Application of microwaves for material removal represents a novel approach. It was developed for drilling non-
conductive materials, such as concrete, glass, ceramics, basalt, silicon etc. [1]. The initial work was based on 
microwave energy concentration, significantly smaller than the wavelength of 2.45 GHz radiation, achieved through 
a near-field coupling technique using a monopole antenna in direct contact with the workpiece. This interaction 
induced a thermal runaway effect, resulting in localized melting and softening, followed by mechanical insertion of 
the monopole antenna as a drill bit, to contour the hole boundary. However, this method proved ineffective for 
metallic materials due to their poor microwave absorption characteristics. The phenomenon of microwave-metal 
discharge for drilling metallic materials was later reported by Singh and Sharma, utilizing a non-contact approach 
where plasma was generated in the tool-work gap under atmospheric conditions [2]. The intense thermal energy of 
the discharge-induced plasma facilitated material removal through ablation, but the unconstrained spatial distribution 
of plasma in an air medium led to excessive thermal damage, poor dimensional accuracy, and extensive heat-
affected zone. To mitigate these challenges, liquid dielectric media were introduced to drilling applications, initially 
for glass, and later extended to metals, significantly improving process stability [3,4]. The liquid dielectric medium 
facilitated power dissipation, thereby reducing plasma intensity, while also imposing hydrostatic pressure to confine 
plasma expansion. As a result, the spatial extent of material removal was restricted, minimizing surface erosion and 
drilling-induced defects, with significant reductions in heat-affected zone. Additionally, the use of a liquid dielectric 
improved the circularity of drilled holes and prevented oxidation of the tool electrode by shielding it from 
atmospheric oxygen. The present study investigates the formation of microwave-metal discharge-induced plasma 
within a liquid dielectric medium and its influence on drilling performance for difficult-to-machine alloys, 
specifically AISI 316L, IN718, and Ti‒6Al‒4V. Plasma initiation was observed at the conical tip of the tungsten 
electrode due to localized charge accumulation, which intensified the electric field, leading to dielectric breakdown. 
The plasma characteristics were influenced by multiple factors, including microwave power, electrode geometry, 
immersion depth, and dielectric strength. Experimental trials revealed distinct entrance and exit profiles of drilled 
holes, with recast material accumulation at the periphery due to incomplete evacuation of molten material. 
Quantitative analysis indicated that AISI 316L exhibited the largest hole dimensions due to its lower melting and 
vaporization temperatures, whereas Ti‒6Al‒4V displayed the most extensive recast zone owing to its low thermal 
conductivity, which hindered efficient heat dissipation and promoted adhesion of dislodged material. Further, 
dielectric breakdown led to the incorporation of burnt hydrocarbon particles into the discharge, generating weak 
secondary discharges that contributed to surface defects, including burrs and irregularities. Microstructural analysis 
revealed that intense localized heating resulted in grain refinement, phase transformations, and thermally induced 
defects such as cracks. Compared to conventional machining methods, microwave discharge-induced plasma 
drilling demonstrated improved material removal efficiency, yet challenges remained in managing recast formation 
and minimizing thermal damage. These findings underscore the crucial role of thermophysical properties, 
particularly melting point, vaporization temperature, and thermal conductivity, in determining drilling performance, 
material removal efficiency, and recast zone formation. 

[1]Jerby, E., Dikhtyar, V., Aktushev, O., & Grosglick, U. (2002). Science, 298(5593), 587-589 
[2] Singh, A., & Sharma, A.K. (2020). Applied Physics A, 126(10), 822 
[3] Kumar, G., & Sharma, A.K. (2018). Journal of Manufacturing Processes, 33, 184-193 
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STRUCTURE-PROPERTY CORRELATION IN AA 2024 CYLINDRICAL
CAST PRODUCED USING ALUMINA AND GRAPHITE MOULD
THROUGH MICROWAVE IRRADIATION

Apurbba Kumar Sharma* (1), Parvej Parvej (2)
(1) Indian Institute of Technology Roorkee, Roorkee, India, (2) Aligarh Muslim University, Aligarh, India

Microwave radiation consists of electric (E) and magnetic field (B) components, which interact with different
materials at molecular level to produce effects within the materials, including heating. In the present study,
cylindrical casts of AA 2024 alloy were produced using alumina and graphite moulds through 2.45 GHz
microwave irradiation at 900 W in a microwave applicator with double-layer insulation. The tendency of
eutectic phase formation within the casts was studied for different mould materials in terms of diffusion
kinematics under microwave irradiation. Microstructure analyses reveal formation of fine grains in case of
graphite mould cast owing to better heat conducting characteristics of graphite. On the other hand, larger grains
were observed for alumina mould cast due to relatively lower thermal conductivity with marginal segregation
of the constituents of the AA 2024 alloy along the cast length. Additionally, the enhanced diffusion mechanism
caused by a significant microwave interaction with AA 2024 alloy in alumina mould also contributed to grain
coarsening due to its microwave transparency at low temperature (≤ 900 °C). The XRD analyses confirmed
presence of AlCu, Al2Cu, and Al2CuMg eutectic phases for casts obtained using both moulds. The graphite
mould casts exhibited better mechanical properties, attributed to fine-grained microstructure while compared to
the alumina mould casts. Influence of the E and B components of microwave irradiation have been axplained.
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THE ACTIVE APPLICATOR – AN INTEGRATED
MICROWAVE-HEATING DEVICE

Evgeni Sheingaouz* (1), Eli Jerby† (1)
(1) Faculty of Engineering, Tel Aviv University

The concept of active antenna is mainly applied in relatively low-power microwave systems [1], in fields like
communication, identification, etc. The adoption of this approach for heating applications, by combining the
active generator (amplifier or oscillator) and the passive antenna (applicator) into an integrated device, was
proposed and preliminarily demonstrated in Ref. [2].  Here we present several experimental implementations of
solid-state active applicators for industrial, scientific, and medical (ISM) applications, in amplifier and
oscillator schemes. An array of such radiating elements (providing ~0.5 kW each, at 2.45 GHz) is also
presented in this paper as a more powerful active applicator for ISM purposes. The paper presents principles of
the active-applicator concept, its design methodology, experimental implementations and results, and
theoretical analyses. This study shows that the direct integration resulting from the active-applicator approach
(e.g., by reducing the interconnects between the power amplifier and the antenna) improves the overall
compactness and efficiency of the microwave-heating system, and reduces its complexity and cost. The paper
is concluded by our outlook on the potential active-applicator advantages for future ISM systems [3].
† Corresponding author, E-mail: jerby@eng.tau.ac.il

[1] Mahadik S. R., Bombale U. L. Amplifier type active antenna at 2.45 GHz for wireless applications. Analog Integr, Circ, Sig. Process.
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[2] Jerby E., Shelef A., Shalom S. Active-antenna approach for microwave heating by solid-state applicators. AMPERE Newsletter 96,
16-23 (2018).
[3] Jerby E., Sheingaouz E., PCT application (2025).
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MICROWAVE-ASSISTED FABRICATION OF CHITOSAN-BASED
CARRIERS FOR BACILLUS AZOTOFIXANS AND THEIR EFFECT ON
ENHANCING BIOAVAILABLE NITROGEN FORMS IN MINERAL SOILS
OF VARYING PHYSICOCHEMICAL PROPERTIES

Aleksandra Sierakowska-Byczek* (1), Łukasz Janus (1), Julia Radwan-Pragłowska (1), Karol Łysiak
(1), Klaudia Kuźmiak (1)
(1) Cracow University of Technology, Faculty of Chemical Engineering and Technology Warszawska St. 24, 31-155
Cracow, Poland

The increasing demand for sustainable agricultural practices highlights the need for effective biofertilizers
capable of enhancing soil fertility while minimizing environmental impact. This study investigates the
influence of Bacillus azotofixans, a self-symbiotic nitrogen-fixing bacterium, on the enhancement of
bioavailable nitrogen forms in mineral soils with varying physicochemical properties. To improve bacterial
viability and soil colonization efficiency, innovative biopolymeric carriers based on chitosan were developed
using microwave-assisted synthesis. The application of microwave radiation enabled the rapid formation of
structurally stable, porous chitosan matrices, serving as protective microenvironments for microbial
immobilization. The prepared carriers were characterized in terms of their physicochemical properties,
biocompatibility, and effectiveness in maintaining bacterial activity. Laboratory-scale soil incubation
experiments demonstrated a significant increase in the levels of ammonium and nitrate ions in treated soils,
correlating with the improved survivability and metabolic activity of immobilized Bacillus azotofixans. The
results suggest that microwave-fabricated chitosan-based carriers offer a promising platform for the controlled
delivery of biofertilizers, supporting the development of next-generation, eco-friendly soil amendments tailored
to site-specific conditions.

[1] Bhattacharyya, P. N., & Jha, D. K. (2012). Plant growth-promoting rhizobacteria (PGPR): emergence in agriculture. World Journal of
Microbiology and Biotechnology, 28(4), 1327–1350. https://doi.org/10.1007/s11274-011-0979-9
[2] El-Gendy, A. O., & El-Bondkly, A. M. (2014). Immobilization of Azotobacter chroococcum on natural carriers for nitrogen
biofertilization in sandy soil. Archives of Agronomy and Soil Science, 60(3), 385–401. https://doi.org/10.1080/03650340.2013.803208
[3] Kong, M., & Chen, X. G. (2015). Microwave-assisted fabrication of chitosan-based materials and their applications. Carbohydrate
Polymers, 132, 304–312. https://doi.org/10.1016/j.carbpol.2015.06.070
[4] Yousefi, M., Zolriasatein, A., & Moshfegh, A. Z. (2017). Fabrication of microwave-assisted chitosan nanoparticles for loading of
microbial biofertilizers. Journal of Materials Science: Materials in Electronics, 28, 10882–10890.
https://doi.org/10.1007/s10854-017-7006-0
[5] Maheshwari, D. K., Dheeman, S., & Agarwal, M. (2015). Effect of mineral and organic fertilizers on soil microbial diversity and soil
fertility. In: Maheshwari D. (eds) Bacterial Diversity in Sustainable Agriculture. Springer. https://doi.org/10.1007/978-81-322-2300-7_11
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DESIGN CONSIDERATIONS FOR AN ELECTRON PARAMAGNETIC 
RESONANCE SPECTROMETER FOR SIMULTANEOUS EPR AND 
NEUTRON DIFFRACTION 

Kai Silver* (1), Heungjae Choi (1), Steve Cripps C. (1), Ron Smith (2), Martin Jones O. (2), Emma 
Richards (1), Damien Murphy (1), Adrian Porch (1) 
(1) Cardiff University, UK, (2) ISIS Neutron and Muon Source, UK 

Addressing the challenges of next-generation energy technologies requires advanced tools capable of probing 
both the electronic and structural evolution of materials in real time. This project was initiated in response to 
such demands, with battery research as a key motivator, to develop a dual-modality in situ instrumentation 
platform that integrates Electron Paramagnetic Resonance (EPR) spectroscopy and Neutron Powder Diffraction 
(NPD). EPR provides insights into spin states, oxidation states, local environments, spin dynamics, and 
material conductivity, while neutron scattering provides structural information on light elements within dense 
matrices. Its high penetration depth allows in situ studies without compromising structural resolution. This 
work synergizes the two powerful spectroscopy techniques. 
Key to the success of this project is the development of a microwave cavity capable of performing EPR without 
hindering the Neutron diffraction studies. This work details the design of an Elliptical EPR microwave cavity 
(9.5 GHz) and additional hardware for insertion on a neutron beam line. COMSOL Multiphysics is used to 
design a high Q-factor Aluminium cavity with thinned walls, which retains high conductivity and offers a low 
neutron scattering cross section, thus minimising background scattering to optimise acquisition time and 
diffraction signal quality. Owning to Aluminium‘s high strength the walls are machined to 0.1 mm thickness, 
minimising un-wanted background neutron scattering. The novel use of modulation posts for the EPR (as 
opposed to Helmholtz coils) is proposed. The posts are strategically positioned inside the cavity, so as not to 
short circuit the electric field of the TM110 mode used for EPR. The modes are shown to be un-affected by the 
presence of the posts and a high Q-factor (>2500) is retained; critical for high sensitivity EPR measurements. 
The field uniformity and amplitude at sample position is comparable with conventional Helmholtz coils and 
demonstrates the efficacy of this topology. A low loss (<0.5 dB) waveguide feed with an iris and tuning puck 
end is designed and manufactured, enabling critical coupling (-50 dB, S11) of the microwave source and 
detector to the EPR cavity. This hardware is integrated with microwave circuitry, a lock-in amplifier and 
electromagnet, forming a complete EPR spectrometer suitable for transport and configuration at a neutron 
beam line. The systems efficacy is shown by detection of EPR spectra on DPPH 
(2,2-diphenyl-1-picrylhydrazyl) and is subsequently used to measure EPR spectra of DPPH in-situ on the 
Polaris Powder Neutron Diffractometer (ISIS). These results are the first of its kind and demonstrates the 
potential for developing unique instrumentation that combines different spectroscopy techniques into a signal 
in-situ measurement and establishes the foundation for future correlative studies across a wide range of 
functional materials. 
 
[1] Sathiya, M., Leriche, JB., Salager, E. et al. Electron paramagnetic resonance imaging for real-time monitoring of Li-ion batteries. 

NatCommun 6, 6276 (2015).  
[2] Niemöller, A., Jakes, P., Eichel, RA. et al. EPR Imaging of Metallic Lithium and its Application to Dendrite Localisation in 

BatterySeparators. Sci Rep 8, 14331 (2018).  
[3] Li, X., Liang, J., Yang, X., Adair, K. R., Wang, C., Zhao, F., & Sun, X. (2020). Progress and perspectives on halide lithium 

conductorsfor all-solid-state lithium batteries. Energy & Environmental Science, 13(5), 1451.  
[4] Liu, D., Shadike, Z., Lin, R., Qian, K., Li, H., Li, K., Wang, S., Yu, Q., Liu, M., Ganapathy, S., Qin, X., Yang, Q.-H., Wagemaker, M., 
Kang, F., Yang, X.-Q., & Li, B. (2019). Review of Recent Development of In Situ/Operando Characterization Techniques for Lithium 
Battery Research. Advanced Materials, 31(28), 1806620.  
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TWO STACKED PLANAR ANTENNAS FOR SATELLITE APPLICATIONS

Marco Simone* (1), Davide Guarnera (1), Antonella Maria Loconsole (2), Imran Khan (2), Santi
Concetto Pavone (1), Francesco Prudenzano (2), Gino Sorbello (1)
(1) University of Catania, Department of Electrical, Electronics, and Computer Engineering, (2) Politecnico di Bari,
Department of Electrical and Information Engineering

In this contribution, we present two different stacked patch antennas for satellite applications, suitable for
Cubesat. The design of antennas for Cubesat platforms has received particular attention in recent years, due to
its relative economic convenience in space missions [1], [2].
The first is a dual-polarized antenna for mobile satellite communications (SATCOM) operating in the Ku-band,
designed to cover the entire Rx-Tx frequency range (10.7-14.5 GHz) [3]. The overall antenna (including the
feeding network) consists of 5 dielectric and 8 metal layers. It features three square patches on two Rogers
RT/duroid 5880 substrates, and it is fed by a cross-shaped slot etched on a ground plane. The slot is in turn
excited by two orthogonal microstrips placed on two Rogers RT/duroid 5880 substrates, arranged on the two
sides of the slot plane, which provide the dual polarization. A metal reflector placed at the bottom reduces the
back-scattering. The simulated reflection coefficient is below -20dB in the whole frequency band, the ports’
isolation is higher than 40 dB, and the cross-polarization rejection in the broadside directions, at the frequency
f=12.5 GHz, is higher than 38 dB for both the polarizations. The same antenna has been arranged in a 2×2
array, fed via a series of T-junctions composed of quarter-wave microstrip transformers to provide the
broadside radiation. In this case, the reflection coefficient is less than -15dB in the whole frequency range, and
the isolation is higher than 30 dB. The cross-polarization rejection keeps the same value of the single antenna.
The second is a stacked patch antenna for Cubesat applications, intended to operate in the downlink (31.8-32.3
GHz) and uplink (34.2-34.7 GHz) frequency range of the Deep Space Network Ka-band [4]. It consists of a
stack of two patches laying on two Rogers RT/duroid 5880 substrates, 0.254 mm thick, separated by a metallic
ring which maintains an air gap between them. The antenna has been optimized via a PSO algorithm to
maximize the bandwidth with a desired return loss margin with respect to the 10 dB limit in the frequency band
centre. This optimization provides a good robustness with respect both the manufacturing errors and the
material parameters variation (e.g. the variation of duroid permittivity versus temperature) due to
environmental conditions in space. The optimized antenna shows a 10dB bandwidth equal to 5.53 GHz
(30.42-35.95 GHz) with a margin of 5.8 dB respect to the -10 dB limit in the frequency band centre. Moreover,
the limits of the operative frequency range have a wide margin with respect to the Deep-Space Network Ka
frequency range.  The gain evaluated at 33 GHz is 8.05 dB.
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[3] Guarnera D., Pavone S.C., Crisafulli O., Di Donato L., Morabito A.F., Isernia T., Sorbello G. (2024). Design of a Wideband
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INDUSTRIAL AND SCIENTIFIC APPLICATIONS OF LAB-GROWN
DIAMONDS GROWN BY MICROWAVE PLASMA

Jayam Sonani* (1)
(1) Diamond Elements Pvt Ltd

Lab-grown diamonds, produced through methods like High Pressure High Temperature (HPHT) and Chemical
Vapor Deposition (CVD), offer a reliable alternative to natural diamonds, providing consistent quality and
advanced material properties. The global consumption of lab-grown diamonds is now 150 times greater than
mined natural diamonds except Gem application.
Key Properties of Diamond:  
Mechanical Properties: Diamond is the hardest material, with superior wear resistance and low friction. It’s
used in cutting tools, surgical knives, and wear-resistant coatings.
Optical Properties: Transparent across UV to far infrared, diamond’s large bandgap and minimal absorption
make it ideal for multispectral optics and high-temperature, radiation-resistant applications.
Thermal Properties: Diamond’s exceptional thermal conductivity (2000 W/mK) makes it crucial for thermal
management in electronics, integrated circuits, and high-power devices.
Semiconducting Properties: With a wide bandgap and high breakdown field, diamond is used in high-power
electronics, radiation detectors, and quantum applications. Its radiation hardness makes it perfect for space and
nuclear applications.  
Applications:  
Cutting Tools & Coatings: Used in machining, aerospace, and manufacturing for high-performance,
wear-resistant materials.
Medical Devices: Applied in surgical knives and precision tools due to its sharpness, durability, and
biocompatibility.
Thermal Management: Utilized in electronics for heat dissipation, ensuring the reliability of high-power
components.
Quantum Technologies: Diamond plays a crucial role in quantum computing and Sensing. Its stable
properties, including the ability to host qubits in defects like nitrogen-vacancy centers (NV centers), make it
ideal for quantum information processing and secure data transmission. These NV centers can be used to create
ultra-sensitive quantum sensors and enable secure quantum key distribution for communication.
Radiation Detection: Effective in detecting radiation in space exploration and nuclear applications.
Laser Technology: Employed in high-power laser systems, thanks to its thermal and optical properties.  
Future Potential:
Lab-grown diamonds are set to revolutionize industries like quantum computing, secure communication, and
advanced sensing. Their customizable properties allow for even more diverse applications in high-tech fields.
In conclusion, lab-grown diamonds, with their unique set of properties, are becoming indispensable in modern
industry and scientific research, particularly in the emerging field of quantum technologies. Their potential in
quantum computing, quantum communication, and sensing could reshape industries in the near future.
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A NOVEL PHASED ARRAY APPLICATOR FOR EFFICIENT
MICROWAVE PRE-CONDITIONING OF HARD ROCKS 

Raphael Speck* (1), Ralph Behrend (2), Hartmut Krause (2)
(1) Herrenknecht AG, (2) TU Bergakademie Freiberg

The subject of reducing rock strength with high-power microwaves, also known as ‘pre-conditioning’, has been
studied by the scientific community for decades [1]. Microwave pre-conditioning is based on dielectric heating,
the generation of thermal stress and resulting rock failure. The dominant effect is so-called ‘global damage’ in
the form of large cracks caused by the volumetric expansion of the irradiated rock mass [2]. While a lot of past
efforts went into small-scale experiments with rock samples in industrial microwave cavities that are mainly
relevant for mineral processing, very few publications deal with the ‘business end’ of a microwave
pre-conditioning system for rock excavation in a mining or tunnelling context. In this context, the antenna
arrangement that applies the microwaves to a rock face (typically called ‘applicator’) is of particular interest, as
it plays a significant role in the efficiency of the process.
Ma et al developed a dielectric-loaded converging waveguide antenna (DLCWA) for the pre-conditioning of
diorite rock [3]. They also compared their DLCWA with alternatives (horn antenna, standard waveguide,
converging waveguide) [4]. However, when it comes to efficient pre-conditioning, all these applicator types
suffer from the fact that the highest power loss density and thus the strongest heating is caused in the surface
layers of the rock and declines exponentially. The heated rock volume at the surface is free to expand towards
the applicator and thus causes little ‘global’ damage. The geometry of a single antenna can only influence the
rock temperature distribution in its direct proximity. Furthermore, practical power limits exist due to the
reduced voltage breakdown strength in wet and dusty environments, which significantly limit the power input
and the pre-conditioning speed.
In this research, a power-focusing arrangement of multiple antennas that is fed by coherent TE10 waves is
proposed. The so-called ‘phased array’ (PA) concept is well-known e.g. in radar and telecommunications and
works by superposition of multiple wavefronts. While typical PAs however operate in quasi-lossless air or
vacuum, in our case the wavefronts are superimposed inside the lossy dielectric (the rock). The approach has
several advantages over conventional applicators: first, the power can be focused deep inside the rock, thus
generating tensile cracks and more ‘global’ damage. Second, the total heated rock volume can be reduced by
the focusing, which improves the overall efficiency. Third, the power per antenna is only a fraction of the total
applicated power, which avoids real-world issues such as arcing, melting etc. Within the scope of this
publication, the concept of the PA applicator is presented, evaluated for its efficiency and compared to
conventional applicators by means of a purpose-built multi-physics simulation model and bespoke performance
criteria.

[1] [1] Teimoori K., Hassani F. (2020). Twenty years of experimental and numerical studies on microwave-assisted breakage of rocks and
minerals - a review. 10.48550/arXiv.2011.14624.
[2] [2] Hartlieb P., Grafe B., Shepel T., Malovyk A., Akbari B. (2017). Experimental study on artificially induced crack patterns and their
consequences on mechanical excavation processes. International Journal of Rock Mechanics and Mining Sciences, Volume 100, Pages
160-169.
[3] [3] Ma Z., Zheng Y., Zhao X., Li J., Zhao J. (2022). A Dielectric-Loaded Converging Waveguide Antenna for Microwave Fracturing of
Hard Rocks. IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 70, NO. 6, Pages 4243-4249.
[4] [4] Ma Z., Zheng Y., Li J., Zhao X., Zhao J. (2024). Enhancing rock breakage efficiency by microwave fracturing: A study on antenna
selection. Energy, Volume 288.
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OPPORTUNITIES FOR PROCESS INTENSIFICATION VIA DYNAMIC
OPERATION OF MICROWAVE-DRIVEN REACTORS 

Georgios Stefanidis* (1, 2)
(1) National Technical University of Athens, (2) Ghent University

Use of microwave energy as an alternative energy transfer form to enable chemical transformations has three
distinct features, as compared to conventional thermal activation, that is, the faster, volumetric and phase-
and/or component-selective energy delivery to reactive media. In turn, these features open-up possibilities to
create novel operating windows in chemical reactors and unit operations at large via purposeful spatiotemporal
temperature gradients impossible to mimic via convective heat transfer. In this talk, we will present recent
examples from on-going research projects of how microwave-activated dynamic operation and localized energy
transfer can intensify diverse and industrially relevant chemical processes from the fields of reactive
crystallization, polymerization and organic chemistry in terms of reduction in process time and energy demand,
increase in product selectivity and optimization of chemical and thermophysical product properties (particle
size distribution, particles shape, molecular weight, polydispersity index, viscosity, etc.)
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MW-LEGO: MANUFACTURING COMPLEX MICROWAVE WAVEGUIDES
AS ASSEMBLING LEGO

Changkun Sun* (1), Qiang Cheng (2), Nanya Li (1)
(1) Nanjing University of Aeronautics and Astronautics, (2) Southeast University

Microwave waveguide (MW) technologies have been used for decades to transmit microwave energy.
Compared to coaxial cables, waveguides exhibit significantly lower dielectric losses and also allow more
efficient heat dissipation, enabling them to handle much higher peak and average power levels. However,
traditional machining techniques require long manufacturing cycles and high costs for metallic waveguides
made of aluminum and copper. More importantly, the complicated waveguides with curved shapes in spatial
can hardly be manufactured by traditional subtractive techniques. Additive manufacturing, also known as 3D
printing, was considered as a promising method in quick prototype fabricating of metallic and non-metallic
materials, even microwave waveguides [1]. While the printed metal waveguides have a rough inner surface,
which is difficult to do post-processing and may lead to high transmission losses of microwave energy.
Stereolithography (SLA) is a widely used 3D printing method for plastic materials that offers high precision of
plastic materials. In addition, electroplating or surface treatment methods are needed to ensure the conductive
surface condition for the purpose of microwave energy transmission [2]. A flat and open geometry is always
preferred to have a uniform coating thickness. Thus, the conflict between the 3D printing for fabricating
complex geometry and the electroplating efforts for conductivity has occurred and become the key bottleneck
for this technology.
Here, a novel idea of using LEGO assembly strategy for manufacturing complex plastic microwave
waveguides is presented. The waveguides are split into LEGO-style assembly blocks with standard connection
patterns. For each block, the electroplating process can be done easily, and connection structures are
elaborately designed to prevent the discontinuous current flow in the inner surface of the waveguides. Finally, a
set of MW-LEGO are manufactured within straight, E-bend, H-bend, and twist waveguides. The S parameters
and transmission loss of assembled waveguides are verified experimentally.

[1] Al-Juboori B., Zhou J., Huang Y., Hussein M., Alieldin A., Otter W. J., Klugmann D., Lucyszyn S. (2019). Lightweight and Low-Loss
3-D Printed Millimeter-Wave Bandpass Filter Based on Gap-Waveguide. IEEE Access. 2019;7:2624-2632.
[2] Geterud E., Bergmark P., yang J., yang J. (2013). Lightweight waveguide and antenna components using plating on plastics. 2013 7th
European Conference on Antennas and Propagation (EuCAP).
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INDUSTRIAL MW-PLASMA FROM CVD-DIAMOND TO PLASMA
CHEMISTRY

Hildegard Sung-Spitzl* (1), Ralf Spitzl (1)
(1) iplas Innovative Plasma Systems GmbH, Troisdorf, Germany

Artificial Intelligence (AI) has become a widespread marker of advanced production. However, the concept is
often used more as marketing buzzword than accurate description of technological advancement. Nonetheless,
there is a growing expectation in industry to develop process solutions without in-depth expertise, cheaper and
without a skilled development team.
While particularly in industrial heating processes cost efficiency is the key driver, microwave-enhanced plasma
technology has different dynamics. Some industrial applications demand complex process controls,
sophisticated algorithms, and even thorough process tracking, while others—such as large-scale gemstone
manufacturing—can be managed with relatively simple features.
 
The talk introduces the main levers of knowledge-based microwave plasma processes and their implications for
equipment innovation in emerging technologies:
Reactors built on the CYRANNUS® principle are known for their versatility, which also makes them powerful
and challenging at the same time. Leading microwave plasma sectors are presented.
Diamond CVD Reactors: In commercial gemstone production, countless small units operate semi-automated
processes, and production advancements are limited to “paste and copy” for cost reduction. Conversely are
cutting-edge applications as quantum sensors, quantum crystals, medical implants, and other high-tech
diamond materials; they require highly controlled processes and precise operations to achieve goals like
producing 300mm+ diameters or maintaining parts-per-billion purity.
Bulk Plasma Chemistry Reactors:   Microwave bulk plasma chemistry enables efficient and targeted conversion
of large gas volumes by precisely controlled plasma conditions. Industrial-scale production is already starting
and confirms an outstanding potential for various reaction channels. Managing the production complexity
requires comprehensive experience and integration ability at the same time.
 
Leveraging flexible processes and high-performing equipment demands extensive experience, broad and
profound technological knowledge. Sophisticated R&D systems or highly performing commercial production
systems operate must fulfil much higher challenges. Synergy effects in development can only be earned
through long-term experience.
Today, failures in electronic and chemical applications result in significant losses or even high penalties. The
relentless focus on cost-cutting and know-how reduction has frozen technology in gemstone diamond industry
and keeps those users out of future developments.
The demands on innovation are higher today than ever before. Need for resilience drives changes in equipment
design, assembly, and communication. Effective combination of features and equipment play now a pivotal
role in achieving best production performance, reliability, and readiness for future advancements. That can only
be reached when cooperation between component manufacturers and system integrators starts already at an
early stage of development.
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CHEMICAL UPCYCLING OF PLASTICS AND CREATION OF NOVEL
MATERIALS USING THE PHYSIOLOGICAL FUNCTION MODULATION
EFFECTS OF INSECTS BY MICROWAVES

Mayu Takechi* (1), Ryu Murata (1), Satoshi Horikoshi (1)
(1) Sophia University

In our previous research, we found that irradiating weak microwaves to plant seeds or the first leaves for a few
minutes, followed by normal plant cultivation, had effects on the growth process, such as promoting growth,
resistance to heat and drought stress, repelling pests, and improving germination rates. These beneficial effects
were found to occur through the effect of microwaves on the plant’s daylight rhythm [1-3]. Based on these
findings, we shifted our exploration from plants to insects and examined the following two items: (i) the effects
of weak microwaves on insects’ physiological activities such as hatching, growth, and metamorphosis, and (ii)
the possibility of chemically recycling plastics and producing functional materials by utilizing the physiological
effects of microwaves on insects.
Waxworm: Waxworms were continuously irradiated with microwaves at 5W or 20W output and growth was
observed. Compared to a control, the 5W case showed a 7.1% weight loss, while the 20W case showed a 3.5%
increase in growth rate. The timing of pupation was not affected by microwave irradiation. Overall, continuous
microwave irradiation did not significantly affect their physiological activity.
Next, waxworms were raised under temperature stress with weak microwave irradiation. Without microwaves,
low temperatures significantly reduced activity and growth stopped. However, with microwaves,
metamorphosis was suppressed, but activity continued, and weight gain was about 1.3 times faster. Monitoring
body temperature showed no significant change, indicating growth promotion was not due to heating.
Further, chemical upcycling by waxworms was examined. Soft polystyrene (PS) and polyethylene (PE) were
used instead of normal food. Waxworms irradiated with microwaves continued to grow by eating plastic, with
feeding reaching about 20% by the 18th day. At room temperature, metamorphosis reached 100% by the 14th
day, but under experimental conditions, they remained as larvae and continued to eat plastic.
Silkworm: The first silkworm cocoon was discovered in China about 5,000 years ago and used as silk fabric by
3000 BC. Currently, cocoons are also used for medical materials and electronic components. Raising
silkworms is difficult due to disease susceptibility. Microwave irradiation was used to examine disease
resistance, hatching rate, and growth promotion. It was shown to improve survival and hatching rates, and its
effectiveness in low-temperature environments was clearly demonstrated.

[1] Horikoshi S., Hasegawa Y., Suzuki N. (2016). Growth stimulation system of plants using microwave irradiation and elucidation of its
molecular mechanisms, Proceedings of IMPI’s 50th Annual Microwave Power Symposium. The Caribe Royale All-Suite Hotel &
Convention Center, Orlando, Florida, USA, June 21‒23.
[2] Horikoshi S., Suzuki N., Serpone N. (2021). Agritech: Innovative agriculture using microwaves and plasmas: Thermal and non-thermal
processing. In S. Horikoshi, G. Brodie, K. Takaki, N. Serpone (Eds.), chapter 5, Springer Nature, Asia, 61-74. 
[3] Suzuki N., Hasegawa Y., Kadomatsu K., Yamakawa K., Sameshima M., Ando A., Horikoshi S. (2025). Microwave pre-stimulation
methodology for plant growth promotion. Scientific Reports, accepted for publication.
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MICROWAVE-ASSISTED GREEN CHEMISTRY FOR EFFICIENT
N-METHYLATION IN PHARMACEUTICALS

Miki Takizawa* (1), Akinobu Matsumoto (2), Takashi Miyazawa (2), Satoshi Horikoshi (1)
(1) Sophia University, (2) Wisdom Pool Research Institute G.K.

The N-methylamine skeleton is one of the important skeletons in pharmaceuticals and other fine chemicals.
Currently, N-methylation is mainly carried out using formaldehyde or iodomethane, and improvement is
required from the viewpoint of health hazards and green chemistry. Recently, N-methylation reactions using
methanol and metal catalysts have been reported [1], producing only water as a byproduct and attracting
attention as a reaction with low environmental impact. However, most of these reactions require heating to
140°C or higher and pressure-resistant vessels, as well as reaction times of 24 hours or longer, making a more
practical process necessary. On the other hand, our laboratory has reported the improvement of catalytic
activity using microwaves. Therefore, this study was conducted to establish an efficient N-methylation process
by adding microwave heating to a metal-catalyzed system. Ruthenium or cobalt catalysts were used as metal
catalysts, and aromatic, aliphatic, and multifunctional amine derivatives were used as reaction substrates for N
-methylation. The process was found to be applicable to the synthesis of pharmaceutical molecules such as
butenafine and imipramine. In addition, imipramine-d3 was synthesized using methanol-d4, and the reaction
efficiencies of conventional heating versus microwave heating were compared for both reactions.
The reaction efficiency was improved by about 1.8 to 11.2 times by microwave compared to conventional
heating. It was also found that the reaction proceeds under relatively mild conditions in this process. This is
thought to be largely due to differences in the stability and formation rate of the reactant active species in
microwave reactions. We also succeeded in clarifying the difference in absorption of metal catalyst solutions
by microwave and conventional heating from UV absorption spectra, which may be one of the reasons for the
superiority of microwave reactions.
In particular, the use of microwaves in the synthesis of imipramine resulted in a high yield (70%) despite the
short time required (100°C, 1 hour) for the isolation of imipramine. They also succeeded in synthesizing the
deuterated imipramine hydrochloride-d3 by using methanol-d4 as an alternative. However, under the same
reaction conditions as imipramine hydrochloride, the isolated yield was as low as 5%. This may be due to the
high dissociation energy of the C-D and O-D bonds in methanol-d4, suggesting that a high-yield synthesis may
be possible by conducting the reaction over a longer time. Results of condition review, we found that by
increasing the reaction time to 6 hours, all the raw materials were consumed and the isolated yield was 95%.

[1]  Goyal V., Sarki N., Narani A., Naik G., Natte K., Jagadeesh R.V. (2023). Recent advances in the catalytic N-methylation and
N-trideuteromethylation reactions using methanol and deuterated methanol. Coordination Chemistry Reviews 474, 214827. 
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TOPS FOODS MICROWAVE PASTEURIZATION & STERILIZATION

Rudy Tops* (1)
(1) Tops

Rudy Tops, the founder of Tops Foods, introduces and provides to the Ampère audience a detailed overview of
the company’s technology and innovations. The presentation includes the commencement of production in
1996 with the adoption of microwave technology, and the transition from aluminum trays to polymer trays. The
presentation also addresses the unique selling points (USP) of microwave technology with the use of
sustainable fiber carton packaging started in 2020, since the microwave process is a dry process with hot air
instead of steam. As a result, the extended shelf life and excellent quality is a breakthrough compared to
ultra-fresh products, and the quality difference of our ambient meals compared with steam retort technology is
highlighted. Additionally, it outlines various product categories, including pure chilled meals, chilled baby
meals, clinically validated dysphagia meals, and buy-on-board ambient meals for airlines. The presentation
explains the definition and setup of the batch system of microwave technology and the different phases of the
machine, alongside the pasteurization and sterilization settings and challenges. Also, restrictions and
conclusions of the use of the technology are highlighted.   
Photos will accompany the presentation, and a trailer video of the actual process ends the presentation.   
Olen Belgium, the 31st of March 2025 – Rudy Tops, Director of the Board  
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MICROWAVE-ASSISTED HYDROLYSIS FOR THE VALORIZATION OF
RESTAURANT FOOD WASTE: PROCESS OPTIMIZATION AND
BIOCHEMICAL CHARACTERIZATION

Payam  Torabi (1), Omidvar  Farhadian (1), Nafiseh  Soltanizadeh (1), Alain Le-Bail (2), Nasser
Hamdami* (2)
(1) IUT, (2) ONIRIS-GEPEA

The increasing environmental burden posed by restaurant food waste (RFW) necessitates innovative and
sustainable valorization strategies. Microwave-assisted hydrolysis (MAH) emerges as a promising technique to
convert RFW into fermentable sugars, which can serve as precursors for biofuel production and other
value-added products. This research focuses on the optimization of MAH for the effective breakdown of RFW,
leveraging its capacity for rapid heating and energy efficiency. RFW, characterized by its heterogeneous
composition, includes a diverse range of foodstuffs with varying physicochemical properties and degradation
rates. In this study, the primary components of RFW were identified as vegetables (33.2%), meat (19.3%), rice
(15.2%), and bread (11.0%). Each category presents unique challenges and opportunities in hydrolysis due to
their distinct biochemical compositions. To optimize the MAH process, a two-step experimental approach was
employed. Initially, the Plackett–Burman design (PBD) was utilized to screen for significant factors affecting
the hydrolysis efficiency. This preliminary analysis identified key parameters, including temperature,
microwave power, HCl concentration, and heating time, which were subsequently fine-tuned using the central
composite design (CCD). Through 30 experimental runs, the conditions were optimized to maximize the
reducing sugar content (RSC) of the hydrolysates. The optimal parameters were determined to be a temperature
of 96.0 °C, microwave power of 340 W, an HCl concentration of 1.45%, and a microwave heating time of 11.1
minutes. The hydrolysates derived under these conditions were subjected to comprehensive biochemical and
monosaccharide analysis. The characterization confirmed the enhanced release of fermentable sugars,
demonstrating the effectiveness of the optimized MAH process. The results highlight the potential of MAH not
only as a means of RFW valorization but also as a scalable and environmentally friendly alternative to
conventional hydrolysis methods. This study underscores the feasibility of integrating microwave technology
into food waste management systems, providing a dual benefit of reducing environmental impact and
generating valuable biochemical products. Future research will focus on scaling the process and exploring the
integration of MAH-derived hydrolysates into bio-refinery operations for the production of biofuels and
biochemicals.
Keywords: Food waste valorization, Microwave-assisted hydrolysis, Process optimization, Reducing sugars,
Biochemical analysis, Sustainable waste management.
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MICROWAVE WOOD MODIFICATION PROCESSES FOR INDUSTRIAL 
USE: TECHNICAL AND COST ANALYSES 

Grigory Torgovnikov* (1), Alexandra Leshchinskaia (2) 
(1) University of Melbourne, Australia (2) Plekhanov Russian University, Moscow, Russia 

Many wood species have a very low permeability causing problems during timber processing. These include 
very long drying times, expensive drying processes, and difficult impregnation with preservatives and resins. 
Furthermore, growth stresses in wood and collapse often lead to drying defects and high material losses in the 
recovery of sawn timber. In the wood pulping industry low wood permeability results in shallow chemical 
penetration of pulping liquids into wood. This requires the use of small-sized chips, high chemical usage, and 
high energy consumption. Microwave (MW) wood modification can provide an increase in wood permeability 
for liquids and gases, which solves many wood processing problems. 
Intensive MW power applied to green wood generates steam pressure within the wood cells. High internal 
steam pressure ruptures some elements of wood structure and converts wood to highly porous material. A 
several thousand-fold increase in wood permeability can be achieved in species previously found to be 
impermeable to liquids and gases. Other wood’s physical properties and technological attributes are also 
changed after MW treatment. 
The technology of microwave wood modification is based on the supply of high-intensity MW power to the 
timber at frequencies 2.45 and 0.915 (0.922) GHz. The specific power applied to the wood at 2.45 GHz can be 
in the range of 13,000 to 135,000 kW/m³. At 0.915 GHz the specific power needs to be in the range of 5,000 – 
25,000 kW/m³. The MW energy for timber modification supplied to the wood needs to be in the range of 250 – 
1200 MJ/m³ (70 to 330 kWh/m³). Special MW conveyor applicators focus high-intensity MW energy on a 
limited volume of wood to get the required changes in the wood structure. 
The main commercial applications of MW wood modification technology have been identified and studied. 
They include:  the treatment of refractory wood species with reservatives, rapid drying of hardwoods, 
increased permeability of logs, sawn timber, and woodchips for pulping. 
These three technology applications described in this work are ready for commercialization. 
MW wood modification technology provides significant material and energy savings and improves both the 
economic and environmental performance of a very traditional industry. Economic analyses of MW wood 
modification costs for different applications showed that at the range of electricity  prices  from US$0.08/kWh 
to $0.32/kWh they are in the range of U$$17-$101/m3 for timber processing and US$29-$79/ADT (air-dried 
ton) in pulp production applications. The electricity costs form the largest share in total specific MW wood 
modification costs – 52% at electricity price US$0.08/kWh and  82 %  at electricity price $0.32/kWh. The most 
effective MW wood technology usage is in countries with electricity prices up to US$0.20/kWh. High 
economic advantages of this technology provide wide commercial appeal and use in the timber, biocomposite, 
and pulping industries. 

Scientific Research Abstracts
Vol. 16, p. 125, 2025
ISSN 2464-9147 (Online)
Microwawe - AMPERE 2025
© Author(s) 2025. CC Attribution 3.0 License



MEASUREMENT SETUP FOR DETERMINING THE PERMITTIVITY UP
TO 1000 °C

Anne Tretau* (1), Ralf Wagner (1), Albrecht Schmidt (1), Christian Dannert (2), Moritz Fritzsche (2)
(1) Material Research and Testing Institute at the Bauhaus-Universität Weimar, Weimar, Germany, (2)
Forschungsgemeinschaft Feuerfest e. V. at the European Centre for Refractories, Höhr-Grenzhausen, Germany

Since the establishment of suitable simulation software, the first step in designing industrial microwave heating
systems has been to use it to calculate the field distribution.  Both the thermal and the electromagnetic
temperature-dependent properties of the materials to be treated are required for precise, practically relevant
calculations. There are numerous measurement methods for determining permittivity in the temperature range
up to 100 °C. These can be divided in different methods.
It becomes more complex if the dependency is to be determined up to 1000 °C and beyond. In the coaxial
methods, there is contact between the sample and the waveguide, which also heats the waveguide. The
materials of the waveguide must be designed for this, and their geometric changes must be integrated into the
evaluation. This places higher demands on the probes and the measurement technology. Two methods have
been established to overcome these challenges: the use of antenna arrangements, such as those used by Varadan
[1], and resonator arrangements, which are used by Garcia-Baños [2] or Katsuta [3], for example.
To remove residual pore water and chemically bonded water in hydrate phases of refractory castables, drying
temperatures up to 550 °C are required. Building brick products are sintered at temperatures of up to 1100 °C.
If microwave heating systems are to be developed for both use cases presented here, the permittivity up to these
temperatures is required. For this purpose, a measurement setup based on a resonator arrangement was
constructed, which operates in the two frequencies of 915 MHz and 2.45 GHz relevant for industrial
microwave systems. The article presents and discusses the developed measuring apparatus together with the
measured values obtained for the permittivity of materials used in the refractory and building brick industry.
Refractory castables are heterogeneous materials with particle sizes ranging from a few micrometres to larger
grains in the millimetre range. This makes it necessary to determine the permittivity of larger test pieces, to
measure a representative, homogeneous sample volume. The effect of the hydrate phases in refractory castables
on their permittivity can be observed up to approx. 500 °C during first heat up. However, the hydrate phases
only have a minor effect on the overall permittivity but can be quantified with the used measurement set-up.
This reflects the accuracy despite the large size of the samples. Above this temperature, hydrate phases are no
longer present and the permittivity increases almost constantly with the temperature.
In contrast, the imaginary part of the permittivity of building brick material above 800 °C is strongly
temperature-dependent and increases rapidly. This increases the absorption of electromagnetic energy above
this temperature, which leads to the well-known phenomenon of thermal runaway. In resonator arrangements, a
high imaginary part leads to broad resonance curves whose resonance parameters can then no longer be
precisely determined. The more sensitive a resonator is, the smaller the measuring range for the permittivity.
The measurement setup makes it possible to provide the necessary dielectric material parameters for the
simulative design of microwave systems for both, drying and sintering.

[1] Varadan, V.V., Hollinger, R.D., Ghodgaonkar, D.K., Varadan, V.K. (1991) Free-space, broadband measurements of high-temperature,
complex dielectric properties at microwave frequencies. IEEE Trans. Instrum. Meas. 40, 842.
[2] Garcia-Baños, B., Catalá-Civera, J.M.; Peñaranda-Foix, F.L., Plaza-González, P., Llorens-Vallés, G. (2016) In situ monitoring of
microwave processing of materials at high temperatures through dielectric properties measurement. Materials 9, 349.
[3] Katsuta, Y., Nikawa, Y. (2007) Measurement of temperature dependent permittivity for thin material during microwave heating. In
Proceedings of the 2007 Asia-Pacific Microwave Conference, Bangkok, Thailand,11–14 December 2007
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ENHANCING THE FREEZE-DRYING OF BIOLOGICAL MATERIALS BY
AN ICE-RESONANT MICROWAVE HEATING

Shuntaro Tsubaki* (1), Yo Kamikawa (1), Mai Nakata (2), Yuki Takayama (3), Ibrahim Maamoun
(1), Noriyuki Igura (1), Etsuo Yonemochi (4)
(1) Faculty of Agriculture, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka, Fukuoka 819-0395, Japan, (2) Hoshi
University, (3) Tohoku University, (4) International University of Health and Welfare

Freeze-drying is widely used in the production and storage of food and pharmaceuticals, but it takes a long time
to dry materials. The drying time can be shortened by using microwave irradiation, which supplies the energy
required for freeze-drying directly. Microwaves propagate through a vacuum and can selectively heat materials
from the inside. However, materials are frequently overheated, causing collapse since it is difficult to control
the microwave power and frequency when using multi-mode microwave ovens. Here, we demonstrate rapid
freeze-drying of biological materials such as liposomes and enzymes while preventing collapse by using a
single-mode cavity resonator that can selectively heat ice.
Microwave freeze-drying shortened the drying time of liposome solution by about 70%. Furthermore, there was
no significant difference in the particle size of the liposomes between conventional freeze-drying and
microwaves. Therefore, the drying time could be shortened while preventing aggregation of liposomes.
Next, we tested microwave freeze-drying on glucose isomerase, an industrially important enzyme for the
production of high-fructose corn syrup. The drying time was shortened by about 60%, even at 1 W.
Furthermore, there was no significant difference in the enzymatic activity among undried, conventional, and
microwave freeze-drying. Therefore, the freeze-drying is enhanced while maintaining the enzymatic activity.
As a result, a cavity that can efficiently heat ice can supply sublimation energy directly to the materials,
accelerating freeze-drying while maintaining their quality. This process is expected to be applied to a wide
range of food and pharmaceutical production.
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IMPROVING SUSTAINABILITY IN ROTATIONAL MOULDING
POLYMER PROCESSING BY USE OF MICROWAVE HEATING

Roberto Utzeri* (1), Maurizio Vignolo (1), Fabio Bertini (2), Maria Teresa Buscaglia (3), Paola
Stagnaro (1)
(1) Consiglio Nazionale delle Ricerche - Istituto di Scienze e Tecnologie Chimiche "Giulio Natta" - Via De Marini,6 -
16149 Genova - Italy, (2) Consiglio Nazionale delle Ricerche - Istituto di Scienze e Tecnologie Chimiche "Giulio Natta" -
Via A.Corti - 20133 Milano - Italy, (3) Consiglio Nazionale delle Ricerche - Istituto di Chimica della Materia Condensata e
di Tecnologie per l'Energia - Via De Marini,6 - 16149 Genova - Italy

The Italian manufacturing industry is highly skilled in plastic processing, and our country is ranked in the first
places in Europe for rotational moulding (RM). RM is indeed the process of choice to produce one-piece
hollow plastic items, mainly based on polyethylene (PE), of medium-to-large size and virtually of any desired
shape. The heating process involves heating a hollow mould that contains a measured amount of fine-particle
polymer powder while rotating it biaxially. As the mould heats up and rotates, the polymer adheres to its inner
surface. Once all the polymer sticks to the mould, the tool is cooled, allowing the polymer to solidify. The
so-formed one-piece plastic item is then removed from the mould.1

Although RM is a well-known technology, it is still one of the most energy intensive industrial polymer
processes and has not been improved for a long time. Here microwave-assisted heating was exploited in an
innovative process to enhance RM sustainability, even moving from laboratory to industrial scale. The guiding
idea, since PE is not sensitive to microwave, was to modify existing metal moulds to make them rapidly
heatable in a microwave field.
Based on a preliminary screening of MW-active materials,2 which proved the effective energy saving in the use
of microwaves as heating source, the best responsive formulates were deeply investigated and scaled-up to be
used as sustainable, versatile and cost-effective coatings to make the moulds used in classic RM technology
heatable in a MW field. The parameters involved in the formulation and composition, in terms of MW-active
materials, their amount with respect to the mould mass, as well as the relative parameters of the microwave
heating were defined and optimized. Finally high-quality PE prototypes were prepared for the first time by
means of an innovative MW-assisted RM process, demonstrating its industrial feasibility.3
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[1] P. Stagnaro, R. Utzeri, A. Vignali, G. Falcone, S. Iannace, F. Bertini, Lightweight polyethylene-hollow glass microspheres composites
for rotational molding technology, J. Appl. Polym. Sci. 2021, 138, e49766.
[2] G. Luciano, M. Vignolo, E. Brunengo, R. Utzeri, P. Stagnaro, Study of Microwave-Active Composite Materials to Improve the
Polyethylene Rotomolding Process, Polymers 2023, 15, 1061.
[3] M. Vignolo, R. Utzeri, G. Luciano, M.T. Buscaglia, F. Bertini, G. Porta, P. Stagnaro, The ROPEVEMI project: Industrial scale-up of a
microwave-assisted, J. Manuf. Process. – submitted
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MICROWAVE ASSISTED PROCESSING OF 3D PRINTED CERAMICS 

Bala Vaidhyanathan* (1), Annapoorani Ketharam  (1), Parvathi Vasudevan (1), Thanos Goulas (1),
Baschar Ozkan (1), Cameron  Wallace-Carville (1), Aravind  K Janardhanan (1), Sina  Saremi
Yarahmadi (1)
(1) Department of Materials, Loughborough University, Loughborough, LE11 3TU, United Kingdom

Keywords: 3D printing, advanced ceramics, filters, batteries, armour, bioceramics
 
Abstract: The processing of advanced ceramic powders and suspensions into useful engineering components
has been investigated focusing on a different stage of the manufacturing route viz., powder/suspension making,
3D printing, binder removal and Microwave-Assisted Processing (MAP) – traversing through an entire
excursion from powder to product. This holistic approach helped to transfer the developments achieved in each
stage of the manufacturing process to the next and resulted in the ability to form fully dense, complex advanced
ceramic components for a variety of applications in Energy, Electronics, Healthcare, Transport and Defence
sectors.
 
The methodology has been employed to develop various advanced functional ceramic components such as 3D
printed BaTiO3 based light-weight PTCR heaters for automotive and aerospace applications that surpasses
existing commercial counterparts, ultra-low loss microwave dielectrics for beyond 5G communication devices,
high temperature filters for molten metal alloys, 3D battery structures, conformal antennas, additively
manufactured (AM) zirconia based biomedical components exhibiting vastly superior hydrothermal ageing
resistance and mechanical performance suitable for use in biomedical implants (eg., hip/knee prosthesis, dental
and jaw repairs), as well as ceramic armours for ballistic protection. Significant sustainability advantages were
noted with AM+MAP combination compared to conventional manufacturing methods in terms of reduction in
material wastage, energy consumption and carbon emissions whilst improving process efficiency. These novel
advancements are covered by a series of patents and papers and this talk will provide an overview of some of
these developments.
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HOW TO IMPROVE OPEX-COSTS BY MICROWAVE HEATING ON
INDUSTRIAL SCALE

Renaat Van Geel* (1)
(1) MEAM Microwave Energy Applications Management Belgium

Microwave heating is basically very energy-efficient.  It runs purely on electricity, emits no CO2 and is
therefore very attractive as it comes around as ecological alternative for gas- and fuel burning processes.  The
actual efforts in the European Community to reduce emissions and to change towards electricity as a primary
energy source helps to bring Microwave technology into the scope of industrial scaled implementations.
However, if it comes to a comparison with other industrial heating technology,  quite often in a project
evaluation the CAPEX/OPEX investment balance is not the most preferable.   Reason is not the CAPEX
investment cost, but the OPEX factor in the economical balance due to the price difference in energy cost
between gas/fuel and electricity.
During the years,  MEAM has adapted more and more ‘hybride’ heating systems for several industrial
applications.  In this respect are the use of heat-exchangers, heat- pumps and CHP (combined heat power)
applicable for even more efficiency and cost improvements.   By combining tehcnologies,  the total energy
balance in OPEX  for a entire integrated process will be also economically more attractive in an actual status,
and for the future, the process benefits will remain ready for 100% fully electrically driven.    As an example , a
business case (application for PFAS contaminated soil treatment) will be presented.

[1] Carlo Groffils,  MEAM Belgium.
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MICROWAVE-ASSISTED CATALYTIC UPGRADING OF BIO-OIL TO 
PLATFORM CHEMICALS WITH HYDROGEN DONOR SOLVENTS 

Carmen Van Poelgeest* (1) 
(1) Faculty of Engineering, University of Nottingham, Nottingham, NG7 2RD, UK 

Biomass stands out as a promising renewable energy source, capable of being converted into liquid bio-oil 
through the commercially established process of fast pyrolysis. However, bio-oil has a significantly lower 
heating value (16-19 MJ/kg) compared to conventional fossil fuels (42-47 MJ/kg) and exhibits several 
unfavourable properties resulting from its elevated oxygen and water content [1]. In collaboration with 
PyroGenesys, a producer of bio-oil through their patented biomass pyrolysis process, this research aims to 
develop a novel technological route for bio-oil upgrading that addresses the high costs and process bottlenecks 
of current upgrading methods. 
Catalytic hydrotreatment is investigated as the main upgrading technique, having demonstrated the highest carbon retention 
and up to 99.5% removal of oxygenated species in prior studies; a two-step framework has proven most effective, comprising 
an initial stage for stabilising the lightweight oxygenated  compounds, followed by a second stage dedicated to targeted 
hydrogenation to hydrocarbons [2]. Moreover, instead of conventional molecular hydrogen gas, Hydrogen Donor Solvents 
(HDS) are being explored to fulfil the hydrogen requirement of the catalytic hydrodeoxygenation reactions. The integration of 
HDS together with the two-stage experiment is hypothesised to reduce greenhouse gas emissions, enable operation under 
lower pressure conditions, improve the physical properties of the bio-oil, and effectively suppress coke formation [3]. 
Furthermore, this work leverages low-carbon microwave technology to drive the catalytic reactions and facilitate in-situ 
hydrogen generation from HDS, while simultaneously exploiting the selective and volumetric heating characteristics of 
microwaves to achieve more efficient energy transfer [4]. Preliminary experiments conducted at University of Nottingham 
indicate that lignocellulosic bio-oil, owing to its abundant oxygenated functional groups, exhibits favourable dielectric 
properties for microwave heating even at elevated temperatures (200-300°C). Comparable dielectric behaviour has also been 
observed in polar hydrogen donor solvents, supporting their suitability for microwave-assisted processes [5]. 
Lastly, microwave-assisted biomass processing research has demonstrated that microwave-absorbing catalysts such as 
nickel, cobalt, iron, along with supports like carbon and zirconia, significantly enhance reaction rates, product yields, and 
energy efficiency, thereby enabling the selective targeting of value-added platform chemicals in the upgraded product [4]. 
In summary, this research seeks to develop an innovative, “hydrogen-free”, and cost-effective approach to bio-
oil valorisation through the utilisation of microwave technology. The pressing need to advance the production 
of high-grade bio-based fuels and chemicals is reflected in policies such as the UK’s recent aviation industry 
targets, which require 2% of all jet fuel to be Sustainable Aviation Fuel (SAF) by 2025 and 10% by 2030 [6]. 
‘This work is supported by the Engineering and Physical Sciences Council and Biotechnology and Biological 
Sciences Research Council Centre for Doctoral Training in Negative Emissions for Net Zero (Net2Zero) 
[grant number EP/Y035127/1]’. 

[1] Han, Y., et al., Hydrotreatment of pyrolysis bio-oil: A review. Fuel Processing Technology, 2019. 195: p. 106140. 
[2] Xu, X., et al., Two-step catalytic hydrodeoxygenation of fast pyrolysis oil to hydrocarbon liquid fuels. Chemosphere, 2013. 93(4): p.652-660. 
[3] Valentini, F., A. Marrocchi, and L. Vaccaro, Liquid Organic Hydrogen Carriers (LOHCs) as H-Source for Bio-Derived Fuels 
andAdditives Production. Advanced Energy Materials, 2022. 12(13): p. 2103362. 
[4] Chia, S.R., et al., Microwave-Absorbing Catalysts in Catalytic Reactions of Biofuel Production. Energies, 2022. 15(21): p. 7984. [5] 
Chen, C., et al., Insights into catalytic valorization of different lignin feedstocks into liquid fuels with microwave heating in hydrogen-
donor solvents. Biomass Conversion and Biorefinery, 2022. 12(9): p. 3817-3826. 
[6] Department for Transport, Greener flights ahead for UK aviation. [online] GOV.UK, 2025. Available at: 
https://www.gov.uk/government/news/greener-flights-ahead-for-uk-aviation. 
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SAFETY ASSESSMENT ACCORDING TO THE EUROPEAN
LEGISLATION AND IEC STANDARDS REGARDING THE INDUSTRIAL
USE OF MICROWAVE TECHNOLOGY

Koen Van Reusel* (1)
(1) Engie Laborelec

The assessment of safety aspects according to the European legislation and IEC standards regarding the
industrial use of microwave technology is illustrated by a case study.
As a first point of attention, it is illustrated how the temperature at the external boundary of the installation is
measured and evaluated.
Concerning the safety for exposure to electromagnetic fields, the magnetic field around the equipment of
electricity supply at power frequency (50 Hz) is measured, as well as the radiation level of the installation at the
applied microwave frequency.
The presence of harmonics (multiples of the microwave frequency) is checked in order to assess whether the
radiation at harmonic frequencies could be a safety problem.
In order to evaluate the possible consequences for the health of workers as well as of the general public, the
measured values are compared to normative values. These normative values refer respectively to the “action
levels” mentioned in the European Directive 2013/35/EU of 26 June 2013 (workers) and to the “reference
levels” given in the European Council Recommendation 1999/519/EC of 12 July 1999 (general public). The
intelligibility of the interaction models, that constitute the scientific base for the specifications formulated in
these standards, is highlighted by referring to the ICNIRP guidelines.
It is illustrated how, according to the IEC standard 60519-6, an installation can be categorized in a specific risk
class.
Some recommendations are formulated in order to enhance the safety situation for operators.
By some general considerations, it is finally shown how operators can be instructed on the possible risks caused
by electromagnetic fields.

[1] Directive 2013/35/EU of the European Parliament and of the Council of 26 June 2013 on the minimum health and safety requirements
regarding the exposure of workers to the risks arising from physical agents (electromagnetic fields), Official Journal of the European Union
L179 Volume  56, 29 June 2013, p. 1-21.
[2] 1999/519/EC: Council Recommendation of 12 July 1999 on the limitation of exposure of the general public to electromagnetic fields (0
Hz to 300 GHz), Official Journal of the European Communities L149 Volume 42, 30 July 1999, p. 59-70.
[3] IEC 60519-1:2020 International Standard – Safety in installations for electroheating and electromagnetic processing – Part 1: General
requirements. 
[4] IEC 60519-6:2022 International Standard – Safety in installations for electroheating and electromagnetic processing – Part 6: Particular
requirements for high frequency dielectric and microwave heating and processing equipment
[5] ICNIRP Guidelines for limiting exposure to electromagnetic fields (100 kHz to 300 GHz) (2020), Health Physics 118(5), p. 483–524.
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USING MICROWAVE PLASMA TO MANUFACTURE OPTICAL GLASS
FIBRES AT PRYSMIAN

Mathé Van Stralen* (1)
(1) Prysmian

The manufacturing of optical glass fibres involves two primary steps. First, a quartz preform, approximately 1
metre in length, is created. This preform is then drawn into a fibre, typically with two coatings. Subsequently,
multiple fibres (ranging from a few to over a thousand) are often combined into a single cable at specialised
facilities.
Various methods exist for producing the preform, with Prysmian utilising the Plasma Chemical Vapour
Deposition (PCVD) method, driven by high-power microwaves (5-15 kW, depending on the application). This
method is highly suited for creating accurate refractive index profiles, such as those required for multimode
fibres, and lower refractive indices, essential for bend-insensitive fibres. Currently, all four of Prysmian’s fibre
production locations worldwide operate the PCVD process continuously, 24 hours a day, nearly year-round.
Since its introduction in the 1980s, the PCVD method has undergone numerous upgrades, enhancing both
speed and size, as well as the reliability of components, which face a harsh operational environment. The
microwave components, mounted on a sledge, experience significant acceleration and deceleration at one
turning point. Each process cycle lasts between 6 and 24 hours. Additionally, the microwave components are
situated in an extremely low humidity area, close to and partially inside a furnace operating at approximately
1200°C. Effective process control, including damage detection and preventive maintenance, is crucial to
maintaining the optimal performance and health of the machinery. These advancements in the PCVD process
ensure the production of high-quality optical fibres, meeting the stringent demands of modern industrial
applications and global telecommunication networks.
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FIELD-ASSISTED PROCESSING OF NEXT-GENERATION “GREEN”
CERAMIC FILTERS

Parvathi Vasudevan* (1), Annapoorani Ketharam (1), Thanos Goulas (1), Sina Saremi-Yarahmadi
(1), Bala Vaidhyanathan (1)
(1) Department of Materials, Loughborough University, Loughborough, LE11 3TU, United Kingdom

Advanced ceramic filters with tailored porosity have a wide range of applications in the automotive, aerospace,
space, and healthcare industries. In conventional manufacturing processes, foam-based porous materials
encounter challenges with pore size non-uniformity and design inaccuracy – this could be overcome by
additive manufacturing (AM) techniques. In general, AM technologies have less material wastage than
traditional subtractive manufacturing methods. AM methods such as Direct Ink Writing (DIW) and
Stereolithography (SLA) ensure the required dimensional accuracy of the printed components. However, the
structural and mechanical properties of 3D-printed ceramics are determined by post-processing such as binder
removal and sintering, which is the most energy-intensive step in the manufacturing process.
Electromagnetic field-assisted processing methodologies have not been investigated for the processing of
ceramic filters used for molten metal filtration to date. This presentation reports the first such methodical study
on the manufacturing of 3D-printed, YSZ filters with designed porosity.   This work compares the processing
and properties of these filters fabricated using conventional and microwave heating methodologies. A
significant decrease in processing time and temperature resulted from the microwave approach leading to
significant energy savings. The samples were thoroughly characterised for density, microstructure, surface
roughness, shrinkage, compressive strength, hardness, and toughness. Further, industrial standard testing of
filtration efficiency was performed on the 3D-printed filters and the results were compared with conventionally
manufactured components.
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MICROWAVE AND INDUCTION BAKING OF ANODES FOR ALUMINUM 
SMELTING 

Paolo Veronesi* (1), Elena Colombini (1), Magdalena Gualtieri (1), Francesco Baccalà (2), Jerome 
Chollet (2), Panaglotis Davris (3) 
(1) Department of Engineering "Enzo Ferrari", University of Modena and Reggio Emilia, Italy, (2) R&D Carbon Ltd, (3) 
METLEN Group, Greece 

Turning aluminum ore (bauxite) into aluminum is a multi-stage process, which after achieving almost pure 
alumina, relies on electrolysis. During electrolysis, electrical current is  run through a mixture of alumina and 
molten cryolite, using carbon anodes. This allows to remove oxygen, leaving pure aluminum as an end product. 
Due to its efficiency, prebake smelting technology is used in over 90% of aluminium production worldwide. 
Prebake anodes are usually made from petroleum coke, pitch, and the recycled ends of anodes. By mixing and 
pressure-assisted forming, green anodes are obtained, and  they require baking at a temperature of 
approximately 1120°C. Open Type Ring Pit Furnaces are commonly used in the aluminium Industry for baking 
anodes with up to 4 fires, 16-18 sections per fire and 6-10 pits per section. In such furnaces, heat is generated 
by combustion of gases, including the CO which is generated during firing, and baking occurs mainly by 
conduction and convective heating of the anodes, surrounded by a granular coke lining. This process is 
extremely slow and prone to defects, requiring many days depending on the anode size. 
During baking, conductivity and density of the anode change, as a result of the reaction occurring in the starting 
mixture, progressively leading to a graphite-richer anode. 
In this study, a new electro-heat process for anode baking is investigated by means of numerical simulation. 
The new process consists of a two stage heating using microwaves at 915 MHz frequency at a preliminary 
stage, then induction heating at 10 kHz in the final stage. This is required to take into account the progressive 
increase of electrical conductivity of the anodes, and hence lowering of the electromagnetic field penetration 
depth, moving from a predominant dielectric heating processability to an induction heating one, the latter 
assisted by susceptors. 
Based on the numerical simulation results, a prototype of microwave and induction heating furnace has been 
built, implementing load movement form the predominately dielectric heating region to the induction heating 
one. 
Numerical simulation results, including parameterized optimization of the furnace geometry and processing 
conditions will be presented, together with preliminary results of baking of  reference cylindrical anodes. The 
newly proposed process is able to dramatically reduce baking time and CO2 emissions related to anode baking, 
together with relevant energy savings, depending on the final use of the evolved gases. Such objectives are 
consistent with the broader objectives of an ongoing EU project, METAWAVE[1], focused on improving 
efficiency, reducing energy consumption, lowering greenhouse gas emissions, and increasing productivity in 
real industrial settings of three industrial sectors (ceramics, asphalt, aluminium production), involving 19 
partners. 
METAWAVE project is funded by the European Union under the Grant Agreement No 101138476. 

[1] Adela Svobodova-Sedlackova et al., Mapping the research landscape of bauxite by-products (red mud): An evolutionary perspective 
from 1995 to 2022, Heliyon 10, 3, 2024. 
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GEOPOLYMER-BASED REFRACTORIES AND SUSCEPTORS FOR
MICROWAVE HEATING APPLICATIONS

Veronesi Paolo (1), Elena Colombini (1), Magdalena Gualtieri (1), Isabella Lancellotti (1), Elie
Kamseu (1), Cristina Leonelli* (1), Ainhoa  Bilbao (2), Jose Ignacio Tolosa (2), I. Rivero (3),
Santiago Torres (3), Panagiotis Davris (4), Efthymios Balomenos (4)
(1) Università degli Studi di Modena e Reggio Emilia - Dipartimento di Ingegneria "Enzo Ferrari" - Via Vivarelli 10 -
41125 - Modena (Italy), (2) SAMCA, Zaragoza, Spain, (3) Departamento de Sostenibilidad, Innovación y Calidad, Grupo
MLN, Zaragoza, Spain, (4) METLEN Energy & Metals, Greece

Unlike conventional heating methods that rely on conduction, convection, or radiation from external heat
sources, microwave heating involves the direct conversion of electromagnetic energy into thermal energy
within the material being processed. However, the effective application of microwave heating requires careful
consideration of several factors, including the dielectric properties of the materials under processing, the design
of the microwave applicator, and the use of appropriate auxiliary materials such as refractories and susceptors
[1]. Refractories, typically composed of ceramic materials with high melting points and excellent thermal
stability, play a critical role in providing the proper thermal insulation for microwave heating systems.
Susceptors are high-loss materials that can be efficiently and rapidly heated by electromagnetic energy at the
microwave frequency, usually already starting from room temperature [2].
The temperature distribution during microwave heating of a given load is strongly influenced by the presence
and type of refractory or susceptor material, hence the need to develop new such materials. One way of
producing refractories or susceptors, possibly loaded with functional fillers, is by geopolymerization.
Geopolymers, also known as alkali-activated materials, can use natural materials and waste products as the
primary raw materials and the final products can have fire resistance, chemical corrosion resistance, high
mechanical strength, and excellent durability [3].
This work presents the development of new classes of geopolymer-based refractory and susceptor materials,
including predictive models of their room-temperature permittivity as a function of the amount of carbon-based
2D materials and copper slag added to alumina-based mixtures. Such refractories will be used as lining,
auxiliary heating or to enhance microwave shielding of ports of industrial microwave applicators dedicated to
three industrial sectors (ceramics, asphalt, aluminium production), within the framework of a recently funded
EU project, METAWAVE*, focused on improving efficiency, reducing energy consumption, reducing
greenhouse gas emissions, and increasing productivity in real industrial settings.
*METAWAVE project is funded by the European Union under the Grant Agreement No 101138476.

[1] Leonelli, C., Veronesi, P., Cravotto, G. (2012) Microwave-Assisted Extraction: An Introduction to Dielectric Heating. In: Chemat, F.,
Cravotto, G. (eds) Microwave-assisted Extraction for Bioactive Compounds. Food Engineering Series. Springer, Boston, MA, pp. 1-14.
[2] Mohanty, A., Patel, D.K., Panigrahi, S.K. (2024) Susceptor based design strategies for enhancing microwave hybrid heating capability
via experimental analysis, 3D multi-physics simulation and parametric optimization, International Journal of Thermal Sciences, 196,
108674.
[3] Cong, P., Cheng, Y. (2021) Advances in geopolymer materials: A comprehensive review, Journal of Traffic and Transportation
Engineering (English Edition), 8(3), 283-314.
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A MULTISENSOR APPROACH FOR REAL-TIME MONITORING OF 
MICROWAVE THERMAL ABLATION PROCEDURES 

Klementina Vidjak  (1), Fabio Cappelli (1), Fabiana Capitanio (1), Lucia Pullo (2), Domenico 
Caputo (1), Nicola Lovecchio (1), Lorenzo Crocco (2), Rosa Scapaticci (2), Marta Cavagnaro* (1) 
(1) Dept. of Information Engineering, Electronics and Telecommunication, Sapienza University of Rome, Rome, Italy, (2) 
Institute For Electromagnetic Sensing of the Environment, IREA-CNR, Napoli, Italy 

Microwave thermal ablation is a therapeutic technique used to destroy tumours by way of a high temperature 
increases induced by the absorption of an electromagnetic field at microwave frequencies. In this contribution, 
the proposal for a new device able to monitor in real time the temperature during microwave thermal ablation 
procedures will be presented. 
Introduction - Microwave thermal ablation is a therapeutic technique used to destroy tumours by way of a high 
temperature increase (up to about 60°C – 100 °C) induced by the absorption of an electromagnetic field at 
microwave frequencies [1]. Microwave thermal ablation (MTA) devices are made by a microwave generator, 
an antenna (the applicator), and a cooling system needed to keep the antenna at safe temperatures. The clinical 
procedure foresees first the insertion of the applicator into the human body up to the center of the tumour to be 
treated, then the application of the microwave power for the time of choice; finally, the antenna is withdrawn, 
and the procedure is concluded. At present, the procedure is mostly conducted under ultrasound (US) or Cone 
Beam Computed tomography (CB-CT) guidance [2,3]. However, both techniques show disadvantages for the 
task at hand. In this contribution, the proposal for a new device able to monitor in real time the temperature 
during microwave thermal ablation procedures will be presented. 
Material and methods - The proposed device for real-time monitoring of the temperature during microwave 
thermal ablation procedures is composed by three modules that will cooperate to give a 3D real-time image of 
the evolving temperature. The three modules implement three different temperature sensing concepts. They are: 
i) a smart antenna, able at the same time to radiate a high-power electromagnetic field at microwave 
frequencies to ablate the tissue, as well as to measure the dielectric properties of the tissue in which it is 
inserted; ii) hydrogenated amorphous silicon (a-Si:H) diodes driven as temperature sensors, located on the 
smart antenna shaft, to control the temperature all along the insertion path of the antenna; iii) a microwave 
imaging system (MWI), made by an array of antennas located on the surface of the body, to retrieve images 
of the treated area.   
The foundation of the proposed device, used by the smart antenna and MWI system, relies in the knowledge 
that dielectric properties of tissue depend on the temperature [4]. In the proposed system, MWI will provide 3D 
real time images of the treated area using the information and cooperation given by the smart antenna as well 
as the a-Si:H temperature sensors. 
Results and conclusions - Several studies have been carried out on the three sensing concepts, demonstrating 
suitability of their use for the proposed application. These will be presented and discussed at the conference. 

[1] Ahmed, M., Brace, C.L., Lee, F.T., Jr., Goldberg, S.N. Principles of and advances in percutaneous ablation. Radiology 2011, 258, 351–369. 
[2] Radosevic, A., Quesada, R., Serlavos, C., Sánchez, J., Zugazaga, A., Sierra, A., Coll, S., Busto, M., Aguilar, G., Flores, D. et al., Micro-
wave versus radiofrequency ablation for the treatment of liver malignancies: A randomized controlled phase 2 trial. Sci. Rep. 2022, 12, 316. 
[3] Lo Presto, V.; Pinto, R.; Farina, L.; Cavagnaro, M. Treatment planning in microwave thermal ablation: Clinical gaps and recent 
research advances. Int. J. Hyperth. 2017, 33, 83–100 
[4] Bruijns, F. Costantini, N. Lovecchio, R. Tiggelaar, G. Di Timoteo, A. Nascetti, G. de Cesare, H. Gardeniers, D. Caputo “On-ChipReal-
Time Monitoring of Multiple Displacement Amplification of DNA” Sensors and Actuators B: Chemical, 2029, 293,16-22.  
[5] Lo Presto, V.; Pinto, R.; Lovisolo, G.; Cavagnaro, M. Changes in the dielectric properties of ex vivo bovine liver during microwave 
thermal ablation at 2.45 GHz. Phys. Med. Boil. 2012, 57, 2309–2327. 
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EXPERIMENTAL DIELECTRIC SPECTROSCOPY RESULTS WITH TWO 
DIFFERENT SMART MICROWAVE THERMAL ABLATION APPLICATORS 

Klementina Vidjak (1, 2), Andrea Colombo (3), Marta Cavagnaro * (3) 
(1) Dept. of Information Engineering, Electronics, and Telecommunications, Sapienza University of Rome, Rome, Italy, (2) 
FESB - Faculty of Electrical Engineering, Mechanical Engineering and Naval Architecture, University of Split, Split, Croatia, 
(3) Dept. of Information Engineering, Electronics and Telecommunication, Sapienza University of Rome, Rome, Italy 
 
Microwave thermal ablation (MTA) is a therapeutic technique which uses a specifically designed applicator 
which, when inserted into a tumor, destroys it by radiating high-power electromagnetic field.  This technique 
lacks a real-time monitoring system. To this end, a method for performing dielectric spectroscopy with the 
MTA antenna was introduced. In this contribution, the experimental results of ex-vivo animal tissue dielectric 
spectroscopy using two different MTA prototypes are presented. 
Microwave thermal ablation (MTA) is a therapeutic technique used to destroy malignant tissue by inducing an 
electromagnetic field into it, which in turn causes a temperature increase and consequently cellular necrosis [1]. At 
present, different monitoring techniques for MTA are being investigated such as microwave imaging systems, 
cone beam CT etc. However, none of them enable real-time in-situ monitoring. A possible solution is to 
incorporate a dielectric spectroscopy feature into the MTA antennas. In this case, the antenna principally designed 
to be matched at the operating frequency of the ablation, is used in dual mode, by switching between ablation and 
dielectric spectroscopy [2]. The tissue’s dielectric properties can indicate the progress of the ablation (i.e. in case 
of liver tissue, the properties decrease during the ablation due to water evaporation [3]). In this contribution, the 
experimental results of ex-vivo animal tissue dielectric spectroscopy using two asymmetric dipole MTA antennas 
operating at 2.45 and 5.8 GHz are presented in the 10 MHz – 10 GHz frequency range. 
The geometry of the two asymmetric dipole prototypes are described in [4]. They were physically constructed 
from UT-085 coaxial cables and insulated with PTFE shrinking tubes. The sample of choice were ex-vivo 
porcine liver and lung samples obtained from a local butcher’s shop. 
To perform the measurements with these antennas, they were connected to a pre-calibrated VNA device port. The 
measurement frequency range was 10 MHz – 10 GHz. Once connected, the antennas were first calibrated by 
performing measurements in three well-known calibration liquids, as described in [2,4]. Afterwards, the antennas 
were inserted into the sample so that at least 50 mm of tissue extended around their radiating tip [2] and the sample’s 
dielectric properties were calculated from the measured reflection coefficient, following the procedure in [2]. 
To verify the measured properties, the measurements were repeated in the same frequency range and at 
approximately the same location on the tissue with the slim form (SF) open-ended coaxial probe, a standard 
technique for characterization of biological material [5]. 
The measurement results obtained with the two antenna prototypes and the SF probe were compared and very 
good agreement across results were found. 

[1] Ahmed M., Brace C.L. ,  Lee F.T., and  Goldberg S.N. (2011). “Principles of and Advances in Percutaneous Ablation”. Radiology, vol. 
258, no. 2, pp. 351–369. 
[2] Vidjak K., Hessinger C., and M. Cavagnaro M. (2023). “Broadband Dielectric Spectroscopy with a Microwave Ablation Antenna”. 
Sensors, vol. 23, no. 5, p. 2579. 
[3] Lopresto V., Pinto R.,  Lovisolo G. A., and  Cavagnaro M. (2012). “Changes in the dielectric properties of ex vivo bovine liver during 

microwave thermal ablation at 2.45 GHz”. Physics in Medicine and Biology., vol. 57, no. 8, pp. 2309–2327. 
[4] Vidjak K. and Cavagnaro M. (2023). “Dielectric Spectroscopy with the Microwave Ablation Antennas operating at 2.45 and 5.8 GHz”. 
Proceedings of 2023 IEEE Conference on Antenna Measurements and Applications (CAMA), Genoa, Italy: IEEE, pp. 746–751.  
[5] La Gioia A. et al. (2018). “Open-Ended Coaxial Probe Technique for Dielectric Measurement of Biological Tissues: Challenges and 
Common Practices”. Diagnostics, vol. 8, no. 2, Art. no. 2. 

Scientific Research Abstracts
Vol. 16, p. 138, 2025
ISSN 2464-9147 (Online)
Microwawe - AMPERE 2025
© Author(s) 2025. CC Attribution 3.0 License



MICROWAVE-ASSISTED TECHNIQUES FOR ADVANCED AND
INNOVATIVE MATERIALS 

Maurizio Vignolo* (1), Riccardo Manfredi (1),  Fortunato Marco (2), Luciano Giorgio (1), Utzeri
Roberto (1), Buscaglia Maria Teresa (2), Stagnaro Paola (1)
(1) Consiglio Nazionale delle Ricerche - Istituto di Scienze e Tecnologie Chimiche "Giulio Natta" - Via De Marini,6 -
16149 Genova - Italy, (2) Consiglio Nazionale delle Ricerche - Istituto di Chimica della Materia Condensata e di
Tecnologie per l'Energia - Via De Marini,6 - 16149 Genova - Italy

This study explores the innovative use of microwave-assisted heating techniques developed at CNR SCITEC
and CNR ICMATE laboratories in Genoa for the preparation of advanced materials [1, 2, 3]. By simply
modifying a domestic microwave oven [4], researchers had successfully synthesized, sintered, fabricated and
heated various materials, including superconductive magnesium diboride (MgB₂), and both organic, inorganic
and hybrid composites [5].
The microwave-assisted processes offer significant advantages in terms of energy efficiency, reduced
processing time, and improved material properties. Key applications include the rotational moulding of
polyethylene [4], the fabrication of hydroxyapatite-based scaffolds for biomedical use [1], the development of
sustainable bio-composite foams from cork and egg waste [2, 3], and the preparation of polymer/ceramic
composites for energy harvesting and storage [6].
The study also highlights the potential for industrial scale-up and future applications in various fields,
emphasizing the environmental benefits and market demand for these sustainable technologies.
Acknowledgements
Project “ROPEVEMI – Rotomoulding con PE verniciabile assistito da microonde” (n. F/130066/01-05/X38)
funded by MISE/Regione Liguria/Regione Lombardia.
Project MUR PNRR EI Project “RAISE – Robotics and AI for Socio-economic Empowerment –
ECS_00000035” funded by European Union – NextGenerationEU.

[1] Luciano G., Vignolo M., Galante D., D’Arrigo C., Furlani F., Montesi M., Panseri S. (2024). Designing and Manufacturing of
Biocompatible Hydroxyapatite and Sodium Trisilicate Scaffolds by Ordinary Domestic Microwave Oven. Compounds 4, 106-118. 
[2] Luciano G., Vignali A., Vignolo M., Utzeri R., Bertini F., Iannace S. (2023). Biocomposite Foams with Multimodal Cellular Structures
Based on Cork Granulates and Microwave Processed Egg White Proteins. Materials 16, 3063. 
[3] Luciano G., Sans R.M., Vignolo M., (2025). Innovative Microwave-Expanded Cork Composite for Enhanced Acoustic Absorption:
Valorizing By-Products into Sustainable Construction Materials. Under submission.
[4] Luciano G., Vignolo M., Brunengo E., Utzeri R., Stagnaro P. (2023). Study of Microwave-Active Composite Materials to Improve the
Polyethylene Rotomolding Process. Polymers. 15, 1061. 
[5] Vignolo M. et al. (2025). Preparation by Microwaves-Assisted Sintering Process of rEPS-Based Geopolymer Composites Useful in
Civil Construction Applications and to Limit Anthropic Impact. In preparation.
[6] Vignolo M. et al. (2025). Microwave-assisted heating process for the preparation of piezoelectric BT-PVDF composite useful for
energy harvesting. In preparation.
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MODELLING OF MEASUREMENT SCENARIOS TO DETERMINE THE 
DIELECTRIC PROPERTIES OF SPHERICALLY SHAPED 
SEMI-CONDUCTING MICROWAVE ABSORPTION CERAMIC OBJECTS 

Birgitta Waeppling Raaholt* (1), Peter Ankarson (1), Henrik Toss (1) 
(1) RISE Research Institutes of Sweden 

The dielectric properties of materials are commonly described for static conditions, either for a bulk geometry consisting 
of small particulates, that facilitate the use of mixture formulae or for a state where the materials are ground and mixed 
into very small pieces or particulates. However, many materials occur in in-flow processes and as larger particulates, 
e.g. spherically shaped objects. A cylindrical measurement cavity, with a centred co-cylindrical tube, was designed 
based on modelling and simulations, to enable determination of complex permittivity under in-flow conditions. A model 
substance with dielectric properties 12.5-j4.5 at 20 ◦C, mimicking silicon carbide (C-SiC) foam of density 400 kg/m2 
was studied, as well as a model substance with permittivity 78-j11 at the same temperature. The in-flow configuration of 
the measurement cavity enables permittivity measurements in real time of a material that flows through the co-centric 
tube of the cavity, also for in-homogenous or particulate materials. Spherically shaped objects of microwave absorption 
ceramics are used to demonstrate how individual particulates as well as the bulk dielectric properties in a microwave 
field can be analysed by a model of effective permittivity. Such models can describe the permittivity of stacked 
spherically shaped absorption ceramic objects surrounded by air pockets. 
With the extensive research on additive manufacturing and microwave absorption ceramics, promising possibilities 
are opened for microwave manufacturing of arbitrarily shaped absorption ceramics in a faster, cheaper, and more 
flexible way. Microwave modelling provides a tool to design and optimize the microwave melting and moulding 
process, that is combined with additive manufacturing in terms of e.g. 3D printing [1]. However, accurate modelling 
of the microwave process requires access to dielectric properties that realistically describe the objects to be heated. 
Here, a method is discussed where modelling of measurement scenarios is used to determine the effective complex 
permittivity of a material that is flowing through the measurement cavity. The complex permittivity of the material, 
as a homogenous material as well as stacked as spherically shaped microwave absorption ceramic objects, was 
determined by modelling the resulting S11 parameters for the degenerate measurement cavity, similar to the method 
described in [3,4,6]. Representative examples of the dielectric properties are e.g. for a silicon carbide foam (C-SiC 
foam) of density 400 kg/m2: 12.5-j4.5 at 20°C [5], and for the model gel: 78-j11 at room temperature. 
The results are presented as illustrative examples of how modelling of measurement scenarios can be used to 
determine the permittivity for microwave absorption ceramic objects. The application of the method will be 
discussed at the conference. Results are exemplified for silicon carbide foam, and tube material of plexiglass 
and PTFE, respectively. Modelling tools can serve to better describe measurement scenarios and save time. In 
the presented case, it will facilitate accurate determination of dielectric properties, complex permittivity, for 
microwave absorption ceramics, a semiconductor for wide industrial use.  

[1] A review: 3D printing of microwave absorption ceramics - Wang - 2020 - International Journal of Applied Ceramic Technology - 
Wiley Online Library https://ceramics.onlinelibrary.wiley.com/doi/full/10.1111/ijac.13604 
[2] Quickwave™ software, by QWED sp. z o.o, Poland, 1997–2005; www.qwed.com.pl 
[3] B. Wäppling Raaholt, B and P.O. Risman. Permittivity of inhomogeneous food items by retro-modelling with a degenerate modecavity. 

The 9th International Conference on Microwave and High-Frequency Heating, AMPERE. 2003, Loughborough, UK.  
[4] P.O. Risman, and B. Wäppling Raaholt. Effective microwave dielectric properties of food materials consisting of large particulates, 

ISEMA conference, Weimar, 2005. 
[5] Q. Li et al (2020) Experimental study on dielectric properties of SiC material and temperature distribution of rubber materials 
containing silicon carbide coated metal via microwave heating, IOP Conf. Series, Material Sci. Eng. 772 012012 
https://iopscience.iop.org/article/10.1088/1757-899X/772/1/012012/pdf 
[6] B. Wäppling-Raaholt, P. Ankarson and H. Toss. Modelling of measurement scenarios to determine the dielectric properties of 
spherically shaped semi-conducting microwave absorption ceramic objects, Proceedings AMPERE conf. 2023, Cardiff, September, 2023. 
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INDIRECT MEASUREMENT OF THE ELECTRIC FIELD DISTRIBUTION
WITHIN THE SAMPLE DURING A MICROWAVE DRYING PROCESS

Ralf Wagner* (1), Martin Ganss (1), Anne Tretau (1), Albrecht Schmidt (1)
(1) Material Research and Testing Institute at the Bauhaus-Universität Weimar, Weimar, Germany

Microwave radiation can be used to electrify drying processes, enabling an efficient procedure compared to
conventional convective drying. To avoid damage homogeneous drying of the products is desirable. The spatial
power input of microwaves into a sample material depends on the permittivity of the material and the
distribution of the electric field. The field distribution within a sample is very difficult or even impossible to
measure. For this reason, information on the field distribution is usually generated via a simulation in order to
be able to make statements about the point in the sample at which a ‘hot spot’ or ‘cold spot’ occurs. The
calculated field strength distributions are strongly dependent on the position of the sample, the geometry of the
cavity and the dielectric properties of the material as well as the coupling. This makes it difficult to accurately
predict the temporal development of the fields, especially when permittivities change during the drying process,
yielding a mode change for example. Therefore, a comparison of field calculations during the drying process
with experimental data would be very benefital.
The method presented here is based on the indirect detection of the field distribution by measuring the
temperature distribution in a sample. This requires a spatially distributed measurement of the temperature with
a resolution in the millimeter range, which means a large number of measuring points. A large number of
measuring points can be achieved with the required resolution by using distributed fiber optic sensors that can
be inserted into a sample with low interference [1].
This measurement technique was utilized in this work to determine the temperature distribution in the radial
axis of a cylindrical specimen with different diameters (from 40 mm to 70 mm) and heights (up to 100 mm).
An ODISI B from Luna with a resolution of 0.65 mm along the glass fiber was used for this purpose. The
sample was heated and dried by an intermittent power input, consisting of a phase with a power input and an
equalization phase without it. In the phases with a power input, a large temperature increase in the areas with a
maximum electric field strength compared to the areas with a minimum can be observed. By evaluating the
temperature rise in the measuring points during the phases with a power input and knowing the permittivities as
a function of the temperature [Ref], the areas with a maximum and minimum field distribution can be
determined along the measuring section.
As the sample dries and heats up over time, the point of maximum field strength first shifts from the center to
the edge of the sample and then back to the center as the humidity decreases. This means that the penetration
depth into the material decreases with increasing temperature and increases again with decreasing moisture.
The variable penetration depth can be explained by the measured permittivities [2].
The presented method of the indirect estimation of the electric field distribution inside a sample based on the
linear temperature measurement with a high spatial resolution and intermittent power input is also suitable
large, “thick” samples. These experimental findings can be compared with simulation results in order to
improve the predictive capability and thus the possibility of process optimization using numerical modeling.

[1] Samiec, D.(2011) Verteilte faseroptische Temperatur- und Dehnungsmessung mit sehr hoher Ortsauflösung, Photonik, 6, 34.
[2] Wagner, R, Bonitz, F. (2023) Modeling of the permittivity of green bricks. 14th International Conference on Electromagnetic Wave
Interaction with Water and Moist Substances, Brisbane, QLD, Australia, 25 - 29 May 2023.
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DETECTING AND DISPLAYING THE DISTRIBUTION OF MICROWAVE 

INTENSITY  IN AN INDUSTRIAL MICROWAVE APPLICATOR 

Jianguo Wen* (1), Zhixiang Tang (1) 

(1) College of computer science and electronic engineering of Hunan university, China 

Some special sensitive substances for real-time detection and display of microwave field distribution in a 
microwave applicator cavity are synthesized. When these substances are exposed to a strong electric field, they 
change color. The stronger the field, the lighter the color. The Microwave Intensity Distribution Detector 
(MIDD) is made from these special substances. It can detect the microwave field in the cavity of various 
industrial microwave applicators and display the microwave field visually, so that the distribution of the 
microwave field in the cavity can be adjusted to meet the user’s requirement. The detector can be used 
repeatedly without limit. When the microwave is turned off, the microwave intensity distribution pattern on the 
detector will disappear in a few minutes, and the status of the detector will be restored as before. Compared 
with other methods, such as the water cup temperature measurement method, infrared thermal imaging method, 
temperature measurement ring method, etc., it has the advantages of real-time, rapid, intuitive and clear images. 
In this paper, several application examples of microwave intensity detector are given. They show that the 
MIDD is a very useful tool for both the designer and the user of the microwave cavities. 
 

Index Terms—Industrial microwave, intensity distribution, microwave applicator cavity measuring, microwave 
detector, microwave display visualization. 
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MICROWAVE-INDUCED ATMOSPHERIC PRESSURE
ROOM-TEMPERATURE PLASMA JET AT ATMOSPHERIC PRESSURE
AND ITS APPLICATION IN ORAL SQUAMOUS CELL CARCINOMA
TREATMENT

WU Li* (1), Qi Wenting  (1), Liu Xian  (1), TAO Junwu (2), YU Yutian (1)
(1) Sichuan University, (2) Toulouse INP -ENSEEIHT/LAPLACE

Oral squamous cell carcinoma (OSCC) is the most common malignant oral tumor, and cold atmospheric
plasma (CAP) has become a breakthrough in cancer therapy in recent years. Comparing with the
atmospheric-pressure plasma induced by other sources, those ignited by microwave have been reported owning
unique features including larger plasma density, higher efficiency, higher ionization degree, more active
particles, and easier to control [1-2]. It is considered that microwave-induced room-temperature atmospheric
plasma has preliminary prospect in biomedical treatment. Therefore, this paper proposes to design a
microwave-induced atmospheric pressure room-temperature plasma jet (MAPRTPJ) and use it in the oral
squamous cell carcinoma treatment. In vivo and in vitro experiments are performed. Experiments show that
after treatment with MAPRTPJ, the cell membrane boundaries are blurred and the morphology is irregular.
Some cell nuclei collapse and apoptosis occurs. Animal experiments have also shown that after 2 days of
treatment with MAPRTPJ, the squamous cell carcinoma tumor shrinks significantly and scabs were formed.
Mechanism exploration experiments have shown that microwave plasma leads to cell cycle arrest and apoptosis
in oral squamous cell carcinoma. The gene expression of cell apoptosis demonstrates that MAPRTPJ activates
the mitochondria-dependent apoptosis pathway of OSCC by activating the ROS-calcium self-amplifying
synergistic loop. The findings in this paper is helpful to provide a theoretical basis for developing selectively
anti-cancer devices.
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APPLYING POLYMER-SOLVENT SYSTEMS ON THE MICROWAVE
DEPOLYMERISATION OF POLY(METHYL METHACRYLATE)

Jia Wen Yap* (1), Eleanor Binner (1), Derek Irvine (1), Chai Siah Lee (1), Catherine Thompson (2)
(1) Faculty of Engineering, University of Nottingham, Nottingham, NG7 2RD, UK, (2) Mitsubishi Chemical UK Ltd,
Wilton Centre, Wilton, Redcar, TS10 4RF, UK

Poly(methyl methacrylate) (PMMA) is a low-volume yet high-value polymer often overlooked in the pursuit of
a circular economy, of which only about 3% of the annual 300,000 tons/y produced in Europe is recycled [1].
However, PMMA is uniquely suitable for thermochemical recycling due to the high yield of methyl
methacrylate (MMA) monomer recovered, typically above 90% [2,3]. Hurdles to industrial scale-up of current
recycling technologies, such as molten lead bath reactors, include low waste stream quality and high energy
requirements, thus limiting their economic feasibility [4,5]. Application of microwaves for depolymerisation of
PMMA represents a potential technology in circumventing the prohibitive energy costs of thermochemical
recycling processes while enabling the integration of renewable energy sources in the recycling industry via
direct use of electricity in microwave heating [6].
PMMA is a material with low dielectric loss tangents at room temperature but attains higher losses above its
glass transition temperature due to improved mobility of the polar segments and thus undergoes rapid
microwave heating up to the thermal decomposition temperature [7]. This study investigates the modification
of PMMA with solvents that act as swelling agents to improve the microwave absorbance capacity of PMMA,
particularly to accelerate microwave heating at lower temperatures. Suitable solvents were first selected by
several screening criteria, including Hansen solubility parameters (HSP), recommendations of solvent selection
guides, as well as usage in industrial processes that handle MMA and PMMA. PMMA was swollen with the
selected solvents, and the resultant swollen PMMA materials were characterised by measurement of dielectric
properties, differential scanning calorimetry (DSC), and thermogravimetric analysis (TGA). The differences in
dielectric loss tangents exhibited by the swollen PMMA suggested improved microwave heating in the 20°C –
200°C temperature range, supported by shifts in glass transition temperature observed with DSC as well as
mass loss differences between unmodified and swollen PMMA during heating with TGA. Depolymerisation
tests with microwaves also revealed accelerated heating and reduction in time to complete depolymerisation
under microwave processing.

[1] de Tommaso, J., & Dubois, J. L. (2021). Risk analysis on pmma recycling economics. Polymers, 13(16).
https://doi.org/10.3390/polym13162724
[2] Gkaliou, K., Benedini, L., Sárossy, Z., Dalsgaard Jensen, C., Henriksen, U. B., & Daugaard, A. E. (2023). Recycled PMMA prepared
directly from crude MMA obtained from thermal depolymerization of mixed PMMA waste. Waste Management, 164.
https://doi.org/10.1016/j.wasman.2023.04.007
[3] Kaminsky, W., Predel, M., & Sadiki, A. (2004). Feedstock recycling of polymers by pyrolysis in a fluidised bed. Polymer Degradation
and Stability, 85(3 SPEC. ISS.). https://doi.org/10.1016/j.polymdegradstab.2003.05.002
[4] Sponchioni, M., & Altinok, S. (2022). Poly(methyl methacrylate): Market trends and recycling. In Advances in Chemical Engineering
(Vol. 60, Issue 1). https://doi.org/10.1016/bs.ache.2022.09.004
[5] Moens, E. K. C., de Smit, K., Marien, Y. W., Trigilio, A. D., van Steenberge, P. H. M., van Geem, K. M., Dubois, J. L., & D’hooge, D.
R. (2020). Progress in reaction mechanisms and reactor technologies for thermochemical recycling of poly(methyl methacrylate).
Polymers, 12(8). https://doi.org/10.3390/POLYM12081667
[6] Toktarova, A., Göransson, L., Thunman, H., & Johnsson, F. (2022). Thermochemical recycling of plastics – Modeling the implications
for the electricity system. Journal of Cleaner Production, 374. https://doi.org/10.1016/j.jclepro.2022.133891
[7] Adam, M., Hjalmarsson, N., Lee, C. S., Irvine, D. J., Robinson, J., & Binner, E. (2024). Understanding microwave interactions with
polymers to enable advanced plastic chemical recycling. Polymer Testing, 137. https://doi.org/10.1016/j.polymertesting.2024.108483
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QUANTITATIVE RESEARCH OF DEEP DISINFECTION EFFICACY OF
MICROWAVE-INDUCED ROOM-TEMPERATURE PLASMA JETS UNDER
ATMOSPHERIC PRESSURE

Yutian Yu* (1, 2), Kama Huang (1), Li Wu (1), Shinohara Naoki (2)
(1) Sichuan University, (2) Kyoto University

Microwave-induced room-temperature atmospheric pressure plasma jet (MW-RTAPPJ) offers a promising
non-invasive and painless therapeutic approach for deep disinfection, targeting areas beneath the surface.
Despite its potential, applications in this area remain underdeveloped, and quantitative microbial-level research
is limited. This study provides a thorough evaluation of MW-RTAPPJ’s disinfection effects on equivalent
human skin tissue (EHST). The findings demonstrate notable disinfection efficacy and efficiency, even with
tissue thicknesses of up to 1.25 mm or temperatures as low as 33°C. Emission spectra of MW-RTAPPJ and the
concentrations of reactive nitrogen and oxygen species (RONS) were measured after penetration of EHST. A
strong correlation was observed between the changes in RONS concentration and the disinfection rate,
providing insights into the underlying disinfection mechanism. The influence of varying microwave input
power on the treatment was also investigated quantitatively. Biological vesicle-based sensors were employed to
evaluate the effects of plasma treatment on tissue under different conditions. These results support the potential
of MW-RTAPPJ for deep disinfection, particularly in the treatment of bacterial or viral infections beneath the
human epidermis, such as in the prevention of cervical cancer and the treatment of various skin diseases.
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MICROWAVE-ASSISTED THERMAL CYCLING FOR INTENSIFIED 
HMPE SYNTHESIS: OPTIMIZING PEG DEPROTONATION AND 
SEQUENTIAL POLYMERIZATION EFFICIENCY 

Katerina Zerva* (1), Ioanna Tzortzi (1, 2), Tom Van Gerven (3), Georgios Stefanidis (1) 
(1) National Technical University of Athens, (2) Perstorp, (3) Katholieke Universiteit Leuven 

The synthesis of hydrophobically modified polyethers (HMPEs), a sustainable alternative to isocyanate-based 
HEUR thickeners, involves sequential reaction steps: PEG deprotonation, polymerization, and end-capping. 
The deprotonation step is critical, forming reactive alkoxides that drive the subsequent polymerization reactions 
[1]. However, the exothermic equilibrium nature of deprotonation presents thermal challenges. Additionally, the 
volatility of halide-based reagents necessitates fluctuating temperature requirements, leading to time- and 
energy-intensive processes due to the thermal inertia of conventional heating (CH) methods. Microwave (MW) 
heating, as a direct and volumetric heating method, offers a dynamic approach, enabling fast transient 
temperature profiles [2] tailored to the thermal requirements of each step. This study investigates the 
application of MW rapid thermal cycles during PEG deprotonation, balancing high- and low-temperature 
reaction needs. We investigate for the first time the effects of MW heating on batch HMPE synthesis using 
polyethylene glycol 8000g/mol, dibromomethane and dibromododecane considering all relevant pretreatment 
and reaction steps. To that end, MW heated experiments in a multimode MW cavity were compared with their 
oil-bath conventional heated (CH) counterparts [2]. MW heating significantly reduced the overall process time 
by enabling a tenfold faster melting of solid PEG. In the sequential deprotonation step, MW thermal cycles 
were applied, alternating between 70°C and maximum temperatures (120°C, 140°C, 160°C, and 180°C) across 
varying cycle numbers. Thermal cycles optimized deprotonation reaction while their cooling phases ensured 
temperature regulation for the subsequent polymerization step, necessary due to the volatility of dibromo-
methane, which requires polymerization at 70°C. The effect of the MW assisted heat cycling profile, which leads 
to higher molecular weights on the sequential polymerization step was investigated across a range of 
dibromomethane to PEG ratios (0.9- 1.5). The application of MW thermal cycles resulted in higher molecular 
weights (~35,000 g/mol) in the polymerization step compared to CH, with significantly reduced deprotonation 
times. At Tmean=120°C, MW reduced deprotonation time by 60% compared to CH at the same Tmean (1 hr 
deprotonation) while achieving higher molecular weights. Increasing Tmean to 131°C with MW thermal cycling 
further reduced deprotonation time by 30% compared to the MW process with Tmean=120°C, achieving faster 
molecular weight development and higher MW plateaus. Additionally, at Tmean=130°C with a sequential 
polymerization in a ratio dibromethane to PEG equal to 1.3 leads approximately to a 30% higher molecular 
weights compared to the isothermal process by CH. MW heating’s rapid thermal dynamics enabled high-
temperature processing while avoiding the PEG degradation issues inherent to CH processing, achieving synthesis 
conditions unattainable with CH methods. Finally, MW heating reduced both process time (threefold shorter than 
CH) and energy utilization (50% less than CH), demonstrating its potential to optimize HMPE synthesis for 
industrial and sustainable applications. MW heating enhances HMPE synthesis by improving PEG melting, 
deprotonation, and rapid thermal regulation across sequential reaction steps. Application of MW thermal cycles 
reduced deprotonation time while achieving higher molecular weights in the polymerization step compared to CH 
methods. This is attributed to improved NaOH solvation, OH⁻ release, and efficient water evaporation. The shorter 
high-temperature exposure of MW cycles minimizes PEG degradation, ensuring a robust and repeatable process. 
 
[1] Ishizu K. and Akiyama Y. Synthesis of cyclic polyethers 1997;38(2): 491-494 
[2] Tzortzi I., Xiouras C., Tserpes C., Tzani A., Detsi A., Van Gerven T, Stefanidis G.D. Intensification of solventless production 

ofhydrophobically-modified ethoxylated urethanes (HEURs) by microwave heating 2023;38(2): 109315. 
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MICROWAVE INTERACTION AND EFFECTIVE ELECTROMAGNETIC
PARAMETERS EXTRACTION OF CONDUCTIVE-CONTAINING
COMPOSITES IN MICRO-SCALE

Yi Zhang* (1), Gou Damin (1), Luo Tingfang (1), Zhang Chuang (1), Zhao Chaoxia  (1), Huang
Kama (1)
(1) Sichuan University

Conductive-containing composites have been widely applied in microwave materials processing. Yet there is
no universal method to extract and systematically analyze the effective permittivity and permeability of a
conductive-containing composite, and the interaction between microwave and the conductive-containing
composites is not well understood. Here, we propose a method to obtain the effective permittivity and
permeability of solder paste by numerical simulation at the microscopic scale based on the Nicolson-Ross-Weir
(NRW) method through the effective medium model. Interestingly, the conductive-containing composites
(taken the solder paste which is a mixture of flux and metallic particles as an example), has a positive value of
imaginary part of effective permeability, despite there being no magnetic material in the composite. Moreover,
the loss tangent of the effective permeability was much greater than that of the permittivity. The effect of the
volume fraction and particle size on the effective permittivity and permeability has been systematically studied.
The simulation results clearly demonstrates that microwave can penetrate into the conductive-containing
composites and form surface currents on each of the metallic particles. The annular current induced by
microwave functions quite similarly to orbital rotation, which results in a positive value of the imaginary part
of effective permeability and the variation of the real part of effective permeability. At last, the effective
permittivity and effective permeability of the solder paste were subsequently measured. The experimental
results show a nonzero value of the imaginary part of effective permeability and high loss tangent of the
effective permeability, verifying the theoretical prediction.

[1] Luo, Tingfang, et al. "Microscale Extraction of Effective Permittivity and Permeability for Microwave Selectively Heated Solder Paste
Applied in Flexible Electronics." IEEE Transactions on Microwave Theory and Techniques (2025).
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MICROWAVE HEATING OF CONDUCTIVE MATERIALS VIA
ELECTROMAGNETIC RESONANCE

Jing Zhou* (1), Yingguang Li (1)
(1) College of Mechanical and Electrical Engineering, Nanjing University of Aeronautics and Astronautics

Microwave energy has been used as a clean heating source since 1940s. However, microwave heating
technology is typically limited to dielectric or magnetic materials. Conductive materials are generally avoided
in microwave ovens due to their high reflectivity to microwaves. In this presentation, we report our efforts to
heat conductive materials like solid metals and carbon fiber composites, by leveraging the principle of
electromagnetic resonance. Specifically, an ultrathin and flexible film, consisting of metallic units supported by
a dielectric spacer, is designed and introduced on the surface of conductive materials. We demonstrated that
microwave energy can be efficiently coupled into this sandwich structure, since strong alternating anti-parallel
currents are induced in the upper metallic unit and the lower conductive substrate. In this situation, most of the
energy is dissipated within the conductive material through Joule heating, enabling a rapid and energy-efficient
heating effect. Furthermore, precise control over temperature distribution was also realized by engineering the
metallic-dielectric film, such as differentiated heating, patterned heating, zone-regulated heating, and
spatiotemporal thermal manipulation. Several demonstrations will be presented on carbon fiber composites and
a range of metal plates including both magnetic (e.g., iron, nickel, and Invar) and non-magnetic (e.g., tin and
zinc).

[1] Jing Zhou, Yingguang Li, Zexin Zhu, et al. Microwave heating and curing of metal-like CFRP laminates through ultrathin and flexible
resonance structures [J]. Composites Science and Technology, 2022, 218: 109200.
[2] Jing Zhou, Yingguang Li, Tao Yang, et al. Microwave heating and processing of solid metals using electromagnetic resonators [J]. The
International Journal of Advanced Manufacturing Technology, 2022, 123(3): 1111-1121.
[3] Jing Zhou, Yingguang Li, Shuting Liu, et al. Zone-regulated microwave heating of CFRP laminates via ultrathin and flexible resonance
structures with different working frequencies [J]. Composites Communications, 2022, 29: 101016.
[4] Di Li, Jing Zhou, Yingguang Li, et al. Microwave heating of carbon materials for on-demand thermal patterning via tunable
electromagnetic resonators [J]. Carbon, 2023, 203: 865-875.
[5] Di Li, Jing Zhou, Yingguang Li, et al. A generalized equivalent circuit model for composite metamaterial absorbers: From isotropic to
anisotropic substrate[J]. Composites Science and Technology, 2024, 257: 110832.
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OUTSTANDING ENHANCEMENT OF CAPROATE PRODUCTION WITH
MICROWAVE PYROLYZED HIGHLY REDUCTIVE BIOCHAR ADDITION

Yanping Zhou* (1)
(1) Sichuan University

The integration of biochar into microbial Chain Elongation (CE) was proven to be an effective tool for
producing highvalue bio-based products. This work innovatively proposed a carbon fiber cloth (CFC) assisted
microwave pyrolysis strategy to prepare sludge char, which is a new biochar synthesis method by taking
advantage of the selective heating and hotspots feature of microwave heating, facilitating fast formation of
biochar with high production yield, short fabrication time, highly reductive minerals and high conductivity at a
moderate bulk temperature of about 600 ◦C. In this work, microwave biochar was applied to CE system for the
first time, and good caproate generation effect was obtained. When microwave biochar applied to the anaerobic
CE process, the caproate yield was enhanced by about 185 % while the same dosage of sludge char prepared by
conventional heating only brought a maximum yield enhancement by 109 %, as compared to the reactors
without any biochar addition. The mechanism of enhancing caproate synthesis was also comprehensively
analyzed from the biology with microwave biochar addition. Mechanistic insights revealed that the reductive
surface properties facilitated CE performance, which is relevant to fostering dominant genera of
Parabacteroides, Bacteroides, and Macellibacteroides. By metagenomics, microwave biochar up-regulated
functional genes and enzymes involved in CE process including ethanol oxidation, the reverse β-oxidation
pathway, and the fatty acid biosynthesis pathway.
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METASURFACE ENABLED MICROWAVE SENSING TECHNOLOGY
DURING POLYMER COMPOSITES CURING PROCESSES

Zexin Zhu* (1), Jing Zhou (1), Yingguang Li (1)
(1) College of Mechanical and Electrical Engineering, Nanjing University of Aeronautics and Astronautics

Composites are of growing importance to today’s industries. The manufacturing of advanced composite
materials demands precise monitoring of critical parameters, like temperature and cure degree, during thermal
curing processes. Microwave monitoring methods are extensively explored for their unique advantages in
noncontact, easy-to-adjust, and field monitoring. Here, we report a type of microwave sensing technique based
on a flexible metasurface to reach wireless monitoring during the curing process. Specifically, the proposed
sensor architecture comprises a dual-layer design: a geometrically optimized copper resonant structure coupled
with a functional dielectric layer, integrated onto composite surfaces. This configuration enables
electromagnetic signature modulation through permittivity-dependent interactions with incident microwaves.
To validate, our method was applied to two typical situations including temperature monitoring and cure degree
monitoring. For temperature monitoring, a thermally responsive dielectric spacer was engineered to produce
temperature-dependent resonance frequency shifts. Regarding cure degree assessment, the inherent permittivity
variations of composite resin during polymerization were effectively captured through characteristic resonance
peak evolution. Comparative validation with conventional monitoring methods confirmed the technique’s
reliability and sensitivity, establishing a groundbreaking approach for wireless physical parameter
quantification in composite manufacturing processes. This advancement offers substantial potential for smart
manufacturing applications requiring non-destructive in-situ monitoring capabilities.
 

[1] Zhu, Z., Li, Y., Zhou, J., Xu, W., & Hao, X. (2024). A microwave resonance thin-film sensor for real-time wireless temperature
monitoring in composites manufacturing. Composites Communications, 45, 101810.
[2] Liang, L., Liu, W., Yan, X., Zhang, Y., Li, Z., Yao, H., ... & Ying, K. (2024). Hybrid amorphous strontium titanate and terahertz
metasurface for ultra-sensitive temperature sensing. Optics Express, 32(13), 22578-22589.
[3] Zhang, X., Feng, R., Hou, Y., Fan, L., Kong, F., Tan, Q., & Xiong, J. (2024). Metamaterial high-temperature sensor based on all-planar
substrate integrated waveguide. IEEE Sensors Journal, 24(7), 9916-9924.
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ENHANCING MICROWAVE PLASMA TECHNOLOGY WITH
SOLID-STATE GENERATORS: OVERCOMING SURFACE LIMITATIONS
FOR SUPERIOR PERFORMANCE

FADI ZOUBIAN* (1), LOUIS LATRASSE (1)
(1) SAIREM

To meet the evolving demands of nanotechnology industries, such as microelectronic component fabrication,
novel self-matched plasma sources powered by microwave solid-state generators have been developed. These
advancements address requirements related to plasma surface coverage and ion density. By integrating patented
automatic frequency tuning, the impedance matching system has been eliminated, significantly simplifying and
enhancing the precision of source operation [1].
To accommodate diverse application needs, two plasma sources were designed to operate across a broad
pressure range: the Aura-Wave source, functioning between 10⁻² Pa and a few Pa, and the Hi-Wave source,
covering 1 Pa to several tens of Pa [2–4]. Studies were conducted on multisource configurations, where each
source is independently powered by its own microwave solid-state generator, enabling precise control of
transmitted power in 1-watt increments.
A Langmuir probe was employed to analyze plasma density, and an in-house simulation software was
developed to optimize surface uniformity by adjusting source distribution and transmitted power. This software
also allows for predicting the resulting plasma density for various configurations, with probe measurements
validating the simulations. The effects of key plasma parameters—such as gas type, operating pressure,
microwave power, and the distance between the probe and the source plane—were systematically examined.
For instance, a nitrogen plasma at 1 Pa, generated using a 16-source Aura-Wave matrix with a lattice parameter
of 110 cm, produced a high-density plasma of 1.2 × 10¹¹ cm⁻³ with 5% uniformity over a 410 mm diameter at a
10 cm distance from the source plane [5]. Similarly, a 16-source Hi-Wave matrix operating with argon plasma
at 0.5 Pa achieved a plasma density of 1.2 × 10¹² cm⁻³ with 5% uniformity over a 440 mm diameter.

[1] Latrasse L, Radoiu M, Jacomino J-M and Grandemenge A 2012 Facility for Microwave Treatment of a Load, WO2012146870
[2] Latrasse L and Radoiu M 2017 Elementary Device for Applying a Microwave Energy with Coaxial Applicator, WO2017060611
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HIGUCHI JULIA .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                75
HIRAIWA CHIHIRO .  .  .  .  .  .  .  .  .  .  .  .  .              68
HJALMARSSON NICKLAS  .   .   .   .   .   .   .   .   .   1
HOFMANN JENS  .   .   .   .   .   .   .   .   .   .   .   .   .   .   . 52
HOLZER FRANK  .   .   .   .   .   .   .   .   .   .   .   .   .   .   . 66
HONDA RIE .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   . 53
HORIKOSHI SATOSHI  .   .   .   .   .   54,86,121,122
HOSSAIN FORHAD .  .  .  .  .  .  .  .  .  .  .  .  .              55
HOYER CHRISTIAN  .   .   .   .   .   .   .   .   .   .   .   .   . 66
HU KONGYI .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                  31
HU YEDAI  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                   56
HUANG KAMA .   .   .   .   .   .   .   .   .   .   .   .   .   57,145
IBRAHIM MAAMOUN .   .   .   .   .   .   .   .   .   .   .   . 53
IGURA NORIYUKI  .   .   .   .   .   .   .   .   . 9,53,78,127
IHDE JOERG .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                  97
IRVINE DEREK .   .   .   .   .   .   .   .   .   .   .   .   .   .  1,144
ISHIBASHI RYO .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                58
IVASHCHENKO INNA  .   .   .   .   .   .   .   .   .   .   .   . 59
IZQUIERDO MARÍA TERESA .   .   .   .   .   .   .   . 24
JANUS ŁUKASZ .  .  .  .  .  .  .  .  .          60,77,100,113
JAUREGUI HAZA ULISES .   .   .   .   .   .   .   .   .   . 26
JELONNEK JOHN .  .  .  .  .  .  .  .  .  .  .  .  .  .              108
JERBY† ELI  .   .   .   .   .   .   .   .   .   .   .   .   .   . 33,62,112
JIA SONG .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                    57
JIE MICHAEL X. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                6
JONES MARTIN O.  .   .   .   .   .   .   .   .   .   .   .   .   .  114
JULIANO JULIANO .  .  .  .  .  .  .  .  .  .  .  .  .              55
JUTTU VIDYASAGAR MURALIMOHAN .  61
K JANARDHANAN ARAVIND .  .  .  .  .  .  .       129
KALINKE ISABEL .  .  .  .  .  .  .  .  .  .  .  .  .  .               34
KAMA HUANG  .   .   .   .   .   .   .   .   .   .   .   .   .   .   .  147
KAMIKAWA YO .  .  .  .  .  .  .  .  .  .  .  .  .  .  .               127
KAMSEU ELIE .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                136
KASHIMURA KEIICHIRO  .   .   .   .   .   .   .   .   .   . 39
KATABI ITAY  .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   . 62
KATSAKIORIS ATHANASIOS  .  .  .  .  .  .  .  .        5
KAWAGOE MASAYUKI  .   .   .   .   .   .   .   .   .   .   . 68
KETHARAM ANNAPOORANI .  .  .   63,129,134
KHAN IMRAN .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                115
KHAN MD. IMRAN  .  .  .  .  .  .  .  .  .  .  .  .             3,74
KHOLOPTSEV VLADISLAV  .  .  .  .  .  .  .  .         32
KISHIMOTO FUMINAO .  .  .  .  .  .  .  .  .  58,68
KONTOGOULA ARTEMIS .   .   .   .   .   .   .   .   .   . 65
KOOSHKI SAEED .  .  .  .  .  .  .  .  .  .  .  .  .  .  .               2
KRAUS MARKUS .  .  .  .  .  .  .  .  .  .  .  .  .  .               66
KRAUSE HARTMUT .   .   .   .   .   .   .   .   .   .   61,117
KUERSTEN JENS .   .   .   .   .   .   .   .   .   .   .   .   .   .   . 51
KUKURUGYA FRANTISEK  .   .   .   .   .   .   .   .   . 67
KURAMOTO SOTA .   .   .   .   .   .   .   .   .   .   .   .   .   . 68
KUŹMIAK KLAUDIA .  .  .  .  .  .       60,77,100,113
LALLI LUCA .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                  27
LANCELLOTTI ISABELLA .  .  .  .  .  .  .  .  .         136
LANDRIVON EMMANUEL .  .  .  .  .  .  .  .  .          69
LATRASSE LOUIS .  .  .  .  .  .  .  .  .  .  .  .  .  .              151
LAZDINA ILVA .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 35
LAZZARETTI ALBERTO  .  .  .  .  .  .  .  .  .  .           70
LE-BAIL ALAIN .  .  .  .  .  .  .  .  .  .  .  .  .  .  .               124
LEE CHAI  .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   1
LEE CHAI SIAH  .  .  .  .  .  .  .  .  .  .  .  .  .             71,144
LEONA ALESSANDRO .  .  .  .  .  .  .  .  .  .  .            95
LEONELLI CRISTINA .  .  .  .  .  .  .  .         25,87,136
LESHCHINSKAIA ALEXANDRA  .   .   .   .   .  125
L'HOSPITAL VALENTIN .   .   .   .   .   .   .   .   .   .   . 69
LI NANYA .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .  119
LI YINGGUANG .  .  .  .  .  .  .  .  .  .  .  .  .             148,15
LIBERTI MICAELA  .  .  .  .  .  .  .  .  .  .  .  .  .              43
LIM SUNGWOO .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                89
LINK GUIDO .  .  .  .  .  .  .  .  .  .  .  .  .  .  .               72,108
LIU JIANLONG  .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   . 31
LIU SIYUAN .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                  73
LIU XIAN .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                  143



LOBASCIO FABIO .  .  .  .  .  .  .  .  .  .  .  .  .  .               38
LOCONSOLE ANTONELLA MARIA .  3,74,115
LODI MATTEO BRUNO .  .  .  .  .  .  .  .  .  .  .            80
ŁOJKOWSKI WITOLD  .   .   .   .   .   .   .   .   .   .   .   . 75
LÓPEZ-BUENDÍA ANGEL M.  .   .   . 41,42,67,76
LÓPEZ-BUENDÍA BEATRIZ .   .   .   .   .   .   .   .   . 40
LOVECCHIO NICOLA .  .  .  .  .  .  .  .  .  .  .  .           137
LOZANO JOSÉ M. .  .  .  .  .  .  .  .  .  .  .  .  .  .               24
LUCCA FABRIS ANDREA  .   .   .   .   .   .   .   .   .   . 89
ŁYSIAK KAROL .  .  .  .  .  .  .  .  .          60,77,100,113
MAAMOUN IBRAHIM .   .   .   .   .   .   .   .   9,78,127
MAGDOWSKI MATHIAS .  .  .  .  .  .  .  .  .  .           15
MAJCHER ANDRZEJ  .  .  .  .  .  .  .  .  .  .  .  .             75
MAJEWSKI WOJCIECH .  .  .  .  .  .  .  .  .  .  .            75
MALLADA-VIANA REYES .  .  .  .  .  .  .  .       45,94
MANDAL SOUMEN .  .  .  .  .  .  .  .  .  .  .  .  .              23
MANFREDI RICCARDO .   .   .   .   .   .   .   .   .   .  139
MARCO FORTUNATO  .   .   .   .   .   .   .   .   .   .   .  139
MARIA TERESA BUSCAGLIA .  .  .  .  .  .  .       139
MARX KERSTEN .   .   .   .   .   .   .   .   .   .   .   .   .   .   . 40
MASUDA YOSHIMITSU .   .   .   .   .   .   .   .   .   .   . 78
MATRAS-POSTOLEK KATARZYNA .  .  .  59,79
MATSUMOTO AKINOBU .  .  .  .  .  .  .  .  .  .          122
MAURO GIORGIO .  .  .  .  .  .  .  .  .  .  .  .  .  .               48
MAZZARELLA GIUSEPPE .  .  .  .  .  .  .  .  .          80
MCCUE ALAN .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                 37
MCGOVERN MARY .  .  .  .  .  .  .  .  .  .  .  .  .              81
MCLEAN DAVID  .   .   .   .   .   .   .   .   .   .   .   .   .  83,82
MCLEAN JOEL  .   .   .   .   .   .   .   .   .   .   .   .   .   .  83,82
MELIS ANDREA .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                80
MELLO ARIEL .  .  .  .  .  .  .  .  .  .  .  .  .  .  .               69,97
MERCADO-MONTOYA MARCELA .  .  .  .     24
MEUNIER FREDERIC .  .  .  .  .  .  .  .  .  .  .  .             99
MIORIN ENRICO .   .   .   .   .   .   .   .   .   .   .   .   .   .   . 87
MIRAN WELAT .   .   .   .   .   .   .   .   .   .   .   .   .   .  84,19
MIYAZAWA TAKASHI  .   .   .   .   .   .   .   .   .   .   .  122
MONZÓ-CABRERA JUAN .   .   .   .   .   .   .   .   .   . 85
MORISHIMA TAKEOMI  .   .   .   .   .   .   .   .   .   .   . 86
MORTALÒ CECILIA .  .  .  .  .  .  .  .  .  .  .  .  .              87
MUÑOZ-ESPÍ RAFAEL  .  .  .  .  .  .  .  .  .  .  .            97
MURAKAMI SEITA .  .  .  .  .  .  .  .  .  .  .  .  .              78
MURATA RYU .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                121
MURPHY DAMIEN .   .   .   .   .   .   .   .   .   .   .   .   .  114
NAKATA MAI .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .  127
NALECZ TOMASZ  .   .   .   .   .   .   .   .   .   .   .   .   .   . 88
NAOKI SHINOHARA  .  .  .  .  .  .  .  .  .  .  .  .            145
NAVARRETE ALEXANDER  .   .   .   .   .   .   .   .  108
NAVARRETE LAURA .  .  .  .  .  .  .  .  .  .  .  .             30
NIGEL EVANS .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                 63
NOWICKI LUKASZ .  .  .  .  .  .  .  .  .  .  .  .            18,88
NYK MARCIN .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                 59
O'CONNELL CAROLINE  .  .  .  .  .  .  .  .  .  .           89
OLSZEWSKA-PLACHA MARZENA .  .  .  .     18
OMRAN MAMDOUH  .  .  .  .  .  .  .  .  .  .  .  .             90
OZKAN BASCHAR .   .   .   .   .   .   .   .   .   .   .   .   .  129
PAFFI ALESSANDRA  .  .  .  .  .  .  .  .  .  .  .  .             43
PAGLIALUNGA GIORGIA .   .   .   .   .   .   .   .  27,65
PAGLIAROLI EUGENIO  .   .   .   .   .   .   .   .   .   .   . 65
PAGOTTO MICHELE .   .   .   .   .   .   .   .   .   .   .   .   . 91
PALAZOGLU T. KORAY .   .   .   .   .   .   .   .   .   .   . 19
PALAZOĞLU TUNÇ KORAY .  .  .  .  .  .  .  .         84
PALMAS COSTANTINO  .   .   .   .   .   .   .   .   .   .   . 16
PALMERI ROBERTA  .   .   .   .   .   .   .   .   .   .   .   .   . 48
PAOLA STAGNARO .  .  .  .  .  .  .  .  .  .  .  .  .             139
PAPAIOANNOU IOANNIS .   .   .   .   .   .   .   .   .   . 92
PARADISI ENRICO .   .   .   .   .   .   .   .   .   .   .   .   .   . 87
PARVEJ PARVEJ .  .  .  .  .  .  .  .  .  .  .  .  .  .  .               111
PASCUAL ALBERTO .   .   .   .   .   .   .   .   .   .   .   . 93,2
PAVONE SANTI CONCETTO.  .   .   .   .   .   48,115
PAVONI PIERFRANCESCO .  .  .  .  .  .  .  .  .          65
PEÑARANDA FELIPE .  .  .  .  .  .  .  .  .  .  .  .             30
PEÑARANDA-FOIX FELIPE L. .  .  .  .    45,50,94
PÈREZ APARICIO JOAQUIN .  .  .  .  .  .  .  .  .         2
PÉREZ JUAN J.  .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   . 24
PÉREZ-PRIETO JULIA .   .   .   .   .   .   .   .   .   .   .   . 41
PERREGRINI LUCA .  .  .  .  .  .  .  .  .  .  .  .  .              95
PIVETTA TIZIANA .  .  .  .  .  .  .  .  .  .  .  .  .  . 16
PLAZA-GONZALEZ PEDRO J. .  8,30,36,45,94
POLAERT ISABELLE .  .  .  .  .  .  .  .  .  .  .  .             26
PORCH ADRIAN .  .  .  .  .  .  .  .  .  .  .  .  .  .  .              114
PRAKASH PUNIT  .  .  .  .  .  .  .  .  .  .  .  .  .  .               12
PRUDENZANO FRANCESCO .   .   .   .   3,74,115
PULIDORI ELENA .  .  .  .  .  .  .  .  .  .  .  .  .  .               96

PULLO LUCIA .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                137
QI WENTING .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                143
RADOIU MARILENA .  .  .  .  .  .  .        69,97,98,99
RADWAN-PRAGŁOWSKA JULIA  .  .  .  .  .  .  .       	
 .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 60,77,100,113
RALPH JAMES .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                 82
RAMOS CASADO RAQUEL .   .   .   .   .   .   .   .   . 76
REGULA CHRISTOPH  .   .   .   .   .   .   .   .   .   .   .   . 97
RIABI MOHAMED LAHDI  .  .  .  .  .  .  .  .  .          44
RICHARDS EMMA .   .   .   .   .   .   .   .   .   .   .   .   .  114
RICHTER TIMO  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                49
RIVERO IRINA .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .               136
ROBERTO UTZERI .   .   .   .   .   .   .   .   .   .   .   .   .  139
ROBINSON JOHN .  .  .  .  .  .  .  .  .  .  .  .  .              1,71
ROLAND ULF  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                 66
ROMERO ANTONIO .  .  .  .  .  .  .  .  .  .  .  .  101
ROSINA PIERO  .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   . 95
ROTERING HEINRICH  .  .  .  .  .  .  .  .  .  .  .           102
RUVIO GIUSEPPE .  .  .  .  .  .  .  .  .  .  .  .  .  .              103
RYBAKOV KIRILL .   .   .   .   .   .   .   .   .   .   .   .   .   . 32
SABATER-MARTÍNEZ FRANCISCO .  .  .  .     85
SAGÜES JAVIER .  .  .  .  .  .  .  .  .  .  .  .  .  .               2,93
SALAKHI MEHDI .  .  .  .  .  .  .  .  .  .  .  .  .  .              104
SALERNO NUNZIO .  .  .  .  .  .  .  .  .  .  .  .  .              48
SANTOS JOAQUÍN .   .   .   .   .   .   .   .   .   .   .   .   .   . 30
SAREMI-YARAHMADI SINA  .   .   .  63,129,134
SATOSHI FUJII .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .               105
SCAPATICCI ROSA .   .   .   .   .   .   .   .   .   .   .   .   .  137
SCHILINSKY LAURA .  .  .  .  .  .  .  .  .  .  .  .             97
SCHMIDT ALBRECHT .   .   .   .   .   .   106,126,141
SCHÜLLER NORA .  .  .  .  .  .  .  .  .  .  .  .  .  .             107
SCHUURMAN YVES .   .   .   .   .   .   .   .   .   .   .  99,69
SERGEY SOLDATOV  .  .  .  .  .  .  .  .  .  .  .  .            108
SERRA JOSÉ MANUEL .  .  .  .  .  .  .  .        8,109,30
SEVA MARÍA DOLORES  .  .  .  .  .  .  .  .  .  .          109
SHARMA APURBBA KUMAR  .  .  .  .     110,111
SHEINGAOUZ EVGENI .  .  .  .  .  .  .  .  .  .  .          112
SHINAGAWA TATSUYA .  .  .  .  .  .  .  .  .  .  .            68
SHOKICHI OHUCHI .  .  .  .  .  .  .  .  .  .  .  .  .  .              7
SHUNTARO TSUBAKI .   .   .   .   .   .   .   .   .   .   .   .   7
SIERAKOWSKA-BYCZEK ALEKSANDRA .  .  	
 .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 60,77,100,113
SILBERER LUCAS .  .  .  .  .  .  .  .  .  .  .  .  .  108
SILVER KAI .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .  114
SIMONE MARCO .   .   .   .   .   .   .   .   .   .   .   .   .   .  115
SINGH INDERDEEP .  .  .  .  .  .  .  .  .  .  .  .  .             110
SLOCOMBE DANIEL R.  .   .   .   .   .   .   .   .   .   .   .   6
SMALL ALISON .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                82
SMITH RON .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .  114
SOLTANIZADEH NAFISEH .  .  .  .  .  .  .  .  .        124
SOLZI MASSIMO .   .   .   .   .   .   .   .   .   .   .   .   .   .   . 21
SONANI JAYAM .  .  .  .  .  .  .  .  .  .  .  .  .  .  .               116
SORBELLO GINO .  .  .  .  .  .  .  .  .  .  .  .             48,115
SOROKIN ANDREY .  .  .  .  .  .  .  .  .  .  .  .  .              32
SPECK RAPHAEL .  .  .  .  .  .  .  .  .  .  .  .  .  .              117
SPIRA MARKUS .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                97
SPOOREN JEROEN  .  .  .  .  .  .  .  .  .  .  .  .  .              67
STAGNARO PAOLA .  .  .  .  .  .  .  .  .  .  .  .  .             128
STEFANIDIS GEORGIOS .  .  .  .  .     5,92,118,146
SUGIYAMA JUN-ICHI .  .  .  .  .  .  .  .  .  .  .  .  .             7
SUN CHANGKUN .  .  .  .  .  .  .  .  .  .  .  .  .  .              119
SUNG-SPITZL HILDEGARD .  .  .  .  .  .  .  .        120
SWIDERSKA-SRODA ANNA .  .  .  .  .  .  .  .         75
SYCH OLENA .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   . 75
SZAŁAJ URSZULA .   .   .   .   .   .   .   .   .   .   .   .   .   . 75
SZAMEITAT VINCENT  .  .  .  .  .  .  .  .  .  .  .            15
SZRENIAWA BEATA .  .  .  .  .  .  .  .  .  .  .  .  .              59
SZYMSKA-SZYMANIK ALICJA .  .  .  .  .     59,79
TAKANABE KAZUHIRO .  .  .  .  .  .  .  .  .         58,68
TAKAYAMA YUKI .  .  .  .  .  .  .  .  .  .  .  .  .  .             127
TAKECHI MAYU  .   .   .   .   .   .   .   .   .   .   .   .   .   .  121
TAKIZAWA HIROTSUGU .  .  .  .  .  .  .  .  .  .           39
TAKIZAWA MIKI  .   .   .   .   .   .   .   .   .   .   .   .   .   .  122
TAKIZAWA TOSHIKI  .  .  .  .  .  .  .  .  .  .  .  .             86
TANG ZHIXIANG  .  .  .  .  .  .  .  .  .  .  .  .  .  .              142
TAO JUNWU .  .  .  .  .  .  .  .  .  .  .  .  .  .  .               44,143
THABET RAWDHA  .  .  .  .  .  .  .  .  .  .  .  .  .              44
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