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AMPERE 2021, a successful virtual conference. 
 

The planning of the 18th International Conference on Microwave and High-Frequency Applications 
started already when we arrived back from Valencia and AMPERE 2019. We made reservations of 
conference venue, hotel rooms, restaurants, and networking events. Gothenburg is a nice city for 
visitors, and we were happy to let you experience some of the best parts of Sweden. 

When 2020 threw a wet blanket of pandemic with travel restrictions and social distancing, we followed 
the progress of vaccines with interest, hoping that the world would recover before the conference 
dates. Finally, we had to make the tough decision of changing the event to fully digital. All planning 
had to be remade and new solutions for each part of the meeting. Speakers had to connect from all 
over the world, with no need to travel but for the non-Europeans partly at awkward times of day. This 
made the conference to something different from all the previous ones. It also moved us to the first 
meeting of the future. We are getting used to video-calls and online meetings, and we will manage to 
adapt to this as well. 

The program had a focus based on Gothenburg strengths in microwave technologies. We do have food 
processing, automotive and communication, but also MedTech and pharmaceuticals, and a world 
leading education at Chalmers. With RISE, who also serves as the National Metrology Institute of 
Sweden, as local organizers we also lift the topics of metrology. Quality of measured data, traceability 
and uncertainty calculations are increasingly important as technology moves towards the limits of 
physics. 

More than 100 participants enjoyed the AMPERE 2021 conference even though we only could interact 
digitally. All presenters (oral as well as poster) were offered to write a full paper on their results. The 
papers are published in this report of proceedings but can also be uploaded by the authors to the 
Zenodo platform www.zenodo.org, in the Ampere2021 community. Needless to say, all papers are 
published as Open Access under CC-NC-BY-ND license, the same conditions as papers in AMPERE 2019.  

With this proceedings report, we close the books of AMPERE2021. We appreciate all researchers who 
chose this forum to present their work. 

Birgitta Raaholt and Per Olof Hedekvist, RISE 

Conference chair and co-chair. 
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A COMPACT QUARTER WAVELENGTH FILTER FOR 3D MICORWAE 
PRINTING OF CONTINUOUS FIBER REINFORCED POLYMERS  

Nanya Li, Guido Link, John Jelonnek 

Institute for Pulsed Power and Microwave Technology, Karlsruhe Institute of Technology, 
Eggenstein-Leopoldshafen, 76344, Germany 

nanya.li@kit.edu 

Keywords (choose minimum two): Modelling, S-parameter, Material interaction. 

3D microwave assisted printing of continuous fiber reinforced polymers can significantly 
increase the printing speed, volume and saves energy consumption compared with the state 
of the art printing technologies. Continuous fibers, especially carbon fibers provide high 
strength to weight ratio of the printed complex lightweight components. The microwave 
heating brings not only benefits, but also challenges. One of them is to limit the microwave 
energy in the cavity and avoid leakage. Here, a combination of equivalent circuit analyzing 
and finite element computing has been employed to design a novel quarter wavelength 
coaxial filter for a 3D microwave printing head. A compact size is needed to prevent 
collision with printed structures and a robust band-pass filtering ability is the key to adapt 
multi-diameter filaments. More importantly, an effective S-parameter testing method of the 
coaxial resonant filter is required. As shown in Fig.1 (a), a parallel RLC equivalent circuit 
has been used for analyzing the resonant filter performance. The influence of various 
circuit parameters (C1, C2, L1, R1) to the resonance behavior has been researched. Finally, 
a compact quarter wavelength resonant filter filled by dielectric material (e.g. PTFE) has 
been developed as shown in Fig. 1 (b). The filter with a length of 21.5 mm and 4 mm 
diameter has a broad-band filtering ability (|S21| > 20 dB) ranges from 2.41 to 2.46 GHz.  

Fig. 1. (a) equivalent circuit of quarter wavelength resonant filter, (b) designed compact 
filter used for 3D microwave printing process. 
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A COMPARATIVE ANALYSIS OF MICROWAVE-ASSISTED 
REGENERATION AGAINST CONVENTIONAL REGENERATION FOR 
POST-COMBUSTION CARBON CAPTURE 
M. Yassin, S. Biti, W. Afzal, C. Fernandez Martin*

University of Aberdeen, School of Engineering, Fraser Noble Building, King’s College, Aberdeen AB24 3UE, Scotland, United Kingdom

* cfmartin@abdn.ac.uk

Keywords: microwave heating, process intensification, industrial applications, modelling, 
dielectric properties, material interaction 

This study investigates the feasibility of microwave regeneration of molecular sieves (two 
activated carbons - AC1 and AC2 - and a zeolite) in a dynamic swing adsorption system. 
The adsorbents' performance was assessed using both microwave swing adsorption 
(MWSA) and conventional temperature swing adsorption (TSA). Experiments were run with 
a pre-cleaned flue gas (15% CO2 in N2) to which 15 % v/v of H2O was added to simulate 
carbon capture in a coal-fired power plant. A comparative analysis of both heating sources 
was established by measuring key process performance parameters including working 
capacity, CO2 purity, productivity, recovery and regeneration extent.  
Whilst TSA produced a higher productivity for sample AC2, MWSA proved overall more 
advantageous than TSA across all three adsorbents, with higher purities, productivities and 
recoveries recorded. Furthermore, the influence of moisture present in the flue gas on the 
process performance was studied with MWSA and TSA cycles also using dry flue gas. 
Experimental results showed that both AC1 and zeolite exhibit substantially higher working 
capacities under MWSA than TSA, due to higher regeneration being achieved under 
MWSA. Additionally, the size of the sample in AC1 was incremented by 8 times to 
investigate the influence of sample size on MWSA and TSA cycles. Overall, results showed 
MWSA to be more advantageous than TSA with the larger sample. This study shows that 
MWSA is a viable option for adsorbent regeneration and also presents advantages over 
conventional TSA. 

Table 1: Time taken to achieve different regeneration extents with TSA and MWSA 
Adsorbents Heating method t50 t80 t90 t99 
AC1 MWSA 17 22 25 39 

TSA 21 27 32 44 
AC2 MWSA 24 32 37 60 

TSA 23 31 35 45 
Zeolite MWSA 19 26 31 46 

TSA 20 27 32 64 
t50, t80, t90 and t99 = time (min) at which the regeneration percentage achieved is 50, 80, 90 and 99%. 

References 

1. Ito, S.,  Huang, H., Watanabe, F., Yuan, H., Hasatani, M., Kobayashi, N. Dry. Technol.,
2012, 30,1707–1713.
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A FLEXIBLE, MODULAR AND DIGITAL MICROWAVE SYSTEM FOR FOOD 
PASTEURIZATION AT ATMOSPHERIC PRESSURE 

M. Gorath, D. Baars, G. Kassel, M. Dingeldein, K.-M. Baumgärtner

MUEGGE GmbH, Hochstrasse 4-6, D-64385 Reichelsheim (Odenwald), Germany 

moritz.gorath@muegge.de 

Keywords: Microwave, Food applications, Equipment, Processing, Food, Safety 

Trend studies show a continuing change in consumer behavior and eating habits in relation 

to ready-to-eat food. This is due to strong drivers like personal health, environment 

protection and sustainability. In order to meet these changing consumer demands, it is 

essential to offer high-quality food products with nutritional value, taste, flavor, texture and 

appearance of fresh food products. Additional benefit can be generated in extending shelf 

life, e.g. by pasteurization, thus reducing food waste to a considerable amount and 

protecting environment by efficient use of existing crop area of biodynamic agriculture. 

Pasteurization in food industry is increasingly performed by microwave heating. Common 

industrial microwave heating systems require excess pressure and rely on microwave 

coupling into the processing chamber by horn antennas. In contrast to existing microwave 

pasteurization systems designed for applications in food industry, the novel microwave 

pasteurization system developed by MUEGGE works at ambient pressure and uses coaxial 

antennas with customized reflectors for targeted deposition of microwave energy. Thus, the 

distance of this tailored microwave launching system to the food products to be pasteurized 
is much shorter, and less microwave energy is required. In addition, microwave injection 
via the novel microwave launching system of MUEGGE can be specifically adapted to 
various kinds of food components to be processed at the same time, having different 
dielectric constants ε̍ and dielectric loss factors ε̎. ε̍ determines the ability to store electric 
energy, whereas ε̎ specifies the particular conversion of microwave energy to thermal 
energy [1]. Consequently, the exposure time can be significantly reduced, which helps 
maintaining the nutritional value of the food products in particular. 
The novel microwave pasteurization system combines several advantages. It works at 
ambient pressure, i.e. no excess pressure is required. Due to its modular setup and 
individually controllable microwave antennas, the microwave pasteurization system is 
suited for pasteurization of different kinds of food products, e.g. bread, meat, nuts, dates, 
tea, spices and even packaged ready meals. The combination of in-situ temperature 
monitoring, microwave generators showing response times in the range of milliseconds, 
adaptable microwave antennas and smart control system provides for “digital cooking”, 
resulting in homogeneous heating of different food products without local overheating. 
Various microwave pasteurization experiments with the novel microwave pasteurization 

system from MUEGGE have been performed on packaged ready meals composed of 
different main and side dishes in trays of customized design. Despite even extremely 
diverging dielectric properties of the different food components in the ready meals tested, 

results proved homogeneous tempering of all edibles in the same tray within an extremely 

narrow temperature zone between 90°C and 93°C, being prerequisite for maintaining 
nutrient content. These experiments not only focused on proving homogeneity of the 
microwave heating process, but also showed unchanged taste, flavor, texture and 

appearance of the food products by tasting. 

References 
1. Tang, J., Journal of Food Science, 2015, 80, E1776–E1793.
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A NEW ON-LINE MICROWAVE DIAGNOSE ATMOSPHERIC PRESSURE AIR
PLASMA WITH ARTIFICIAL NEURAL NETWORK

Wenqi Chen1, Kama Huang1*, Li Wu1, Yu Zhong1, Yutian Yu1，Zhuoyue Zhang1

1School of Electronics and Information Engineering, Sichuan University, Chengdu 610065,
People’s Republic of China
e-mail: wqchensc@foxmail.com

Keywords: Microwave, Permittivity, S-parameter, Plasma applications.
Plasma properties ， especially its permittivity are the keys to achieve high efficient

microwave plasma device design. However, few relevant research on air plasma
permittivity measurement has been reported. This paper, in view of this, proposes an
online measurement method for dielectric properties of air plasma excited by microwave at
2450MHz and atmospheric pressure. A ridge waveguide is used where plasma can be
excited and measured simultaneously. The artificial neural network with simulated data
training is integrated into the system to invert the permittivity of the measured air plasma.
The relative permittivity of the plasma at the power of 678 W and the air flow rate of
500L/h is obtained as Ɛ=-1136-87i. The corresponding electron density and the electron
temperature are computed respectively with Drude model. These values are close to the
data of previous published data, which proves the validity of this proposed method. It is
supposed to be helpful for the design of microwave plasma device, and can greatly
improve the efficiency of microwave plasma equipment.

Fig. 1. experimental setup.
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A NOVEL METHOD FOR OPTIMIZING
THE WORKING PARAMETERS OF Ar+N2 MICROWAVE LIGHT EMITTING

PLASMA BASED ON NEURAL NETWORK

Yu Zhong 1, Yutian Yu1, Wenqi Chen1, Kama Huang1

1College of Electronics And Information Engineering, Sichuan University, Chengdu
610065, People’s Republic China
1106641264@qq.com

Keywords: Microwave, Plasma applications, Optimization, Method

The luminous effect of an microwave light emitting plasma (MLEP) depends on the
working parameters of the experimental system. Optimizing the working parameters and
determining the optimal working parameters on the existing experimental system is the key
work to improve the MLEP luminous effect. The traditional method determines the
optimal working parameters only in a few experiments, which may cause researchers to
make undesirable settings for the final optimal working parameters of MLEP. In addition,
relying solely on increasing the number of experiments may be potentially costly and time-
consuming. Thus it is hard to maximize the use of existing experimental systems to obtain
the strongest target spectral peaks in the traditional way. In this paper, a new approach to
determine the optimal working parameters of MLEP by artificial neural network was
proposed. Taking Ar+N2 MLEP as the research object, the artificial neural networks
between working parameters and spectral peaks intensities were established based on
experimental data. The results show that the artificial neural networks can rapidly predict
the the target peaks intensities of MLEP according to input working parameters, and find
the optimal working parameters of the target peaks. The performance of Ar+N2 MLEP had
been further explored through this novel method.

Figure 1. Correspondence between the working parameters in the experiment and the input
and output variables in the neural network
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A PERMITTIVITY MEASUREMENT APPARATUS BASED ON RIDGE
SUBSTRATE INTEGRATED WAVEGUIDE

Han Yan, Qian Chen, Kama Huang, Zhengting Xie

School of Electronics and Information Engineering, Sichuan University, Chengdu China
chenqian@scu.edu.cn

Keywords (choose minimum two): Microwave, Measurement applications, Waveguide,
Permittivity, S-parameter.

In order to successfully achieve sustainable development, the sustainable utilization of
water and the recycling of waste water have become a revolution in the field of water
treatment. The composition of waste water is closely related to its permittivity, and the
value of the permittivity can directly reflect the effect of waste water treatment. The
measurement of the permittivity of waste water can guide the microwave treatment of
waste water. Based on this, we propose a measurement apparatus based on ridge substrate
integrated waveguide. By measuring scattering parameters at 2.45GHz frequency and
combining artificial neural network algorithm to reconstruct the permittivity, the real-time
measurement of permittivity of waste water is realized, which provides help for microwave
treatment of waste water.

Table 1. RSIW size.

Parameter Value(mm)
d 1
s 1.8

Fig. 1. Diagram of RSIW.
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Abstract 
A microwave tomography (MWT) system has been integrated in an industrial microwave 
drying system named HEPHAISTOS to obtaining the location and level of the moisture 
inside a polymer foam. This information is demanded as an input for an intelligent controller. 
Herein, a time-reversal imaging (TRI) algorithm with a proper Green’s function is proposed 
for MWT in the X-band frequency range (8 GHz to 12 GHz) to obtain the moisture 
distribution inside a polymer foam in an industrial microwave drying system. The effective 
permittivity (which correlates with the moisture level) of the detected moisture level is 
retrieved by evaluating the largest eigenvalue associated with the multi-static data matrix 
and using a minimization problem. Simulation results show the performance of the proposed 
method. 

I. Introduction
Drying by microwaves has been widely used, especially in the industry, for different 
applications and purposes. Microwaves can penetrate into the material and provides 
volumetric heating in contrast to the conventional one. In microwave drying applications, 
providing sufficient uniformity of heating distribution is an imperative task especially in 
industrial-scale production [1]. Intelligent control [2] of distributed microwave sources 
(magnetrons) is a novel idea to increase the efficiency of the drying system, having high-
quality processing, reducing the drying time which are important terms for the industry. 
During the drying process, it is only possible to adjust the amplitude and pulse duration of 
the magnetrons. The decision for controlling these parameters is chosen based on the input 
information that is the moisture location and concentration inside the sample. 
  The microwave drying system which we are presently working is named HEPHAISTOS.  
This industrial microwave applicator has a patented hexagonal [3,4] cross-section design 
delivering high electromagnetic field homogeneity. The system is equipped with a conveyor 
belt and convective heating that enables the continuous drying process. Its principal areas of 
applications are in material processing, for example, thermal curing of fiber composites and 
expansion or drying of porous foams. A microwave tomography (MWT) system [5] is 
designed and integrated with the HEPHAISTOS to recover the volumetric information of 
the moisture location and its level before or after the drying process of the polymer foam. 
The power level and pulse duration of the magnetrons will be adjusted based on the input 
information from MWT. 
   IR cameras installed allow recording of temperature distribution on the foam surface . 
Fiber optic sensors are not applicable in a running belt process. A microwave tomography 
(MWT) system is designed and integrated with the HEPHAISTOS to recover the volumetric 
information of the moisture location and its level before or after the drying process of the 
polymer foam. The power level and pulse duration of the magnetrons will be adjusted based 
on the input information from MWT. Some applications of the MWT in the industry for 
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inspection, monitoring purposes, quality control of the goods, and safety issues, are listed in 
[6-8]. 
Here, we use qualitative time-reversal (TR) imaging for detecting the moisture location 
inside the polymer foam. Time-reversal imaging has been applied in numerous practical 
applications of electromagnetics (EMs). Some applications in EMs are: through-the-wall 
imaging (TWI) [9-11], ground-penetrating radar (GPR) [12,13], and random media [14] for 
detecting the hidden targets. Further, this method is employed in non-destructive testing, 
such as detection of the defects in pipelines [15] and solids [16], and retrieving the 
permittivity of a hidden dielectric target in a cylindrical multilayered structure [17]. To apply 
the TR imaging, an exact or approximation of dyadic Green's function (DGF) of the medium 
is required [18]. Therefore, we construct an approximate expression of the DGF by 
incorporating only the transmission part of the multilayered media. Then, stationary phase 
approximation (SPA) is applied to obtain the closed-form representation of the DGF.  
The paper is organized as follows: Section II provides an overview of the formulation for 
the TRI decomposition of the time-reversal operator (DORT). Furthermore, an approximate 
expression for the DGF of a three-layer medium is obtained using the SPA method in this 
Section. In Section III, the numerical scenario is investigated, and Section IV the permittivity 
of the detected wet-spot is obtained. Finally, conclusion is provided in Section V. 

II. Time-Reversal Imaging Algorithm
The microwave tomography set-up for a fixed cross-section, is shown in Fig. 1 where layer 
0 and layer 2 are the free-space, layer 1 represents the polymer foam with thickness Δ𝑑1.
The antenna array with N element is fixed at a distance Δ𝑑0 to the top of the polymer foam
is. The  relative dielectric constant of free-space is denoted as 𝜖𝑟,0  and the relative dielectric
constant of the layer 1 𝜖𝑟,1.

Fig. 1. Multilayer media with the wet-spot in the second layer illuminated by the open 
waveguide antennas. 

Consider an array of N tranceivers from which an N×N multistatic data matrix (MDM) is 
constructed. Each element of the MDM matrix represents the received scattered field by 𝑙𝑡ℎ

(l=1,2, …, N) antenna when 𝑠𝑡ℎ (s=1,2,… N) antenna is in the transmitting mode due to the
inhomogeneities in the region of interest (ROI) as follow[19-21] 

𝐸𝑠𝑐𝑡
(1)

(�⃗�𝑟𝑙
, �⃗�𝑡𝑠

) = 𝑖𝜔𝜇0 ∫ 𝐺𝑒𝑏
𝑥𝑥

Ω1

(�⃗�𝑟𝑙
, �⃗�′)𝑂(�⃗�′)𝐺𝑒𝑏

𝑥𝑥(�⃗�′, �⃗�𝑟𝑠
)𝑑�⃗�′(1)
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where it is assumed the medium is excited by a point source and Born approximation is 
employed to replace the total field in layer 1 by the background Green’s function. In the 
above equation, 𝐸𝑠𝑐𝑡

(1)
(�⃗�𝑟𝑙

, �⃗�𝑡𝑠
) is the scattered field received by the 𝑙𝑡ℎ antenna. 𝑂(�⃗�′) =

−𝑖𝜔𝜖0(𝜖Ω1
 − 𝜖𝑟,1) is the object function where 𝜖Ω1

 denotes the target relative dielectric
constants in the domain Ω1, and 𝜇0 and 𝜖0 denote free-space permeability and permittivity,
respectively. Here, time convention of 𝑒−𝑖𝜔𝑡  is assumed and suppressed where 𝜔 is the
angular frequency. In (1), the �⃗�𝑟 and �⃗�𝑡 represent source and observation points while �⃗�′ =
(𝑦′, 𝑧′) is the location of the pixel point in the ROI.  𝐺𝑒𝑏

𝑥𝑥 is the background (multilayer media
without any inhomogeneities) dyadic Green's function (DGF).
In deriving (1) the symmetry property of the DGF is used and furthermore, it is assumed that
both transmitting and receiving antennas are x-polarized and equivalent currents are
predominant by x-polarized, so the xx term of the DGF is employed.
The MDM can be expressed in the compact form in the angular frequency domain 𝜔 as

𝐾(𝜔) = 𝑖𝜔𝜇0 ∫ 𝑂(�⃗�′)
Ω1

𝑔𝑏𝜌𝑙
(�⃗�′, 𝜔)𝑔𝑏𝜌𝑠

⊤ (�⃗�′, 𝜔)𝑑�⃗�′  (2) 

where 𝑔𝑏𝜌 = [𝐺𝑒𝑏
𝑥𝑥(𝜌, 𝜌1), 𝐺𝑒𝑏

𝑥𝑥(𝜌, 𝜌2), . . . , 𝐺𝑒𝑏
𝑥𝑥(𝜌, 𝜌𝑁)]𝑁×1

⊤  is the frequency-domain steering 
vector of the xx components of the background DGF and ( . )⊤is the transpose operator.
DORT can be applied to selectively focus on the inhomogeneities in the medium using 
singular value decomposition (SVD) of the MDM matrix [22].  The SVD of the matrix 𝐾(𝜔) 
is expressed in terms of the eigenvalues via the equation 𝐾(𝜔) = 𝑈(𝜔)Λ(𝜔)𝑉⊤(𝜔), where
Λ (diag(Λ) = [λ1, λ2, . . . , 𝜆𝑁]) is a real diagonal matrix consisting of eigenvalues, while
𝑈 (𝑢𝑙(𝜔), 𝑙 = 1,2, . . . , 𝑁)  and V (𝑣𝑙(𝜔), 𝑙 = 1,2, . . . , 𝑁)  are the left and right matrices
consisting of normalized eigenvectors. The number of nonzero significant eigenvalues 
denotes the number of dominant inhomogeneities present in the background medium and 
the remaining eigenvalues form the noise subspace. For focusing on the 𝑝𝑡ℎ scatterer, we
employ 𝑒𝑝(𝜔) = 𝜆𝑝𝑢𝑝(𝜔) as a new excitation for the transmitting antennas and calculate
the propagated fields using the xx component of the background DGF. Here, 𝜆𝑝is the 𝑝𝑡ℎ

eigenvalue and 𝑢𝑝 is the 𝑝𝑡ℎ left singular vector. As a result the location of 𝑝𝑡ℎ scatterer is
synthetically obtained by the following imaging function 

𝐷𝑝(𝜌) = ∫ 𝑒𝑝
𝑇(𝜔)𝑔𝑏𝜌(𝜌, 𝜔)𝑑𝜔,

𝜔

 (3) 

where 𝜌 is any arbitrary point in the ROI. In the next section, we obtain Green's function of 
the multilayered media for image reconstruction using TR-DORT.  
Here, we obtain an asymptotic expression for the xx term of the DGF of the multilayered 
media.  As mentioned earlier, we assume an x-polarized line source residing in layer 0 is 
illuminating the media. In this case, the spectral representation of the Green's function in the 
first layer is given by [19] 

𝐺𝑒𝑏
(10)(�⃗�, �⃗�𝑡) =

1

𝜋
∫

1

𝑘𝑧0

𝑇𝑛
𝑇𝑀(𝑘𝑦)𝑒−𝑖𝑘𝑧1(𝑧−𝑑0) 𝑒−𝑖𝑘𝑦(𝑦−𝑦𝑡) 

+∞

−∞

𝑑𝑘𝑦  (4) 

By considering only the first-order reflection and transmission coefficient inside each layer 
and after some straightforward calculations and using stationary phase approximation [23], 
a closed-form expression of the Green's function with the source point in layer 0 and 
observation point in layer 0 can be derived as follow 
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𝐺𝑒𝑏
(10)(�⃗�, �⃗�𝑡)

=
1

𝜋
𝑇01

𝑇𝑀(𝑘𝑦 , 𝑠𝑝1) |
2𝜋

Φ′′(𝑘𝑦, 𝑠𝑝1)
|

1
2

𝑒−𝑖[𝑘𝑦,𝑠𝑝1
(𝑦−𝑦𝑡)+�̃�𝑧1(𝑧−𝑑0−Δ𝑑0)+�̃�𝑧0Δ𝑑0]𝑒

−𝑖(
𝛽
2

−
𝜋
4

)
 (5) 

where 

Φ′′(𝑘𝑦, 𝑠𝑝1) = −
𝑘1

2

𝑘𝑧1
3

(𝑧 − 𝑑0 − Δ𝑑0) +
𝑘0

2

𝑘𝑧0
3 Δ𝑑0    (6)

Φ′′(𝑘𝑦 , 𝑠𝑝1) = |Φ′′(𝑘𝑦 , 𝑠𝑝1)|𝑒−𝑗𝛽  (7) 
where 𝑘𝑦 , 𝑠𝑝1 is the stationary point and is the solution of the following equation

�̃�𝑦, 𝑠𝑝1 =
𝑦 − 𝑦𝑡

Δ𝑑0

𝑘𝑧0
+

1
𝑘𝑧0

(𝑧 − 𝑑0 − Δ𝑑0)
 (8) 

�̃�𝑧1 = √𝑘1
2 − 𝑘𝑦,𝑠𝑝1

2  (9) 

III. TRI simulation results
In this section, TR-DORT imaging simulation result is presented using the derived 
asymptotic Green's function for one wet-spot in the polymer foam. To generate the synthetic 
data, the 3-D time-domain solver of the commercial software CST Studio Suite is used. The 
geometrical parameters of the MWT setup shown in Fig. 1 are :Ω𝑓𝑜𝑎𝑚 = [−15,15] ×
[−4,4], and 𝑡0 = 16𝑐𝑚 . The antennas reside in semi-infinite free space, and the 7×7 MDM
matrix is extracted for frequency range of 𝑓 = [8,12]𝐺𝐻𝑧 and the number of frequencies is 
𝑁𝑓 = 1001. It should be noted, that the response of the antennas is removed from the
measured S-parameter using a calibration proposed in [10,11]. In this study, the dielectric 
constant of the polymer foam is known and is 𝜖𝑟,1 = 1.16 − 0.01𝑖. Wet-spots are assumed
to have a spherical shape with a defined dielectric constant corresponding to the different 
moisture levels. 
In the following scenario, we consider one wet-spot in the polymer foam with a radius of 
1.5cm located at the center of the polymer foam, i.e., (0cm,0cm) in yz plane with 30% 
moisture level and surrounded by the dry part. Figure 2 (top) represents the behavior of the 
first four eigenvalues. According to the Fig. Fig. 2 (top), we expect one dominant wet-spot 
in the polymer foam, and remained eigenvalues construct the noise domain (background). 
Figure Fig. 2 (bottom) shows the reconstructed image associated with the first strong 
eigenvalue and, employing the derived Green's function. As can be seen, using TRI-DORT, 
the image domain is decomposed into the wet-spot location and dry parts. 
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Fig2. (top) Magnitude of the first four eigenvalues versus the frequency and, (bottom) 
reconstruction of one wet-spot moisture case with TR-DORT where the true location is 

marked by the black dash lines. 

IV. Permittivity reconstruction
To obtain the moisture level of the detected wet-spot, we used the proposed method in [17] 
based on the singular value decomposition. In this regard, the largest singular value square 
associated with the MDM will be compared using following error function and it becomes 
minimum when guess permittivity is close to the true value. Finally. The obtained value will 
be assigned to the located moisture and the rest of the polymer foam will be assigned to the 
background value. 

Min𝜖𝑔
SE =  𝑀𝑖𝑛𝜖𝑔

∑ |
𝜆1

th(𝜖𝑔)

𝜆1
th(𝜖𝑐)

−
𝜆1

measured(𝜖𝑔)

𝜆1
measured(𝜖𝑐)

|   (10)

𝑓

 , 

where 𝜆1
𝑡ℎ(𝜖𝑔) denotes the first eigenvalue of a theoretically obtained MDM, and 𝜆1

𝑡ℎ(𝜖𝑐) is
the first eigenvalue of the theoretical MDM when the calibration target with a given relative 
dielectric constant of 𝜖𝑐 is embedded. First eigenvalue from the simulated MDM is denoted
by 𝜆1

measured(𝜖𝑔) and 𝜆1
measured(𝜖𝑐) is the first eigenvalue of the simulated data once the

calibration target is embedded in the layer. We investigate the case when one wet spot is 
located in the polymer foam. The location of the wet spot was previously obtained in Fig. 2 
(bottom). We choose for the calibration and compare the dominant singular value from the 
simulation and theory. It is observed that for 𝜖𝑔 = 2.01, SE becomes minimum. So, the
retrieved value will be assigned to the located moisture, and the rest of the polymer foam 
will be assigned to the background value as depicted in Fig. 3. 

Fig. 3.  The estimated dielectric values of the reconstructed targets. 

V. Conclusions
In this manuscript, a TRI is proposed to obtain the permittivity of the wet-spots in the 
polymer foam. A closed-form expression for Green’s function of the three-layer medium is 
obtained using the SPA method. Then, using the derived Green’s function and applying the 
TRI, the location of the wet-spot was obtained. Moreover, it will be shown in another work 
that the proposed TRI can be applied to the medium with high-contrast layers.Later, we 
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compared the largest singular value from theory and simulation from the MDM matrix and 
retrieved the permittivity of the detected wet-spot.   
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Additive manufacturing of ceramic products is a challenging task in today’s materials 
science and technology. Two basically different approaches are being pursued in the 
implementation of this task: (1) additive production of a green ceramic part followed by 
sintering, and (2) localized sintering of a powder composition by a concentrated energy 
flow according to a 3D model of the final product. This paper reports recent results on the 
use of millimeter-wave and sub-terahertz electromagnetic radiation in the implementation 
of additive fabrication methods of ceramic products. 
The material under study was hydroxyapatite, Са10(РО4)6(ОН)2, which is a promising 
candidate for biomedical applications. The experiments were carried out with the 
hydroxyapatite powder GAP-85d (Polistom, Russia). The particle size of the powder was 
0.7 – 2 μm, and the specific surface area was 3 – 10 m2/g. The powder compositions for the 
experiments on layer-by-layer millimeter-wave sintering were prepared by colloidal 
processing. It was found that the optimal concentration of the dispersed phase of 
hydroxyapatite in an aqueous solution, required for the deposition of sufficiently dense, 
fracture-free homogeneous layers, was close to 35 wt. %. About 1 wt. % of surfactant 
(ammonium polyacrylate) was added to the suspension to improve the stability against 
aggregation. Sintered hydroxyapatite disks with a diameter of 8 mm and a density of 70% 
of the theoretical density were used as scaffolds. The disperse hydroxyapatite suspension 
layers were applied to the scaffolds by the doctor blade method. The thickness of each 
applied layer was 0.1 - 0.15 mm.  
The millimeter-wave sintering was carried out in the workchamber of the gyrotron system 
for high-temperature millimeter-wave processing of materials operating at a frequency of 
24 GHz with a maximum output power of 5 kW [1]. For improved uniformity of the 
temperature distribution within the heated body, the sample was placed in a cylindrical 
zirconia crucible which was built into the heat-insulating container made of a highly porous 
alumina-based material. The sample temperature was measured using a B-type 
thermocouple brought in direct contact with the powder layer. The accuracy of temperature 
measurements was no worse than ± 5 °C in the temperature range 1000 – 1450 °C. 
The sintering process was carried out at a residual air pressure of about 1 Pa. At the initial 
stage, the sample was heated to 800 ° C at a relatively slow rate of 10 °C/min in order to 
remove the surfactant and water vapor adsorbed on the particles of the powder material. 
Then the heating rate was increased to 20 °C/min, and the sample was heated to a 
temperature of 1150 °C with no isothermal hold. The millimeter-wave power required for 
heating did not exceed 400 W. To create a multi-layer sample, application of a 
hydroxyapatite suspension layer and the sintering procedure was repeated. A more detailed 
description of the experimental procedure can be found elsewhere [2]. 
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Shown in Fig. 1 (a) is a SEM image of an obtained 5-layer sample. It can be seen that the 
layers are parallel and uniform. At higher magnification (Fig. 1 (b)) it can be seen that there 
is a significant remaining porosity in the sintered layers, and at some portions of the 
boundary between layers there are chains of pores. It should be noted that it was not 
intended to sinter the material to full density, and the processes were performed without the 
isothermal stage of sintering. The porosity remaining in the periphery of the sample is 
beneficial for some biomedical applications since it facilitates penetration of natural tissues 
into the biocompatible ceramic implant.  
At the fractured surface of the sample there is a layered structure, visible due to the density 
gradient within each layer. It occurs that during the application of the hydroxyapatite 
suspension, too intense absorption of moisture occurs in the porous substrate. The 
hydroxyapatite particles do not have time to reorganize and form an agglomerated coral-
like structure with significant porosity. The packing density of the particles in each layer 
increases with increasing distance from the substrate because the absorption of water slows 
down. This structure is inherited in microwave sintering. This results in a high density, in 
excess of 90%, at the top of each layer and a low density of about 70% in the areas 
adjacent to the previous layer. The pore size is determined by the granulometric 
composition of the powder, and in the described case it is a few microns. However, in the 
volume of the layers large pores, of the order of tens of microns in size, are also found, 
originating from an entrainment of air into the suspension during mixing and application. 
Therefore, in order to improve the uniformity of the layers and regulate the porous 
structure it is necessary to optimize the rheology of the suspension and to adjust the 
absorbing properties of the substrate by changing the pre-sintering temperature and/or 
moistening the substrate to a certain level. 
The microhardness measurements accomplished on the samples have yielded the values of 
3.1 – 3.4 GPa in the sintered scaffold and 0.3 – 0.4 GPa inside the individual layers. No 
delamination of the layered structure was observed after indentation. 

(a)                                                               (b) 
Fig. 1. SEM images of a fractured surface of a multi-layer 
hydroxyapatite sample obtained by repeated layer-by-layer 
millimeter-wave sintering (a) and a magnified image of a boundary 
between two of the layers (b). 

A separate series of experiments was undertaken to demonstrate feasibility of heating by 
sub-terahertz radiation beams to achieve ultra-rapid, strongly localized consolidation of 
hydroxyapatite powder [3]. In these experiments, electromagnetic radiation from a sub-
terahertz gyrotron operating at a frequency of 263 GHz with a maximum power of 1 kW 
was focused into a spot with a size of about 2.5 mm using a purposely designed radiation 
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transmission line [4]. The hydroxyapatite powder was placed in a rectangular crucible 
made of porous alumina to from a powder layer with a length of 57 mm, a width of 12 mm 
and a thickness of 2.5 mm. The crucible with the powder was positioned under the sub-
terahertz radiation beam at such a level that the focal point was slightly beneath the surface 
of the powder layer. Upon turning the gyrotron power on, the crucible was held still for 
about 5 s to provide initial heating of the powder at the starting point. Then the crucible 
was displaced relative to the beam at a velocity of about 0.5 mm/s, which was adjusted 
continuously so that uniform glowing of the heated powder could be observed. The 
gyrotron output power required to implement this heating regime was found to be about 
100 W, which provided a radiation intensity of about 2 kW/cm2 in the focal spot. As a 
result of processing, localized consolidation has been achieved in a strip with a width of 3–
5 mm over the entire depth of the powder layer. These first experimental results indicate 
that the use of focused beams of millimeter-wave / sub-terahertz radiation can be a 
promising approach in developing additive methods of ceramic products fabrication based 
on localized consolidation. 
In a similar manner, lower-frequency millimeter-wave radiation can be used for the same 
purpose, with a corresponding increase of the focal spot size. Densification of a layer of 
hydroxyapatite powder under localized heating by a Gaussian beam of 24 GHz millimeter-
wave radiation was simulated within a quasi-3D model: a two-dimensional heat transfer 
equation with respect to transversal coordinates was complemented by heat removal 
conditions on the top and bottom surfaces of the layer. The heat removal was via thermal 
radiation which corresponds to the processing in vacuum. The absorbed microwave power 
was calculated at each time step using the experimentally obtained temperature 
dependencies of the complex dielectric permittivity of hydroxyapatite [5]. The dependency 
of the complex dielectric permittivity on density was accounted for using the effective 
medium approximation. The dependency of thermal conductivity of hydroxyapatite on 
temperature and density was taken into account in a similar manner using the data from [6]. 
The evolution of density during sintering was simulated using the master sintering curve 
approach [7]. The master sintering curve was constructed using the optical dilatometry data 
obtained in purposely designed millimeter-wave sintering experiments carried out at 
constant heating rates. The change in density was calculated at each time step of the 
simulation after computing the temperature distribution, assuming that the material is 
supplied to the zone of intense densification from the surrounding regions. The stresses 
associated with that were neglected. 
Shown in Fig. 2 are the simulation results for the case when a 24 GHz Gaussian millimeter-
wave beam with an effective radius of 1.8 cm moves at a velocity of 1 mm/s along a 
compacted hydroxyapatite workpiece with an initial relative density of about 0.54. The 
millimeter-wave power was chosen at such a level that an almost full density of the sintered 
material was achieved at the beam axis. The total radiation power absorbed in the 
workpiece in the steady state was about 945 W in this example. It can be seen from a 
comparison of Figs. 2a and 2b that the width of the region in which a high density of the 
sintered material is achieved is significantly less than the characteristic width of the 
temperature distribution, and even less than the effective width of the Gaussian beam.  
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(a) 

(b) 

Fig. 2. Distributions of temperature (a) and relative density (b) over a layer of 
hydroxyapatite powder heated by a focused Gaussian radiation beam with an effective 
radius of 1.8 cm, starting at (x = 5 cm, y = 5 cm) and moving along the x direction at a 
velocity of 1 mm/s, at the moment when the beam center arrives at (x = 25 cm, y = 5 cm). 
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In conclusion, this work demonstrates the potential of utilizing millimeter-wave and sub-
terahertz radiation in the development of additive fabrication methods of ceramic products. 
The concentration of the radiation energy in the radiation beam is determined by the power 
of the radiation source and the electromagnetic wavelength, varying from 1.5 to 25 kW/cm2 
in the frequency range 24 – 263 GHz. In particular, this makes it possible to develop 
applications aimed on creating ceramic products with graded porous structures of different 
scale for enhanced biocompatibility.  

This research was supported by Russian Foundation for Basic Research, grant # 18-29-
11045.  
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Electron Paramagnetic Resonance (EPR), or electron spin resonance (ESR), spectroscopy 
is a technique used to study free radicals or materials containing unpaired electrons 
(paramagnetic). The fundamental principles of EPR are similar to those of Nuclear 
Magnetic Resonance (NMR), with the main difference that it is electron spins that are 
probed rather than the spins of atomic nuclei. The larger energy gap between the electron 
spin states, compared to the nuclear spin states, requires the use of microwave (MW) 
frequencies for spin excitation rather than radio frequencies as is typical in NMR. Most of 
the EPR detection methods, in particular at X-band frequencies, involve the use of 
resonant cavities where the magnetic component of the MW is used for spin excitation. 

Here we show that dual mode MW resonant cavities, using a ca. 9.5 GHz frequency for 
EPR detection and a ca. 6.1 GHz frequency for sample perturbation [1], offers new and 
exciting opportunities for sample interrogation and method development that are not 
possible with ordinary single mode resonant cavities, opening up exciting avenues for 
chemists and materials scientists. 

Firstly, the electric field of the 6.1 GHz MW can be used to induce rapid, volumetric 
heating of a solution via electric dipole absorption, whilst the 9.5 GHz frequency 
simultaneously detects EPR spectra of the sampled paramagnetic species. Generating a 
short MW pulse at 6.1 GHz can in theory result in a rapid T-jump which, for instance, can 
lead to populate non-equilibrium reactive intermediate states for the study of reaction 
kinetics. Furthermore, it offers the possibility of using EPR resonators as MW reactors, 
and thus accelerating reaction times during EPR detection. Secondly, such dual mode 
resonators offer possibilities to interrogate molecular dynamics (as well as spin exchange 
phenomena) over much faster time frames when compared to conventional heating 
methods. This is exemplified here by probing the temperature-induced variation of 
rotational dynamics of the 16-doxyl stearic acid methyl ester (16-DSE) spin probe grafted 
on the surface of sodium dodecyl sulphate (SDS) micelles [2]. 
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In this contribution authors show the usage of several coaxial filters that avoid microwave 
leakage when using metallic mode stirrers within microwave multimode cavities. We 
describe the simulation schemes and characteristics for the different coaxial filters 
employed when introducing the metal axis of the mode-stirrer in the applicator. 
Additionally, the measurement setup that allows to validate the filtering capabilities is also 
described in detail. Figure 1 shows the cross-section scheme of a typical multimode 
microwave cavity. A waveguide feeding port is used to introduce the microwave energy in 
the cavity. The movement of the mode stirrer causes different electric field distribution 
patterns within the cavity and the material which may result in the reduction of cold and 
hot spots. Metallic materials are preferred versus dielectric ones to manufacture stirrers 
because metals are more effective than dielectrics to reflect and stir the microwave energy. 
However, when the metallic axis of the mode stirrer goes through the cavity walls a 
coaxial line is generated and the microwave electric field may leak through the coaxial port 
very easily. Several coaxial filtering structures are evaluated and validated to prevent 
electric field scaping from the applicator. 

Fig. 1. Cross-section scheme of a microwave multimode cavity with a rotating metallic 
mode stirrer and coaxial filters to prevent microwave leakage 
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Abstract 

High temperature microwave applications (>800 °C) have become more relevant in the past 
20 years. Applications in glass melting and ceramic sintering have since reached the market. 
These market applications require reliable information about long term stability of used 
materials, especially refractory materials with microwave interaction. Microwave 
interaction, in particular absorption and transmission, strongly depends on material 
composition, density and so on. Available data is scarce for temperatures above 800 °C.   
Within this paper, we present a simple apparatus for qualitative determination of microwave 
absorption, reflection and transmission, based on modified WR340 waveguide with a 
magnetron and a pyrometer. Input power and reflected power were measured using a 6-port 
reflectometer, transmitted power was measured using a directional detector. The materials 
were tested regarding the absorption behavior under worst case conditions (moving short 
and adjusted impedance) and under near perfect transmission, with the moving short 
replaced with an absorber. Material temperature over time was measured while applying 
600 W microwave power to predefined samples. 
We present results for refractory materials commonly used in glass melting applications (e.g. 
silica, alumina and alumina-zirconia-silica). Most refractory materials will heat rapidly until 
material failure under worst case conditions like 100% absorption, with the exception of 
silica. Under transmission conditions most refractories won’t show a significant temperature 
rise, only alumina showed significant heating, but all stones remained undamaged.  
The results imply some material combinations from conventional glass melting furnaces to 
be usable in microwave heated systems.  

1. Introduction

For the use of refractory lining in microwave ovens, not only the properties of resistance are 
of great importance. The behaviour under the influence of electromagnetic waves is also 
important. In the literature there are only a few reliable values. Therefore, selected refractory 
materials (Table 1) were examined more closely.  

The literature sources show that the values increase with increasing density and temperature 
[1–5]. This means that a greater absorption is to be expected. It should be taken into account 
that these figures do not give any information with regard to the reflection and transmission 
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of a brick. In addition, the temperatures given are usually lower than the ranges relevant for 
the kiln. Therefore, only a rough estimate would be possible. In addition, in many works the 
values are given in other frequencies than the 2.45 GHz used in the investigations. However, 
it is clear from frequency curve data, such as that of the quartz and the aluminium silicate, 
that the values are strongly frequency-dependent [6, 7]. Therefore, extrapolation is difficult. 
The greatest difficulty for the transferability of the literature values to the intended 
experiments lies in the material available. Refractory bricks can, for example, be pressed or 
fused cast [8]. As a result, the samples have very different structures in their microstructure. 
Moreover, it is difficult to estimate how the percentage composition and combination of the 
individual components (Al2O3, SiO2, ZrO2, Fe2O3 and Na2O) affect the behaviour under 
microwave influence.  

1. Experimental set-up and execution

Two methods were used to investigate the refractory lining. One was the absorption 
measurement and the other the transmission measurement. 

Fig. 1. Refractory test facility with (1) waveguides, (2) magnetron, (3) 3-stub tuner with 6-
port reflectometer, (4) cavity with pyrometer bracket 

For the absorption measurement, a magnetron was used as a microwave source with a power 
of up to 3 kW. The microwave measuring device used was a 6-port reflectometer in front of 
the sample and a directional detector behind the sample. The sample was monitored by 
means of temperature measurement. Temperature was measured on the top side using a 
pyrometer. The applicator is a modified WR340 waveguide, to which an end plate is 
connected (Fig. 1). With this arrangement, an absorption of almost 100 % can be achieved 
in some specimen, which represents the extreme case of the radiation maximum in the 
refractory lining. 

As shown in Fig. 2, a directional coupler with a connected water load was also put into 
operation for the transmission measurement. This makes it possible to determine the 
transmitted radiation in addition to the incoming and reflected radiation, which was 
determined by the autotuner. During this series of tests, the readjustment by means of the 
autotuner was switched off. This means that no impedance influence can take place and a 
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pure transmitted radiation measurement can be made. For the transmission measurement, it 
is important to determine how much power is absorbed by the stone. This makes it possible 
to estimate which stones can be used in industrial plants with microwave heating. Therefore, 
the transmitted power is determined with a directional coupler. 

Fig. 2. Refractory test facility with (1) wave guides, (2) magnetron, (3) 3-stub tuner with 6-
port reflectometer, (4) cavity with pyrometer bracket, (5) directional detector, 
(6) water load

Due to the internal dimensions of the applicator, a theoretical dimension of 
84 mm x 40 mm x 30 mm was determined for each test specimen. A value of approximately 
600 W was specified as target input power and an irradiation time of 30 min. For security 
reasons the experiment was terminated, if the specimen reached a surface temperature above 
1000 °C. 

1. Measurement results and evaluation

Since a wide variety of materials are used in industrial plants, specimen were chosen for the 
investigations that differ both in their composition and in their production (Table 1). 

By means of absorption measurement, the heating behaviour of the individual samples could 
be mapped. Here, the fused cast products show a very steep gradient with 100 – 150 K/min 
heating rate at 600 W. Especially, the fused cast alumina (FC-A_01) reached 1000 °C after 
approx. 10 min of irradiation at 600 W (Fig. 3). The fused cast zirconia (FC-Z_01) shows a 
temperature kink after 2-3 min heating time. This represents the point in time at which the 
specimen cracked, as can be seen in Figure 4, Number 3. The zirconium silicate (ZS_02) 
also cracked during the absorption measurement (Fig. 4, Number 8). In Figure 3, this point 
in time is visible after 9 min, as the graph has a small offset at this point. This specimen, just 
like the fused cast materials, has a relatively high density of 4.727 kg/dm³ (Table 1). The 
ceramic alumina-silica-zirconia (AZS_01) and the zirconium mullite (ZM_01) also show a 
steep gradient with regard to the heating behaviour with 120 K/min at 600 W.  
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Table 1. Density and composition of the refractory sample material 

Density Al2O3 SiO2 Fe2O3 ZrO2 Na2O Other 

[
kg

dm3
] [%] [%] [%] [%] [%] [%] 

Fused Cast  
Alumina-Zirconia-Silica 
(FC-AZS_01) 

4,018 46,7 12,0 0,3 40,0 1,0 0,0 

Fused Cast 
Alumina-Zirconia-Silica 
(FC-AZS_02) 

3,645 50,9 15,0 0,3 32,5 1,3 0,0 

Fused Cast Zirconia 
(FC-Z_01) 5,540 01,2 04,0 0,3 94,2 0,3 0,0 

Zircon-Mullite 
(ZM_02) 3,495 57,0 14,0 0,2 27,0 - 1,8 

Zircon-Mullite 
(ZM_01) 2,807 70,0 14,0 0,2 12,0 - 3,8 

Zircon-Silica 
(ZS_01) 3,776 - 31,5 0,1 65,0 - 3,4 

Zircon-Silica 
(ZS_02) 4,727 - 32,5 1,1 65,6 - 0,8 

Sillimanite 
(SM_01) 2,672 62,0 35,0 0,9 - - 2,1 

Alumina-Zirconia-Silica 
(AZS_01) 3,127 46,0 15,5 - 35,0 - 3,5 

Fused Cast Alumina 
(FC-A_01) 3,453 95,0 00,5 0,5 - 4,0 0,0 

Mullite 
(M_01) 2,701 74,0 25,0 0,2 - - 0,8 

Silica 
(S_01) 1,944 - 98,5 - - - 1,5 

Fireclay 
(F_01) 2,191 35,0 59,0 2,5 - - 3,5 

Fireclay 
(F_02) 2,415 40,0 54,0 2,0 - - 4,0 

Lightweight refractory 
(LW_02) 1,075 66,0 31,0 0,8 - - 2,2 

Lightweight refractory 
(LW_01) 0,820 54,0 42,0 1,1 - - 2,9 

The fireclay bricks (F_01, F_02) and the lightweight refractory bricks (LW_01, LW_02) 
were melted in the core during the tests, as can be seen in figure 4, number 1, 2, 5, 6. These 
measurements were stopped after a short time, because a clear temperature increase was 
measurable at the waveguide, despite the fact that the surface temperature of the bricks was 
not even 400 °C. The temperature of the zirconia bricks was also measured at the same time. 
With about 20 K/min the zircon mullite (ZM_02), the zircon silica (ZS_01) and the 
sillimanite (SM_01) show an moderate temperature gradient. On the sillimanite (SM_01) it 
is clear that some samples showed discolouration after irradiation (Fig. 4, Number 7). This 
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was also the case for FC-AZS_01, ZM_01, FC-Z_01, FC-AZS_02 and ZS_02. The sample 
with the lowest gradient is silica, as shown in Fig. 3. The value here is 10 K/min. 

Fig. 3. Surface temperature during the irradiation with 600 W for 30 min and an absorption 
of 100 % of refratory materials of Table 1 

Fig. 4. Refractory materials after irradiation with 600 W for 30 min and an absorption of 
100% : (1) F_01, (2) F_02, (3) FC-Z_01, (4) FC-AZS_01, (5) LW_01, (6) LW_02, (7) 
SM_01, (8) ZS_02, (9) ZM_02 of table 1 
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In order to be able to map the properties of the individual samples under microwave 
influence, the transmission measurement was carried out. In contrast to the absorption 
measurements, the maximum field in the transmission measurements should not be in the 
core of the sample. Instead, the microwaves pass through it. The transmission and reflection 
were measured. The absorption could then be calculated from the difference between 
incoming power and reflection and transmission. Some of the results are shown relative to 
the incoming power in Fig. 6. The transmission factor, absorption factor and reflection factor 
were calculated according to the same principle.  

Fig. 5. Transmission factor, Absorption factor, Reflection factor of refractory materials of 
table 1 at 30 °C 

No optical change was visible in any of the samples after irradiation for 30 min at 600 W. 
No additional heating could be installed from the outside. Therefore, no identical 
temperature curves could be recorded (Fig. 6). This means that a direct comparison of the 
individual materials is only possible at 30 °C. Fig. 5 does not show a clear tendency as to 
which components and manufacturing processes cause good absorption, reflection or 
transmission.  

With regard to the transmission factor, mullite (M_01), sillimanite (SM_01) and zircon 
mullite (ZM_02) show high values of over 0.8. These are followed, in the range of 0.2 to 
0.8, by fused cast zirconia (FC-Z_01), fused cast AZS (FC-AZS_02), fireclay bricks (F_01 
and F_02), lightweight refractory bricks (LW_01 and LW_02), silica (S_01), zircon silicate 
(SZ_01) and zircon mullite (ZM_01).  

The samples with the highest absorption are the fused cast alumina (FC-A_01), the fused 
cast AZS (FC-AZS_01), the zirconium silicate (ZS_02) and the ceramic AZS (AZS_01) 
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have a very low transmission factor, below 0.2. Overall the absorption factor was below 0.2 
for most samples. 

With regard to reflection, the fused cast AZS (FC-AZS_01) and the zircon silicate (ZS_02) 
have very high values of over 0.6. The lowest reflection factors, below 0.1, are found in the 
mullite (M_01), the sillimanite (SM_01) and the zircon mullite samples (ZM_01 and 
ZM_02). The other samples listed in table 1 have a reflection factor of 0.1 to 0.6. 

Fig. 6. Absorption (Abs), Transmission (Trans), Reflection (Ref) and surface Temperature 
(Temp) of Lightweightrefractory (LW_01), Fireclay (F_02) and Fusedcast alumina (FC-
A_01) after the irradiation with 600 W for 30 min and without an absorption of 100 % 

For almost all refractory materials, an increase in absorption and a decrease in transmission 
with increasing temperature was also observed. Only the fused cast alumina (FC-A_01) 
shows a clear increase in absorption at the beginning, but this becomes constant after 5 min 
of irradiation and after 15 min (Fig. 6). 

1. Conclusion

The absorption measurements showed that bricks with a high density have a particularly 
good heating behaviour with a large heating gradient. In contrast, bricks with a low density 
and high porosity, such as the lightweight refractory bricks (LW_01 and LW_02), melted 
in the core. This was usually followed by fluid leakage on the underside. Likewise, 
materials with a comparatively high iron oxide content, such as the fireclay bricks (F_01 
and F_02), showed fluid leakage on the side. It can be concluded from this that the 
microwaves couple particularly well into these components. Based on the measurement 
results, no statement can be made as to which components of the refractory bricks 
influence good or bad heating behaviour. The heating curves show a stronger and weaker 
gradient independent of the chemical composition. Only the silica (S_01) shows the lowest 
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heating. This sample has the highest proportion of silicon oxide, of all the sample materials 
examined. This suggests that this component contributes to a low heating. 

According to the transmission measurements, no clear statement can be made on which 
material values the absorption, transmission and reflection depend. It is a combination of 
many material properties. These are the chemical composition, the type of processing 
(fused cast or pressed), the density and porosity, as well as the thermal conductivity and 
specific heat capacity. Furthermore, the structure of a refractory material could have an 
influence on its behaviour under microwave irradiation. 

Nevertheless, it can be assumed that a high proportion of aluminium oxide results in good 
transmission. This also applies to bricks with a high proportion of silicon oxide, where 
there is also a relatively high reflection. It was also found that lightweight refractory bricks 
with a low density and high porosity transmit microwaves very well.  

References 

[1] SHANG, Xiaobiao ; DI ZHAI ; ZHANG, Fucheng ; WEI, Cong ; CHEN, Junruo ; LIU,
Meihong ; PENG, Jinhui: Electromagnetic waves transmission performance of
alumina refractory ceramics in 2.45 GHz microwave heating. In: Ceramics
International 45 (2019), Nr. 17, S. 23493–23500

[2] DI ZHAI ; ZHANG, Fucheng ; WEI, Cong ; BAI, Yongzhen ; ZHU, Liyue ; LI,
Guangchao ; SHANG, Xiaobiao ; SUN, Junfeng ; CHEN, Junruo ; LIU, Meihong ;
PENG, Jinhui ; GU, Huabin: Dielectric properties and electromagnetic wave
transmission performance of polycrystalline mullite fiberboard at 2.45 GHz. In:
Ceramics International 46 (2020), Nr. 6, S. 7362–7373

[3] ARTHUR VON HIPPEL: Dielectric Materials and Applications England (1954)

[4] NELSON, S. ; LINDROTH, D. ; BLAKE, R.: Dielectric properties of selected minerals at
1 to 22 GHz (1989)

[5] MIN KYU PARK ; NA NEUL KIM ; SEUNG SU BAEK ; EUL SON KANG ; YONG KEE
BAEK ; DO KYUNG KIM: Dielectric properties of alumina ceramica in the microwave
frequenzy at high tmperature : Solid State Phenomena, 2007

[6] SHANG, Xiaobiao ; DI ZHAI ; LIU, Meihong ; CHEN, Junruo ; ZHANG, Fucheng ; WEI,
Cong ; BAI, Yongzhen ; LI, Guangchao: Dielectric properties and electromagnetic
wave transmission performance of aluminium silicate fibreboard at 915 MHz and
2450 MHz. In: Ceramics International 47 (2021), Nr. 6, S. 7539–7557

[7] W. B. WESTPHAL ; A. SILS: Dielectric Constant and Loss Data : Technical Report
AFML-TR-72-39 (1972)

[8] GERALD ROUTSCHKA ; HARTMUT WUTHNOW: Taschenbuch Feuerfeste Werkstoffe
(2007)

28

http://creativecommons.org/licenses/by-nc-nd/4.0/


18th International Conference on Microwave and High Frequency Applications 

AMPERE 2021, Gothenburg, Sweden, September 13-16, 2021 

ATMOSPHERIC MICROWAVE PLASMA SOURCE AND DOWNSTREAM 
SOURCE: CHARACTERISTICS AND INDUSTRIAL APPLICATIONS 

J. Hofmann1, R. Mueller1, M. Gorath1, M. Dingeldein1, K.-M. Baumgärtner1, A. Schulz2,

M. Walker2

1MUEGGE GmbH, Hochstrasse 4-6, D-64385 Reichelsheim (Odenwald), Germany 
2University of Stuttgart, Institute of Interfacial Process Engineering and Plasma 

Technology (IGVP), Pfaffenwaldring 31, D-70569 Stuttgart, Germany 

jens.hofmann@muegge.de 

Keywords: Microwave, Industrial applications, Plasma applications, Scale-up, Chemistry, 

Renewable energy 

High densities of high-energy electrons, ions and highly reactive radicals in particular are 

main characteristics of both microwave plasma torches operated at atmospheric pressure 

and downstream plasma sources working in the pressure range of a few mbar. This is due 

to the high field concentration formed in the resonant cavity of the microwave plasma 

sources. In this region, the plasma is ignited and sustained. Gas temperatures of up to 

3500 K in the core of the plasma were determined by optical emission spectroscopy. Both 

types of plasma sources generate a contact-free plasma while ensuring stable operation in a 

wide parameter range concerning type of gas, working gas flow and microwave power (i.e. 

microwave power of up to 10 kW at 2.45 GHz and of up to 100 kW at 915 MHz). 

These characteristics are essential prerequisites for significant enhancement of chemical 
kinetics and for thermal conversion of materials (heating and even melting of materials like 
metals and glass) in climate-neutral processes by application of energy from renewable 
sources. Power-to-X processes – e.g. Power-to-Chemicals and Power-to-Gas, inter alia 
applied for the decrease of greenhouse gases – are prominent industrial application fields 
of atmospheric microwave plasma torches and downstream plasma sources. 
A carbon-free, circular economy is required to decrease greenhouse gas emissions like 
carbon dioxide (CO2). Green hydrogen (i.e. H2 produced by use of energy from renewable 
sources) is a commonly proposed alternative to the carbon-based economy. The conversion 
of natural gas like methane (CH4) into green H2 and acetylene (C2H2) as feedstock in the 
chemical industry – without formation of CO2 – by application of microwave plasma 
sources on laboratory level has been successfully studied since many years. CH4 
conversion rates of more than 90% and selective C2H2 yield of more than 80% with 
2.45 GHz plasma sources at power levels below 2 kW were reported [1]. New 
developments in microwave plasma torches and downstream plasma sources at much 
higher power levels of up to 100 kW by use of 915 MHz microwave technology enable 
successful upscaling and transformation of these Power-to-Gas and Power-to-Chemicals 
processes from laboratory level to industrial applications. Compared to results achieved on 

laboratory level, the proportionate energy consumption on industrial scale could be reduced 

by approximately one order of magnitude, without losing efficiency in CH4 conversion and 
in selective C2H2 yield, respectively [2]. 
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Dimensionless numbers, which are frequently used in fluid dynamics and thermal 
engineering, are important to generalize transport phenomena. Because a useful 
dimensionless number for dielectric heating of microwave, which is attractive to enhance 
effectiveness of various processes, has not been proposed, the difference between thermal 
effects and non-thermal effects has not been clear. In previous study [1], dimensionless 
number, which is related to non-equilibrium local heating of microwave, was introduced. In 
this study, we verify the effectiveness of the number through boiling and quick responses of 
interfacial tension between oil phase and water phase when water phase shows different 
penetration depth due to the different salt concentration. Figure shows maximum interfacial 
tension obtained at each stage during pulse microwave irradiation for different 
concentrations of NaCl. Larger interfacial tension means surfactant desorption by energy 
concentration of microwave absorbance at the interface. In order to obtain this behavior 
efficiently, the irradiation mode must be cared so as not to cause boiling for the local heating, 
and our dimensionless number with the penetration depth can become a good index. In 
particular, effective interfacial modification by microwave was shown when dimensionless 
number is around 50. In this way, it was shown that energy concentration within penetration 
depth must be considered for interfacial modification by microwave effect. 

Fig. Relation between interfacial tension and dimensionless number. 
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COMBINATION MICROWAVE OVEN 

S. Isaksson1, M. Thorén1, E. Larsson2, N. Lorén1, C. Öhgren1, T. Rydholm1, R. Mokso2, F.
Marone Welford3, F. Schott2, S. Hall, B. Wäppling Raaholt1

1RISE, Box 5401, Gothenburg, Sweden 
2Division of Solid Mechanics, Lund University, Box 117, Lund, Sweden 
3Paul Scherrer Institute, Villigen, Switzerland 
Sven.Isaksson@ri.se, Birgitta.Raaholt@ri.se  

Keywords: microwave, baking, Synchrotron X-ray microtomography, 4D, in-situ, bread, 
gluten, flour 
There is a need in food industry to produce high quality bread and bakery products with 
reduced energy use. Microwave baking provides fast volumetric heating and is 
significantly more energy efficient than conventional baking alone [1]. There is an interest 
in gaining deeper understanding of the baking process in relation to the formulation and 
the properties of the flour, as well as to oven design.  
A pre-study was made to use in-situ time-resolved 4D Synchrotron X-ray 
microtomography (SRµCT) to visualize the volume expansion of dough into bread, during 
the baking process (performed at the TOMCAT beamline, PSI, Villigen, Switzerland). The 
effect of flour protein content and conventional and microwave heating on the bread 
baking result was investigated. A combination oven (Electrolux OOM1000CZ) was 
modified and adapted to conditions at the beamline. In this presentation, baking results are 
presented, together with preparations for the experiment, taking into account e.g. practical 
conditions at the beamline, microwave safety and oven geometry. The project is 
coordinated by RISE and is a collaboration between RISE, Abdon Food, Division of Solid 
Mechanics, Faculty of Engineering at Lund University, with funding from Vinnova, 
Sweden’s innovation agency (Ref. number: 2019-02572, [3]). 

 
Figure 1. Schematic illustration of 
experimental setup.  
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acknowledged for valuable discussions
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perspective.
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The interdisciplinary problems between microwave and materials have attracted extensive 
attractions nowadays because of the fast development of microwave materials processing 
and novel RF/microwave components using advanced materials. Herein, we are going to 
focus on the interaction between microwave and powder materials/ultra-small particles.  

Microwave heating bulk materials has been widely researched. However, microwave 
heating ultra-small particles has been barely researched. But it becomes more and more 
important in areas including microwave processing nanomaterials, microwave 
decontaminating respirator, etc. For simplification, uniform plane microwave heating a 
single sphere was analyzed here. The scattering and absorption performance of the sphere 
follows the Mie theory. When the radius of the sphere is way smaller than the wavelength 
of the electromagnetic wave, Rayleigh approximation can be applied to calculate the 
scattered and absorbed microwave energy. Then we found that the absorbed microwave 
energy is in direct proportion to the volume of the sphere. Thus, the temperature rise would 
be a constant (without varying with the size of the sphere) under ideal thermal isolation 
boundary condition. But practically, thermal convection and emission occur if temperature 
gradient exists. Then a single ultra-small sphere in air with smaller size would be harder to 
be heated by microwave because of the larger surface to volume ratio.  

Microwave heating compressed powder samples would be another situation since a 
compressed powder samples consists of tremendous numbers of ultra-small particles. 
These particles cause large numbers of pores and the whole sample has very large 
collective surface areas. Consequently, the powder sample and bulk sample of the same 
material may have distinctive performance in microwave heating. For example, the reason 
why metallic powders absorb microwave while bulk metal reflect microwave is that the 
surface current on the large collective surface of powder sample generates high amount of 
heat. 

Besides microwave processing materials, the powder samples can also be used to build 
novel microwave devices. Recently, we build an isolating bandpass filter by placing a 
plane ferrite on two parallel microstrip lines. After loading a compressed powder sample 
consisting of Cu+CuO, the isolation of the nonreciprocal filter can be improved by 3dB, 
without degradation on other parameters, such as the insertion loss.  
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Introduction 
The emergence in recent years of high-power solid-state microwave generators has 
resulted in increased interest in applicators with coaxial inputs. Such applicators can also 
be fed from a cheaper alternative – the magnetron. Traditionally, magnetrons are coupled 
to rectangular waveguides using waveguide launchers. Magnetron Rieke diagrams 
published in the datasheets are with respect to a specific reference launcher, the 
dimensions of which are provided in the datasheets. A generally accepted reference 
launcher for low-power 2.45 GHz magnetrons has been standardized by the EIAJ. 
To feed a coaxial applicator using a waveguide launcher, an additional waveguide-to-
coaxial adapter is needed, making the whole system clumsy and unnecessarily bulky. An 
alternative is a coaxial launcher (CL), where the magnetron is coupled directly to a coaxial 
line. It is particularly appealing because the magnetron antenna is inherently a coaxial 
structure. 
In this paper, we present the design procedure and experimental results (Rieke diagram) of 
a noncontacting CL with 7/8'' EIA coaxial output, appropriate for a class of 2.45-GHz 
magnetrons with powers up to about 1.5 kW. We have designed the CL for the Panasonic 
2M244 magnetron, a good representative of this class. We carried out the design using 
electromagnetic simulation. 

Magnetron Launcher 
A magnetron launcher is a microwave component used to establish an optimal coupling 
between the magnetron’s internal resonator system and an external load. There are two 
conflicting design criteria: (a) for a matched external load, a highest possible magnetron 
efficiency should be attained; and (b) for mismatched loads with varying phase, the 
variation of the generated frequency (frequency pulling) should be as small as possible. 
The first requirement generally calls for a strong coupling, i.e., a heavily loaded internal 
resonator, while the second requirement demands a weak coupling [1, 2]. A reasonable 
compromise has been established by magnetron developers when designing waveguide 
reference launchers (RL), to which magnetron performance charts and Rieke diagrams are 
related. While designing a launcher from scratch would be practically impossible for an 
application engineer, a more feasible method is to ensure that a magnetron installed in a 
new launcher behaves the same as when installed in an existing RL. This is the basic idea 
behind the design of our CL.  

Extended Launcher 
Because magnetron antennas physically intrude into launchers, the launchers cannot be 
treated per se but only in conjunction with at least an antenna portion of the magnetrons. 
We will refer to such a conjunction as to an extended launcher. Electrically, an extended 
launcher is a linear two-port network that transforms a conveniently defined and 
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measurable external load reflection coefficient R at an output port 2 to a suitably chosen 
magnetron internal reflection coefficient x at an input port 1. As shown in Fig. 1, we 
found such a suitable x for the 2M244 magnetron. The antenna structure includes a 10-
mm long section of a 2 mm/9 mm coaxial line with characteristic impedance Z01 = 90.2 . 
The short choke in the outer conductor plays no role at 2.45 GHz. 

a)

Magnetron platform1

x

Antenna cap

Ceramic tube

2 mm/9 mm 
coax section

Magnetron 
body

Antenna wire

b)

1

Fig. 1. (a) Antenna of 2M244 magnetron; (b) antenna model with definition of internal 
reflection coefficient x and location of port 1 reference plane. 

The transform between R and x is governed by the network scattering matrix S, which 
now can be readily defined. The input reflection coefficient is 
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221
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S SS
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 = +

− 
( 1 ) 

A magnetron will have identical behavior in two different launchers if it perceives the 
same reflection coefficient x for numerically the same, albeit differently defined load 
reflection coefficients R. 
Since extended launchers are reciprocal and practically loss-free, their S-parameters are 
constrained by the relations 

11 22 212
11 22 21, , 1j j jS r e S r e S r e  = = = − ( 2 ) 

11 22
21 , 0, 1, 2 ...

2 2
n n  

 
+

= − + =   ( 3 ) 

Only three of these quantities are independent: r, 11, and 22 (the multiplier n is 
determined by the overall launcher length). The output phase 22 is of little relevance 
because it only affects the rotation of the Rieke diagram as a whole. Consequently, for 
design purposes, the launcher is sufficiently described by its S11 parameter. The design of a 
CL reduces to ensuring that S11 of the extended coaxial launcher (ECL) is as close as 
possible to that of the extended reference launcher (ERL). Formally, the task is to 
minimize in the magnetron tuning range the maximal absolute value of the error vector 

( ) ( ) ( )11 11 11Re f S f S f= − ( 4 ) 

where S11(f) refers to ECL and SR11(f) refers to ERL. The target frequency dependence 
SR11(f) must be known in advance.  

Extended Reference Launcher  
Fig. 2a shows schematically an extended reference launcher based on the 2M244 antenna 
structure according to Fig. 1 and the magnetron datasheet [3]. The R definition plane (port 
2) is located at the magnetron antenna axis. The launcher itself is characterized by three
main parameters: the waveguide inner dimensions ar (not shown in Fig. 2a) and br, and the
distance ds of the antenna axis from the short-circuited waveguide end. For a wide class of
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low-power 2.45-GHz magnetrons these dimensions are ar = 95.3 mm, br = 54.6 mm, ds = 
18.6 mm.  
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Fig. 2. Extended reference launcher (a) and its SR11 (b). 
The ERL structure is simple enough to be well amenable to electromagnetic simulation. As 
our simulation tool, we have used the Dassault Systems CST Studio Suite [4] throughout. 
There was an uncertainty about the antenna ceramic material, which could be either 
beryllium oxide BeO (r  6) or alumina Al2O3 (r  10). Our own measurements were 
inconclusive, leading to r = 8.1. Fortunately, the effect of r was found to be insignificant. 
As a compromise, we used r = 8 in all of our simulations.  
The frequency response SR11(f) in the range 2.2 – 2.7 GHz is shown in Fig. 2b. Using a 
range wider than necessary is good for detecting potential irregularities close to the 
operating band. At 2.45 GHz, SR11 = 0.68  -5.2. We stored the tabulated SR11(f) 
dependence into a Touchstone-format file. This file later served as the target for optimizing 
the coaxial launcher.  
Because the same reference launcher is specified for many magnetron models, a coaxial 
launcher designed for one magnetron type (in our case 2M244) will be applicable to a 
whole class of magnetrons.  

Launcher Design Procedure 
The basic procedure for designing a coaxial launcher (and, in fact, of any other launcher) 
can be summarized as follows: 
1. Devise a prospective CL internal structure that can potentially meet electrical as well

as mechanical criteria (some of which are listed in the next section).
2. Create an electromagnetic simulation model of the extended CL.
3. By varying the CL structure dimensions, verify the feasibility of the model by

comparing the simulated S11(f) of the ECL with the target SR11(f) of the ERL. Select
the two or three variables that are most suitable for optimization. Try to come up with
an initial guess of these parameters.

4. Run an optimization routine that minimizes the magnitude of the error function ( 4 ) in
an appropriate frequency range (e.g., an ISM band). Round off the found optimal
dimensions to 0.1 mm for the sake of manufacturability.

5. Thoroughly analyze the final structure for possible weak points (e.g., arcing or local
overheating, excessive sensitivity to certain dimensions and material parameters).

6. Build a CL prototype. Measure the Rieke diagram of a 2M244 magnetron installed in
the prototype. Repeat the same for the magnetron installed in a reference launcher.
Assess the success of the CL design by comparing the two obtained Rieke diagrams.

Designed Coaxial Launcher 
The CST model of the designed extended coaxial launcher ECL is shown in Fig. 3. The 
output is a standard 50- 7/8'' EIA coaxial transmission line (with inner and outer 
diameters 8.7 mm and 20 mm, respectively). We chose this type of the transmission line 
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because of its robustness and sufficient power rating, which is 1.5 kW at 2.45 GHz. The 
most natural reference plane (port 2), to which the load reflection coefficient R as well as 
the Rieke diagram will be related, is the launcher output flange. 

x

1

2

R

Magnetron 

body
To load

7/8'’ EIA

Antenna cup

Magnetron antenna

PTFE

Launcher 

platform

R1S1

 h1 z1

Fig. 3. CST model of the designed extended coaxial launcher (ECL). 
When conceiving the basic CL structure, we strived to meet the following criteria: 
1. The launcher should be as short as possible. We achieved an overall length for the

designed launcher of 69 mm.
2. The coupling with the magnetron antenna should be noncontacting (capacitive),

mainly to avoid the risk of sparking. Therefore, the inner CL conductor has the form
of a cup enveloping the antenna. The cup must be sufficiently wide and deep to
accommodate the slightly differing antenna dimensions of various magnetron models
considered for use with the CL. After examining the effect of the radial gap, we chose
its nominal width to be 2 mm.

3. The inner and outer conductors should provide a smooth yet not excessively long
transition from the antenna cup to the output coaxial line. We accomplished this using
a conical part that was about 13 mm long. Far from it being a truly smooth transition,
the cone is long enough to avoid an excessive step discontinuity.

4. The inner conductor should be kept firmly in position. We accomplished this via a set
of three PTFE spacers in combination with rims in the inner conductor and counterpart
grooves in the outer body.

5. Variables should be available for comfortable adjustment (by simulation) of the
launcher S11. A typical impedance transformation method calls for the introduction of
a controlled discontinuity at a defined distance from the input. We were able to
implement this principle by changing the height h1 and axial distance z1 of the rim R1
as well as the dimensions of the input spacer S1.

We created an optimization task in CST Design Studio that seeks, by varying h1 and z1, to 
minimize the magnitude of the error vector e11 ( 4 ) in the frequency range 2.4 – 2.5 GHz. 
As the target SR11(f) function, we used the Touchstone file obtained previously for the 
ERL. The contours of the resulting S-parameters in 2.2 – 2.7 GHz band in comparison with 
those of the ERL are presented in Fig. 4a. The thicker curve portions correspond to the 
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optimization sub-band 2.4 – 2.5 GHz. The distance |e11| between S11(f) and SR11(f) is less 
than 0.025 in this sub-band, as evidenced by Fig. 4b. This is a small difference, promising 
a nearly identical magnetron performance in both launchers.  
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Fig. 4. a) S-parameters of the designed ECL (red) in comparison with ERL (green). 
b) Difference e11 between S11 (of ECL) and SR11 (of ERL). The thicker curve portions

correspond to the optimization sub-band 2.4 – 2.5 GHz. 
The transmission parameters S21 and SR21 are mutually phase-shifted (the shift is 132 at 
2.45 GHz); also, the S21 contour is longer. This suggests that the ECL is electrically longer 
by a free-space distance of about 45 mm. It conforms with the differing position of the 
output reference plane 2, which is located at the antenna axis of the ERL but at a distance 
of 39 mm from the antenna tip of the ECL. Physically, however, the CL is significantly 
shorter than the datasheet-recommended RL (69 mm vs. 170 mm). The differing phases of 
S21 for the ERL and the ECL results in a mutual rotation between their Rieke diagrams. 
The highest E-field strength in the whole ECL structure occurs within the interior of the 
magnetron, at the antenna wire close to the input plane 1. For an input power of 1.5 kW 
and a matched load, Emax = 726 V/mm. Outside of the antenna, (our main concern), Emax of 
merely 80 V/mm was detected at the edge of the antenna tip. This value is less than 3% of 
the air dielectric strength (3 kV/mm). In the ERL, the situation is very similar. 
The highest surface current density (Jmax  1.6 A/mm) also occurred in the antenna wire, 
this time at its junction with the antenna cap. The estimated power loss in the wire is a 
negligible 1 W per 10 mm of the wire length. In the CL alone, the lost power is similarly 
small. 
The results obtained for both Emax and Jmax suggest that, with regard to arcing and 
overheating, the CL should not behave worse than the well-proven waveguide RL. 

Rieke Diagram 
For the purpose of experimental verification, we built a CL prototype (Fig. 5). As an 
ultimate criterion of the design success, we measured the Rieke diagram of a 2M244 
magnetron installed in this CL. The experimental setup is shown in Fig. 6. The magnetron 
was water-cooled for better measurement repeatability. The measurement is based on a 
WR340 waveguide autotuner (S-TEAM STHT 1.4), which (a) automatically sets a 
sequence of tuning stub positions to approximately realize a predefined series of desired 
load reflection coefficients R; (b) for each setting, measures the actual R, the power PL 
absorbed in the waterload, and the generated frequency fg; and (c) writes the results to a 
text file, which will be further processed by a developed MATLAB procedure to create the 
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Rieke diagram. The load reflection coefficients R and, consequently, the obtained Rieke 
diagram, are referred to the plane of the launcher coaxial output (labelled 2 in Fig. 6). Full 
details of the measurement procedure are described in [5]. We used the same power supply 
and autotuner settings. Unlike [5], where R was moved along a rectangular grid, here R 
was stepped along circles of increasing radii. Thus, excessive jumps were avoided in PL, 
and hence in the magnetron temperature, which had degraded the data consistency. 

Fig. 5. Launcher prototype with a 2M244 magnetron ready to be installed. 

Magnetron

Launcher Autotuner

Power supply Waterload

7/8''-to-WR340 7/8'' EIA Line

2

A

R

 dh

 A

Fig. 6. Rieke diagram measurement setup. 
The autotuner inherently measures the load reflection coefficient A, referred to a plane A 
located at the axis of the tuning stub closest to generator. Between the launcher under test 
and this plane is a cascade consisting of a 224.8 mm long section of 7/8'' EIA transmission 
line, a coaxial-to-waveguide adapter (S-TEAM WTL171), and a section with length dh = 
132.3 mm of a WR340 waveguide internal to the autotuner. In order to compute R from 
A, the autotuner needs to know the scattering matrix of this network. We used theoretical 
values for the EIA line and the waveguide, and electromagnetic simulation of WTL171.  
Fig. 7a shows the set of the desired R (661 points). The points are spaced equidistantly; 
the maximal R magnitude is 0.7. Fig. 7b shows the actual R measured in the process. 
Evidently, the data tend to be expelled from the unstable sink area of the magnetron, where 
the generated frequency is very sensitive to load variations. 
Rieke diagrams obtained from the measured data are shown in Fig. 8a, b in the form of 
contours of constant frequency fg and contours of constant power PL. For comparison, we 
also measured the Rieke diagram of the same magnetron installed in a reference 
waveguide launcher (RL). The results are shown in Fig. 8c, d. It is evident that, apart from 
the expected overall rotation, the diagrams appear similar. A small visible difference is in 
the generated frequency fgm for matched load R = 0. In the case of RL, fgm = 2460 MHz, 
which is the specified 2M244 nominal frequency. In the case of CL, fgm = 2462 MHz. This 
minor 2-MHz shift will have no practical consequences.  
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The peak generated power is about 950 W in both cases. It is somewhat less than the 
1010 W specified in the datasheet. The reason is that the power supply available for our 
experiments provided lower anode voltage than the specified 4.35 kV. 
The circles with radius 0.2 are used for determining the frequency pulling figure fp, which 
is defined as the maximal frequency difference observed when varying the phase of a load 
reflection coefficient with |R| = 0.2 (VSWR = 1.5). For both launchers, fp  12 MHz. 
The datasheet [3] specifies it nominally as 10 MHz, with a maximum of 15 MHz.  
The circles with radius 0.6 represent the maximal permitted load reflection coefficient 
magnitude (VSWR = 4). In both launchers, the lowest generated power for this case is 
nearly the same (about 700 W). This means that in both launchers the power dissipated 
within the magnetron, and therefore the risk of its overheating, will also be the same.  

Conclusions 
We have developed a noncontacting coaxial magnetron launcher that is appropriate for a 
class of 2.45-GHz magnetrons with powers up to about 1.5 kW, with 7/8'' EIA coaxial 
output. The design was focused on the Panasonic 2M244 magnetron, a good representative 
of this class. We completed the whole design using electromagnetic simulation. We 
verified the performance of the developed coaxial launcher by measuring the Rieke 
diagram of a 2M244 magnetron installed in a launcher prototype and in a standard 
waveguide reference launcher, stipulated by magnetron manufacturers. The comparison 
proved practically equal magnetron behavior in both launcher types. The developed 
coaxial launcher, thanks to its small dimensions and straightforward signal flow, will be 
beneficial in installations with coaxial inputs. 
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The use of microwave sintering method (MW) in ceramic material processing has become a 
cutting-edge active area of research, primarily because the properties of ceramics depend 
strongly on the fabrication methods employed. The processing of a material using 
microwave radiation depends on its dielectric and magnetic properties as the electric and 
magnetic fields components interact with the material. The aim of this work is to study the 
mechanical and microstructural properties of strontium doped lanthanum manganite’s 
(LSM) ceramic materials sintered in two different mono-mode microwave cavities: one with 
maximum E-field (TE111) and other with maximum H-field (TE111) in the center of the 
cavity. It was observed variations on the densification and grain size depending on the 
excitation field employed.  
The samples were sintered by microwave at 1200 ºC and 1300 ºC with a holding time of 15 
min and conventional sintered at 1300 ºC with 2h of holding time to compare results. LSM 
samples sintered in the electric microwave (E-MW) have shown lower densification and an 
astonishing grain growth compared with the LSM samples sintered in the magnetic 
microwave (H-MW) under de same conditions. 
This shows the power of microwave technique for the consolidation of ceramic materials 
and the strong dependence of the field employed during the sintering process. These results 
are very promising with respect to obtaining controlled, tailored microstructures in ceramics. 

Fig. 1. Microstructure of LSM sintered material by a) E-field and b) H-field. 
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Abstract 
A new kind of intelligent control for industrial microwave heating system for drying 
applications is under implementation in the TOMOCON [1] project network. The idea is to 
control the amount of total microwave power inside the applicator based on available 
volumetric moisture distribution inside the material. To achieve this goal a microwave 
tomography (MWT) imaging module is integrated with the industrial heating system. The 
MWT is applied to reconstruct the moisture content distribution (in terms of complex 
permittivity) in a polymer foam of large cross-section during its continuous processing. For 
the reconstruction algorithm, we use a statistical inversion framework. Generally, in this 
framework, the real and imaginary parts are treated as statistically independent quantities in 
the prior formulation. Thus, often it is found that the reconstructed real and imaginary parts 
are spatially imbalanced. As a result, when mapping the respective reconstructed parts of 
complex-permittivity to the available dielectric charaterization of the foam, conflicting and 
incorrect moisture distributions can be obtained. Therefore, we present a sample-based prior 
model in the statistical inversion framework to improve overall reconstruction accuracy and 
spatially balance the real and imaginary parts. The method is demonstrated with 2-D 
numerical MWT data at 8.2 GHz for different moisture scenarios. 

1. Introduction
Controlled/localized heating in industrial microwave oven [2, 3] is paramount to address
hot-spot formation and thermal runaway issues . Therefore, system efficiency and processed
product quality may improve. Presently, we are working on a microwave oven technology
called HEPHAISTOS. The system is characterized by hexagonal geometry for the cavity
that supports a very high electromagnetic field homogeneity. Specifically, during drying of
a  porous polymer foam, thermal runaway and hot-spot formation occur [4].  Such situations
lead to low-quality processing and may even damage the industrial unit. Therefore,
automatic online control of power sources (magnetrons) to obtain a selective heating rate at
each stage of the drying process is one option to eliminate these problems. To apply such
precise control of power sources, non-invasive in-situ measurement of the unknown
distribution of moisture, especially dominant wet-spots, inside the material is required. Thus,
integration of microwave tomography (MWT) imaging modality operating in X-band range
[5] (from 8 GHz to 12 GHz)  with the drying system is proposed to estimate the moisture
content distribution in a polymer foam. Based on the MWT tomographic output, an
intelligent control strategy for power sources can be derived.
  Microwave tomography (MWT) applications in the industry are mostly for inspection and 
monitoring purposes, as reported in [6]. In the X-band frequency range, performing 
quantitative MWT imaging is challenging especially when detecting the moisture levels in 
a porous material with a large  cross-sectional dimension. Some prior information on the 
moisture levels and corresponding dielectric behavior of the foam is available. To integrate 
this prior information in the imaging algorithm, a statistical inversion approach based on the 
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Bayesian framework is applied in this work. In this framework, the real and imaginary parts 
are treated as statistically independent quantities in the prior formulation. Thus, often it is 
found that the reconstructed real and imaginary parts are spatially imbalanced. As a result, 
when mapping the respective reconstructed parts of complex-permittivity to the available 
dielectric charaterization of the foam, conflicting and incorrect moisture distributions can be 
obtained.  
  We present a sample-based prior model in the statistical inversion framework to improve 
overall reconstruction accuracy and spatially balance the real and imaginary parts. In our 
case, dielectric characterization of foam for wet-basis moisture level is available. Based on 
this information first we form a database of moisture distribution samples with different 
spatial variations. In these samples, dielectric values are chosen based on the dielectric 
characterization of the foam. In the second step,  to get the prior covariance structure, we 
use the dataset to estimate the second-order statistics. The proposed sampled-based prior 
approach is tested with the 2-D numerical scattered field data for three different cases of 
moisture content distribution. 

2. Microwave tomography setup and forward model
We consider a two-dimensional (2-D) foam domain Ωfoam = [−15,  15] ×  [−1.5,  1.5] cm
with an inhomogeneous moisture distrubution represented by relative permittivity ϵ𝑟 = ϵ𝑟

′ −
𝑗ϵ𝑟

′′ as shown in Fig. 1. The foam is surrounded by background domain Ω consisting of air
with 𝜖𝑏 = 1 − 𝑗0. For this 2-D numerical study, the antennas are modelled as �̂�-oriented
electric line source; 6 such line sources are placed in a transceiver mode at 5 cm from the 
top and bottom surface of the foam, respectively. Thus, a total of N = 12 antennas is used 
for the measurements. In general, the scattered electric field 𝐸sct under the illumination of
time-harmonic transverse magnetic (TM) incident field is governed by the following scalar 
volume integral equation [7]   

𝐸sct(𝑟) = 𝑘2 ∫ 𝐺(𝑟, 𝑟′)(ϵ𝑟(𝑟′) − ϵ𝑏)𝐸(𝑟′)𝑑𝑟′.

Ωfoam

 (1) 

The term is E the total electric field inside the foam. The wavenumber of the background 
medium is denoted by 𝑘. The term 𝐺(𝑟, 𝑟′) is the free-space Green's function. The source
and the observation points are denoted by the position vectors 𝑟 and 𝑟′, respectively. The
total field inside the foam is given as 

𝐸(𝑟) = 𝐸inc(𝑟) + 𝑘2 ∫ 𝐺(𝑟, 𝑟′)(ϵ𝑟(𝑟′) − ϵ𝑏)𝐸(𝑟′)𝑑𝑟′.  (2)

Ωfoam

 

where Einc is the incident field from the line source.  As the total electric field depends on 
the dielectric constant of the foam, its mapping with the scattered electric field is non-linear. 
  In  MWT, we seek to retrieve the dielectric distribution of the foam (in terms of m × n 
pixels) given the scattered electric field data. The nature of our inverse problem is ill-posed 
due to properties of the integral operator defined in (5) \cite{Colton98}. Also, part of this 
ill-posed nature comes from the fact that many parameters may result the same scattering 
data. Proper regularization terms in the quantitative inversion algorithms can alleviate this 
problem to some level. We have some prior information available on the dielectric behavior 
of the foam with respect to its moisture content level. Also, we expect and assume the 
moisture content distribution to have smooth distribution in the foam. To encode this prior 
information in a natural way in the regularization term we pursue a Bayesian inversion 
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framework. With the Bayesian estimate, it can be quantified which parameters are more 
favorable/likely to generate this scattering data rather than fixed estimates which are given 
in classical, deterministic, inversion techniques. 

3. 2D reconstruction algorithm: Bayesian inversion framework
Consider an  inverse problem of identifying an unknown complex parameter ϵ𝑟 ∈ 𝐶𝑚×𝑛

given noisy measurement scattering data 𝐸sct ∈ 𝐶𝑁×𝑁 according to the observation model

 Esct = ℱ(ϵr) + n, (3) 

where n denotes the additive measurement noise component.  The term ℱ(𝜖𝑟) denotes the
integral  operator defined in (1) and (2). The unknown parameter and noise terms are 
considered mutually independent. Note that the measurement data and unknown terms are 
complex quantities. In the present study, the real and imaginary parts are treated separately 
as real-valued random variables for the real-valued optimization problem. 
   In the Bayesian framework, the unknown parameters are treated as random variables, and 
information about them is expressed in terms of probability densities. The inverse problem 
is then expressed as given the measured scattering data; the task is to find the conditional 
probability density π( ϵ𝑟 ∣∣ 𝐸sct ) for the unknown parameter ϵ𝑟. The conditional probability
is constructed using Bayes’ theorem as 

 π( ϵ𝑟 ∣∣ 𝐸sct ) ∝ π( 𝐸sct ∣∣ ϵ𝑟 )π(ϵ𝑟),  (4) 

where 𝜋( 𝜖𝑟 ∣∣ 𝐸sct ) is the posterior density, π( 𝐸sct ∣∣ ϵ𝑟 ) is the likelihood density which
represents the distribution of the measured data if complex permittivity is known, and π(ϵ𝑟)
is the prior density which contains the prior information available for the unknown ϵ𝑟. Here,
the dielectric characterization data, often available in most of the application of MWT, 
becomes useful. The posterior density contains the complete solution of the inverse problem 
in the Bayesian framework. The solution can be expressed by point estimates. One of the 
most common point estimates in tomographic imaging problems is the maximum a posteriori 
(MAP) [8]. The MAP estimate can be computed from the posterior as 

Fig. 1 : Schematic of the microwave tomography setup used in this study. 
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ϵ𝑟MAP̂
= arg max

ϵ𝑟

π ( ϵ𝑟 ∣∣ 𝐸sct ) .  (5) 

Under the assumption of Gaussian density for the likelihood term and prior term, this 
problem is equivalent of minimizing a logarithmic function which can be solved using non-
linear least-square optimization problem. 

3.1 Prior modelling 
As prior information, it is first assumed that the moisture variation is smooth inside the foam. 
Such an assumption can be encoded using a Gaussian density [8] as 

π(ϵ𝑟) ∝ exp {−
1

2
(ϵ𝑟 − ηϵ𝑟

)
⊤

Γϵ𝑟
−1(ϵ𝑟 − ηϵ𝑟

)}.     (6) 

Here, ηϵ𝑟
 is the mean value of the prior density and Γϵ𝑟

 is the covariance structure which
defines the spatial smoothness inside the domain. The covariance structure in general is 
defined as 

Γ𝜖𝑟
= (

Γ𝜖𝑟′
Γ𝜖𝑟′𝜖𝑟′′

Γ𝜖𝑟′′𝜖𝑟′
Γ𝜖𝑟′′

). 

(7) 

Since the permittivity is a complex number, the prior density  is independently derived for 
the real part and imaginary part, respectively. Here, if we treat the real and imaginary parts 
to be uncorrelated then the cross-covariances Γ𝜖𝑟′𝜖𝑟′′

=  Γ𝜖𝑟′′𝜖𝑟′
 =  0. This type of prior

model will be called as smoothness prior model. And its effect on the MAP estimates will 
be shown in the next section. However, to define the covariance structure in more accurate 
sense the correlation factor between the real and imaginary part should be well known. In 
this work to establish the correlation and to form the covariance structure we use sample-
based prior densities. 

Fig. 2 : 
Dielectric 
charaterizatio
n of the 
polymer foam 
using cavity-
perturbation 
method [9] at 
KIT 
laboratory, 
Germany. 
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In sample-based prior, we make use of a large set of previously obtained samples of the 
random variable in question. These datasets are known as samples. And then from this 
dataset, the mean and covariance structure can be straightforwardly calculated. The 
dielectric values used in the sample-based mean and covariance calculations are generated 
numerically, based on the dielectric characterization of the polymer foam in laboratory 
environment. In the characterization, a small cylindrical shape volume of the foam is 
characterized using a cavity perturbation technique at room temperature to obtain the 
complex permittivity value for different levels of wet-basis  moisture content level. The 
developed dielectric measurement system is shown in Fig. 2. Extensive details on the 
moisture samples generation for generating the dataset and use of dielectric charaterization 
are given in [10][11]. 

4. Numerical study
In this section, we evaluate the performance of the MAP estimates with the smoothness prior
and sample-based prior for smoothly distributed moisture scenario. To generate the synthetic
measurement data from the MWT setup shown in Fig. 2 a 2-D finite element method (FEM)
based COMSOL simulation tool is chosen. The scattered field data is generated at a
frequency of  8.2 GHz and stored in terms of the scattering matrix of size 12 × 12.

In the first set of experiments numerical scattered electric field measurement data for a high 
moisture scenario between 35% to 50%  is considered. The moisture values correspond to 
permittivity values of 1.35 to 2.2 for the real part and 0.03 to 0.15 for the imaginary part. 
The MAP reconstruction with smoothness prior model and sample-based prior model is 
shown in Fig. 3. Though the real part is estimated well with both priors the imaginary part 

Fig. 3 : High moisture case : true distribution and MAP estimates with smoothness prior 
and sample-based prior with real (left) and imaginary part (right) of the complex-
permittivity. 
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is much more accurate with the sample-based prior model. Notice that the certain moisture 
regions are much more clearly indicated in the estimated imaginary part with the sample-
based prior model. 

5. Conclusion
In this work, we used a microwave tomography  to estimate the moisture distribution (in
terms of complex permittivity) in a polymer foam using the Bayesian inversion framework.
The imaging modality will be integrated with an industrial microwave drying system to
derive approaches for the intelligent control. It is shown that when real and imaginary parts
are treated uncorrelated in the smoothness-based prior model, reconstructed values are
conflicting and incorrect.  Thus,  we proposed a sample-based prior model to preserve the
spatial correlation in the reconstructed real and imaginary parts of the complex permittivity.
The results presented show the efficacy of the sample-based prior model in spatially
correlating the real and imaginary parts. A significant improvement in the reconstruction
accuracy is achieved with sample-based prior in comparison to the smoothness prior model.
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1. Introduction
The aerospace industry is one of the largest and arguably the most important to the composite
materials sector. For many aerospace applications, the exceptional mechanical properties of
composites, such as high strength, low weight and high stiffness are of utmost importance
[1]. To this end, they have seen a recent explosion in the industry as manufacturing has
become more advanced and cheaper.

Silicon carbide fibre reinforced silicon carbide matrix composites (SiCf/SiC) have been 
identified as a material with high-performance mechanical properties [2-7]. The application 
of SiCf/SiC in the aerospace industry is increasing; for instance, replacing Ni-Ti super-alloy 
components and thus giving engines the capability to operate at higher temperatures would 
lead to reduced active cooling requirement and enhanced thermal efficiency [5].  

One advanced manufacturing technique, chemical vapour infiltration (CVI), can create an 
extremely refined microstructure with little or no preform degradation and minimal residual 
stresses [9-11]. CVI is the process of infiltrating a porous matrix of typically continuous 
fibres (a preform) with a mixture of precursor gases that react, decompose, and deposit a 
solid matrix at high temperature. The primary objective of CVI, like the other advanced 
manufacturing methods, is to increase the density of the porous preform to as close to 100% 
of theoretical density as possible [10]. CVI’s challenges, however, are three-fold:  

(a) Batch production times are typically 2-3 months.
(b) Premature pore closure results in low efficiencies.
(c) Subsequently, associated manufacturing costs are very high.
Microwave-enhanced (ME) CVI heating of ceramic matrix composites has been proposed

as a potential solution to these challenges [2, 3, 5]. It produces a favourable “inverse” 
temperature profile, meaning the temperature is hottest, in contrast to conventional CVI, 
within the heated sample [2, 3, 5, 7]. This profile initiates densification at the centre of the 
sample, thus avoiding surface porosity closure. It has also recently been shown that this 
process has the potential to yield near fully dense SiCf/SiC composites in a significantly 
shorter time span [7]. This work demonstrated proof of concept that an “inverse” 
densification profile could be achieved with the SiC deposit of nearly stochiometric 
composition and a highly crystalline microstructure.  

This paper presents some results of computational analysis of electromagnetic (EM) and 
thermal characteristics of the ME CVI process carried out with thin (thickness h from 8 to 
24 mm) SiC discs (diameter d from 55 to 165 mm) in a Labotron microwave system from 
SAIREM. The simulations aimed to clarify multiple unexplained observations in 
experimental work [7] through understanding causes for the formation of microwave-
induced temperature fields. With the use of the developed EM model, resonant and non-  
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     (a)                                                   (b)  
Fig. 1. Photo of the experimental setup in the Labotron HTE M30KLB Pro systems 

(SAIREM) (a) and a 2D view of the corresponding QuickWave model (b). 

resonant frequencies of the experimental system for different temperatures of the processed 
SiC sample were analysed to explain the difference in heating rates. With the EM-thermal 
coupled model, 3D temperature fields in the SiC preforms at different frequencies were then 
simulated. It was shown that, while being highly non-uniform in the beginning of the 
process, temperature patterns evolve to quite homogeneous ones by its end. The results 
suggest a means for better control of the equipment to pave the way to more efficient 
implementations of ME CVI the hence the less expensive and high quality SiCf/SiC 
composites. 

2. Experimental Work
The customised microwave power system (Labotron HTE M30KB CL PRO, SAIREM,
France) included a microwave generator, a control unit, and 550 x 550 x 610 mm 316l
polished stainless-steel cavity. The 2.45 GHz magnetron-based microwave generator
(Muegge GmbH, Germany) had a maximum power output of 3.0 kW that could be adjusted
in 10 W increments. The feeding rectangular waveguide was located at the top of the cavity
in the back right-hand corner. The microwaves were attenuated by a manual E/H tuner
(SAIREM, France) and a four-stub auto tuner (SAIREM, France). Their combined use aimed
to minimise the reflected power within the cavity and improve the impedance matching,
coupling and subsequent heating of the SiC samples.

The processed SiC preforms were made in a disc form from multiple circular patches cut 
out from the sheets of SiC fabric (COI Ceramics, Inc., CA, USA) that were stitched by a 
cotton thread. Most of the experiments were done with the discs of d = 55 m and h = 8 mm 
and contents of air up to 20 %. Deposition of SiC in the pores of the SiC preform was realized 
by decomposition of methyltrichlorosilane in hydrogen:  

CH3SiCl3(l) + (n)H2(g) → SiC(s) + 3HCl(g) + H2(g) 

The quartz jar was the reaction vessel that protected the cavity’s and waveguide’s walls from 
the corrosive reactants and by-products of the decomposition reaction. The hollow quartz 
stand was the entry point of the gas and supported the sample which was placed between 
two alumina foam rings. The photo of the interior of the cavity is shown in Fig. 1(a).  

The experiments have successfully demonstrated efficiency of the ME CVI process for 
production of SiCf/SiC composites. Two densified samples are exemplified in Fig. 2 – the 
brighter areas are the evidence of substantial amount of SiC deposited. The results showed 
a clear potential for achieving full density for up to 10 days, and that would translate to a 
time reduction of 90% in comparison with conventional CVI production of this composite. 
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Fig. 2. Optical microscope images of the SiCf/SiC composite densified by the ME CVI 
in the SAIREM’s Labotron HTE M30KB CL PRO system.   

However, the process was difficult to control, and the experimental work suffered from a 
severe lack of reproducibility. In particular, it was observed that, in some cases, heating rate 
changed with time while the input power remained constant, and small, supposedly 
negligible changes in geometry resulted (or did not result) in very different heating 
processes. Experimental resolution of these issues was difficult because of the hazardous 
environment (very high temperature, gaseous medium around the processed material). 
Hence a dedicated computational study was undertaken in order to clarify the causes of the 
peculiar effects in the experiments and help improve the control over the process.  

3. Computer Model
ME CVI is a very complex phenomenon involving multiple interacting physical and
chemical processes, but mimicking them all in a unified multiphysics model was not in the
scope of this work. Our modelling objective was to single out the interaction of the heated
SiC sample with the microwaves and analyse the mechanisms of formation of microwave-
induced temperature fields in the experimental system. Simulations were done for the SiC
disc of three sizes, A (d = 55 mm, h = 8 mm), B (d = 110 mm, h = 16 mm), and C (d = 165
mm, h = 24 mm), in the SAIREM’s Labotron HTE M30KB CL PRO system.

The model was built for the Finite-Difference Time-Domain (FDTD) simulator 
QuickWaveTM [12]. Fig. 1(b) shows a 2D view of the model in the software’s interface. The 
procedure for solving the EM-thermal fully coupled problem is similar to the one outlined 
in [13-16]. The EM and thermal solvers operate as parts of an iterative procedure in which 
a steady state solution of the EM problem becomes an input for the thermal simulator 
computing the temperature field induced after a pre-set heating time step. After each 
iteration, material parameters are upgraded in every cell of the FDTD mesh in accordance 
with the temperature field outputted from the thermal solver.  

Temperature characteristics of EM material parameters, dielectric constant ε' and the loss 
factor ε'', and of thermal material parameters, specific heat Cp, density , and thermal 
conductivity k, were determined in the entire temperature range (20 < T < 1,200oC) through 
dedicated measurements and required post-processing of the measured data. These 
characteristics are a critical part of input data of the EM-thermal coupled simulation [13-
16]. The values of ε' and ε'' of the SiC sample are much higher than the ones of alumina 
foam and quartz, and both ε' (T) and ε''(T) are nonlinear increasing functions of temperature. 
While density of all the materials was assumed constant in the heating process, the values of 
Cp and k of all the materials are comparable and nonlinearly increase/decrease, respectively, 
with temperature. The details on the data on all the material parameters can be found in [7]. 
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 (a) 

 (b) 

Fig. 3. Frequency characteristics of the reflection coefficient characteristics in the process of 
heating of disc B in the IMS range of 2.45 GHz (a) and in its three subintervals containing 

frequencies at which |S11| is high (green frame), low (orange frame), increasing (blue frame), 
and decreasing (red frame) (b).  

4. Computational Results
Simulations were performed on a Windows 10 workstation with two Intel Xeon Gold 5120
processors with a base/peak frequency of 2.2/3.2 GHz and the GPU NVIDIA Quadro P5000.

Since the microwave heating rate is conditioned by energy coupling, at the first stage of 
our modelling effort, the EM part of the model was used to determine frequency 
characteristics of the reflection coefficient (|S11|) of the microwave system. For each disc, 
these characteristics were obtained for several temperature values spread across the entire 
temperature range of the heating process. Temperature in the EM problem was represented 
through corresponding values of ε' and ε''.  

Simulated |S11|(f) curves allowed us to see the impact made by the dielectric properties 
changing while heating on the reflection coefficient (and thus energy coupling). Six typical 
frequency characteristics are shown in Fig. 3. It turned out that, depending on frequency, 
|S11| may behave differently with temperature going up: with frequency kept constant, it may 
remain low, or high, or increase, or decrease. In Fig. 3, these behaviours of |S11| are 
associated with particular highlighted frequencies. Also, due to the presence of multiple 
narrow resonances, a large difference in reflection may result from very small frequency 
changes. The obtained |S11|(f) curves, therefore, provide significant evidence for 
unpredictable changes in the heating rate in the experiments with constant input power. They 
are also consistent with the results of [17] concluded, through an applicable sensitivity 
analysis, that frequency was the most critical factor in stability of MW CVI process. 
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Table 1. Frequencies Causing Distinct Behaviours of the Reflection Coefficient 
in Microwave Heating of Discs B and C.  

SiC disc: 
Reflections (coupling): 

B (d = 110 mm, 
h = 16 mm) 

C (d = 165 mm, 
h = 24 mm) 

Increasing |S11| (decreasing coupling) 2.4410 GHz 2.4799 GHz 
Decreasing |S11| (increasing coupling) 2.4838 GHz 2.4710 GHz 
|S11| constant low (high coupling) 2.4732 GHz 2.4879 GHz 
|S11| constant high (low coupling) 2.4427 GHz 2.4386 GHz 

 (a)  (b) 

Fig. 4. Time characteristics of maximum temperature in the heated SiC discs B (a) and C (b) at 
four frequencies associated with different behaviour of the reflection coefficient as in Table 1.  

At the next stage, temperature fields induced in the processed SiC sample at the 
frequencies associated with distinct behaviours of the reflection coefficient (Table 1) were 
simulated. Strongest difference in the heating rate was observed in case of disc A when, at 
one frequency, maximum temperature of 1,200oC was reached in 130 s, whereas, at another 
frequency, 300oC was barely achieved after 400 s. Fig. 4 shows the time-temperature 
characteristics for discs B and C. It is seen that, for the larger sizes of the material with high 
losses, the difference in the heating rates is less pronounced. This is explained by the fact 
that in these cases the average values of |S11| are lower and the |S11|(f) curves are characterised 
by not so strong and narrow resonances.  

The graphs in Fig. 4 are about maximum temperature whose locations in the sample are 
not specified as they vary in the course of the heating process. Fig. 5 presents typical time 
evolution of temperature patterns in the horizontal (XY) and vertical (XZ) coordinate planes 
through the centre of the SiC disc and through the centre of both the disc and the alumina 
foam holders, respectively. As expected, in the beginning of microwave processing, 
temperature distributions in the heated sample are highly nonuniform: indeed, the patterns 
then follow distributions of dissipated EM power which are intrinsically nonuniform and 
have dissimilar profiles at different frequencies due to distinct structures of the electric field. 
With heating time going on, however, the patterns become more unform; one of the principal 
reasons for that is the relatively high thermal conductivity of SiC that supports the spread of 
heat throughout the sample’s volume.  

The process of temperature homogenization was also quantitatively analysed with the use 
of the computational procedure checking the fields against a special metric of temperature 
field uniformity T [18]. The metric is based on the standard deviations and the means of 
temperature values in the pattern after every heating time step; the more uniform the  
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Fig. 5. A series of XY and XZ cross sectional time evolution of temperature patterns in the SiC 
disc held between the two alumina foam rings during microwave heating at three frequencies 

characterized in Table 1. Presented time instances are specified on the top of each process; 
maximum temperature values in each pattern are below their images. Input power 1.1 kW. 

     (a)                                                            (b) 
Fig. 6. Time evolution of the metric of uniformity of temperature field induced by the 

microwaves at different frequencies for discs B (a) and C (b). 

distribution, the smaller the value of T. In Fig. 6, T is plotted against the heating time in 
the processes with discs B and C. The decreasing values of the metric confirm what is 
visually seen in Fig. 5 where the homogenisation of the temperature patterns occurs with 
increasing time and temperature. The levels of uniformity in the faster and slower processes 
(at 2.4732 and 2.4410 GHz) in Fig. 5 are consistent with the blue and grey curves in Fig. 6 
(a). It is also seen that while the slower processes in the considered SiC samples are caused 
by weaker energy coupling, they lead to more homogeneous temperature distributions. 
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4. Conclusion

In this paper, we have presented typical results of the computational study undertaken to 
clarify the causes of some experimental issues in production of SiCf/SiC composites by ME 
CVI in the SAIREM’s Labotron HTE M30KB CL PRO system. With the use of the FDTD EM 
model of the scenario, it has been demonstrated that, when processing a small disc of SiC in a 
large Labotron’s cavity, energy coupling may be extremely sensitive to frequency. Since the EM 
material parameters, dielectric constant ε' and the loss factor ε'', vary with temperature, the 
coupling may also significantly change in the course of heating even when frequency is fixed.  

An FDTD EM-thermal coupled model applied to the same scenario has revealed that patterns 
of microwave-induced temperature fields are considerably different at different frequencies. 
Depending on the level of coupling at the given frequency, the heating rate can be high, or low, 
or it can vary. Simulation of time evolution of temperature fields has revealed that initially non-
uniform patterns within the SiC sample gradually even up. With 1.1 kW of input power and a 
high heating rate, maximum temperature of the process (1,200oC) can be reached, depending on 
the size of the SiC disc (A, B, C), for 130 to 600 s. The level of uniformity and energy coupling 
(or the heating rate) clearly appear as a trade-off: the slower the heating process, the more 
homogeneous the temperature pattern in the upper end of the temperature range of the process.  

The performed computational study also illuminates the well-known observation that the 
magnetron-based processes of heating of small pieces of absorbing materials in large microwave 
cavities are naturally hard to control. Smaller applicators fed by solid-state generators give 
increasing flexibility in choosing (and, if necessary, alternating) frequency of thermal processing, 
the amplitude of the field, and hence in maintaining desirable heating regimen [19].  

Overall, this work has clearly highlighted the need and value of FDTD multiphysics 
modelling capabilities to support complex experimental studies in microwave power 
engineering. Without this tool research cannot be proactive in the design of experiments, 
and it is limited in the understanding afforded by experimental work. In the reported study, 
the EM and EM-thermal models of the microwave system have provided insight where 
experiments and measurement tools and equipment cannot do that.  
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Off-line monitoring is the most commonly used methods for determining reaction progress
in research and manufacturing processes. However, it is very time consuming, inefficient
and challenging for reactions that use toxic reagents and high temperature / pressure
conditions in addition to the problems related to the waste production and the safety of the
operators. While continuous, in situ reaction monitoring addresses these issues, no single
analytical technique can be applied to every system.
Dielectric spectroscopy (DS) measures the bulk dielectric properties of a material. It is
relatively cheap, fast, non-destructive, easy to operate and maintain. This technique has a
wide range of applications in biological systems1, agriculture2 and polymers3, and has been
used to monitor polymerisation reaction continuously in real time.4 DS was used to
continuously monitor an SN2 reaction and validated by off-line Nuclear Magnetic
Resonance (NMR) spectroscopy. The results showed that the dielectric constant could be
used to follow the conversion of the starting material to the product with good
comparability to the off-line NMR data and demonstrated the viability of DS to be used in
monitoring organic reactions in which there is a change in dielectric properties as a result
of a chemical transformation. Because of its non-destructive measurement characteristics
and ease of operation, DS has the potential to be implemented as a Process Analytical
Technology tool as part of the framework outlined by the Food and Drug Administration
for the development, design and control of processes in the pharmaceutical industry which
aims to increase efficiency, minimise rejects, reduce over-processing, and produce high
quality products.5
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Abstract 
During processing of milk concentrates the microbiological load especially of thermophilic 
spore formers and their endospores may increase. Thus, not only the concentrate but also the 
thereof produced powder can contain high amounts of thermophilic spores that survive 
transport and storage and finally germinate upon reconstitution. High temperature treatments 
of milk concentrate prior to the evaporation process reduce the count of thermophilic spores 
(> 100 °C). However, such a treatment in the existing indirect heating plants is limited due 
to extended deposit formation, so called fouling. Only intensive cleaning procedures with 
heavy cleaning agents remove fouling from the plant. It is hypothesized that through the lack 
of hot walls continuous microwave heating of milk concentrates induces less fouling, retains 
the product properties, and diminishes the microbiological load of thermophilic spores. 
Skim milk concentrates (31.1 g/100 g dry matter, obtained via reverse osmosis) were heated 
in a continuously operated microwave heating plant in pilot scale (f = 2450 MHz, volume 
flow = 150 L/h). Temperatures ranging from 85 to 115 °C were applied with holding time 
t = 5 s. The concentrates were analyzed by means of L*a*b* colour space and particle size 
by static light scattering. 
Direct heating by microwave technology of skim milk concentrate within the designed 
process window was feasible, while product properties were maintained. Except yellowing 
of the samples, colour changes (browning) were not found. Particle formation was 
significantly reduced and low in comparison to indirect heating. The experimental results 
allow to set a process window for microwave heating of milk concentrates with minimal 
product changes. Thus, microwave technology presents a new method to heat 
fouling-sensitive milk products. 
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Introduction 
Various food processing applications like drying, heating, thawing, blanching, baking, and 
sterilization can be realized by direct heating through microwave technology [1–3]. 
Microwaves induce a temporary reorientation of polarized molecules in a dielectric material 
that is exposed to an electromagnetic field. Through internal friction and the vibration of 
neighboring molecules heat is induced in the material [1, 4]. The frequencies of microwaves 
range from 300 MHz to 300 GHz, whereby frequencies of 915 MHz and 2.45 GHz are 
typically used for microwave ovens and industrial purposes worldwide [1, 3]. Microwave 
heating retains flavour and nutritional values of food products as it lacks heat transfer 
surfaces and involves short heat transfer with high heating rates, thereby allowing gentle 
heating (in comparison to indirect heating methods) [4, 5]. It has recently been demonstrated 
that continuous microwave heating of milk products reduces deposit formation by 90 % in 
comparison to indirect heating via tubular heat exchangers [6]. 
Concentrated milk products like skim milk concentrate are prone to aggregate and deposit 
formation upon heating, as they contain high amounts of dry matter, including minerals and 
(whey) proteins [7, 8]. The latter are heat-sensitive and denature with subsequent aggregate 
formation if they are evolved to high temperatures (≥ 80 °C). Together with minerals, a 
deposit is formed at hot heat transfer surfaces in indirect heat exchangers, so called fouling 
[9]. However, the heating step is crucial as heating of skim milk concentrate before powder 
manufacture represents one approach to reduce high amounts of thermophilic endospores in 
milk powders [10]. This issue is challenging for milk powder manufacturers as spores were 
shown to persist in processing plants, were thus found in milk powders, what finally 
decreased their acceptance [11, 12]. Moreover, heat preservation of milk concentrates 
favours their direct distribution and skips energy-consuming drying processes [13]. Direct 
heating methods like steam injection have been successfully proven as heating methods for 
skim milk concentrate in pilot scale [7]. However, this method dilutes the concentrate by 
steam addition and the energy recovery is poor. Moreover, continuous microwave heating 
has been shown to be suitable for heating reconstituted skim milk concentrates up to 125 °C 
[6, 10]. This study aims to demonstrate the feasibility of continuous microwave heating for 
skim milk concentrate in terms of colour changes, deposit, and particle formation. 

1. Material and Methods
1.1. Production of skim milk concentrate

Skim milk concentrate was produced by reverse osmosis (MMS Membrane Systems, Urdorf, 
Switzerland equipped with a spiral wound module 3839 KMS HRX 14.2 m2 Koch Industries 
Inc. Lenntech B.V. Delfgauw, Netherlands) of pasteurized skim milk at 50 °C and 150 L/h 
until a trans membrane pressure (TMP) of TPM ≈ 4 MPa was reached. The following values 
represent the final product properties: dry matter 31.10 ± 0.26 g/100 g, pH 6.30 ± 0.09, and 
electrical conductivity 7.72 ± 0.08 mS/cm.  

1.2. Microwave heating of skim milk concentrate 
A continuously operated pilot scale microwave heating plant (µWaveFlow 0620hp, 
Pueschner GmbH & Co KG, Schwanewede, Germany) has been set up as shown by Graf et 
al. [6]. The power outputs of the single-mode applicator were 0.6 – 6 kW at f = 2450 MHz, 
while a quartz glass tube (di = 3 · 10-3 m, l = 0.5 m) resembled the microwave heating section. 
A PT100 was used to measure the product outlet temperature directly after the heating 
section, representing the temperature the heating experiments were referred to. In order to 
pre-heat and cool the product, the microwave heating plant was connected to a pilot heating 
plant (tubular heat exchanger, 03T210, MSR 03210, Asepto GmbH, Dinkelscherben, 
Germany).  
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All heating experiments were performed according to a previously presented procedure [6], 
with a volume flow of V̇ = 150 L/h, an over pressure of p ≈ 0.3 MPa, a pre-heating 
temperature of 80 °C, a single-staged homogenization between pre-heater one and two at 
15 MPa, a heat holding section of length l = 2.2 m (inner diameter 3·10-3 m) after the heating, 
realizing 5 s heat holding time, and a cooling temperature of 15 °C. Within each experiment, 
the temperatures 85, 90, 95, 100, 105, 110, and 115 °C were set and held for 5 min, 
respectively, before samples were taken for further analyses. All heating experiments were 
performed in duplicate. 

1.3. Analyses 
1.3.1. L*a*b* colour space 

The colour of heated and unheated skim milk concentrate was determined based on the CIE 
L*a*b* colour space with a Chroma meter CR-400 (Konica Minolta, Chiyoda, Japan), where 
L* represents the lightness (0 = black, 100 = white) and b* the shift from blue (-) to yellow 
(+). The instrument was calibrated as described by the manufacturer with a white calibration 
plate each day prior to the measurements. 10 mL sample was filled into a petri dish 
(ø 30 mm) that was placed on a white background to ensure equal light conditions.  
For analysis, the yellow index (YI), representing the browning of a product, was calculated 
according to Equation 1 [14]. 

YI = 142.86 · b*/L*    (1) 
1.3.2. Particle size distribution 

The particle size of skim milk concentrate was determined by static light scattering with a 
particle size analyser (LS 13 320, Beckman Coulter Corp., Brea, USA). The refractive index 
of the surrounding medium (distilled water) was set to 1.33 while the refractive index of the 
sample was set to 1.57, representing casein micelles. For data evaluation, the d90,3 was 
chosen, representing the value to which 90 % of the particles are equal to or smaller, based 
on a volumetric particle size distribution 

1.3.3. Statistical analyses 
The arithmetic mean and standard error have been calculated for all analyses. If values are 
given, they have been rounded to two significant digits of the standard error. To evaluate 
significant differences, a two-sided t-test in Sigma Plot 12.5 (Systat Software Inc., San Jose, 
California, USA) with p = 0.05 was performed. All pilot plant trials were performed in 
duplicate, whereas all analyses were performed in triplicate. 

2. Results and Discussion
In a first approach, skim milk concentrate was heated in a) the pre-heater to 80 °C, b) in an
indirect heater (tubular heat exchanger, pilot heating plant) at 110 °C, and c) in the
microwave heating plant at 110 °C in order to test the feasibility and evaluate the effect of
the pre-heater on the product properties. The resulting particle sizes (d90,3) are shown in
Table 1. While the pre-heater (d90,3 = 0.21 ± 0.01 µm) had no impact on the particle size,
heating through microwave technology (d90,3 = 0.40 ± 0.04 µm) caused a significant increase.
However, the particle size is still acceptable and low in comparison to indirect heating that
caused a 60-fold increase in particle size (d90,3 = 14.4 ± 2.0 µm). Moreover, the pressure in
the indirect heating plant increased immediately, indicating that heating of native skim milk
concentrate in a tubular heat exchanger to ϑ ≥ 110 °C causes deposit formation and is thus
not feasible. All continuing experiments were performed using solely the microwave heating
plant connected to the tubular pre-heater und cooler.
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Table 1. Particle sizes (d90,3) of unheated and heated skim milk concentrate. Different letters 
within column indicate significant differences, tested by a two-sided t-test with p = 0.05. 

Heat treatment Temperature in °C Particle size d90,3 in µm 
unheated - 0.21 ± 0.01a 
Pre-heater 80 0.21 ± 0.01a 

Tubular heat exchanger 110 14.4 ± 2.0b 
Microwave 110 0.40 ± 0.04c 

2.1. Browning of skim milk concentrate upon heating 
Within the L*a*b* colour space, the L*-value is a measure for the lightness of a sample. 
Characteristic ingredients of milk products like the milk protein casein, that is present in 
micellar structures, fat globule size and distribution, as well as technological treatments like 
heating and homogenization generally influence the lightness and thus the L*-value [15]. 
The b*-value is a colour indicator where negative values represent blue and positive values 
yellow colour. In milk, coloured pigments like riboflavin, β-carotene, and lutein influence 
the b*-value, depending on their concentration [15]. In general, an increase in b*-value 
implies a more yellowish appearance of the samples.  
Fig. 1a shows the L*- and b*-values of unheated and microwave heated skim milk 
concentrate (ϑ = 85 – 115 °C). With increasing temperature, the L*- and b*-values increase, 
as well as the YI, shown in Fig. 1b. All values show highest increases at ϑ = 115 °C, of about 
8 (L*-value), 5 (b*-value), and 8 (YI). This implies that after microwave heating skim milk 
concentrate appeared lighter and showed a shift towards yellow colour, more pronounced 
with increasing heating temperature. The results are in accordance with our previous studies 
where reconstituted skim milk concentrate was heated by means of microwave technology. 
There, the L*-value was 88.97 ± 0.46 (increased 0.6 upon heating) and b*-value -0.24 ± 0.12 
(increased 1.8 upon heating) at 115 °C and a dry matter of 31.5 g/100 g [6]. However, former 
studies that heated skim milk concentrate using indirect heat transfer to temperatures of 
110 °C (5 and 10 min holding time) or even at 138-140 °C (3 s holding time), found visible 
browning accompanied with decreasing L*-values, implying a darkening of the samples [16, 
17]. Upon heating milk at elevated temperatures (> 100 °C), brown Maillard reaction 
products can be formed by sugars reacting with free amino acids. This reaction is enhanced 
in skim milk concentrate, as the dry matter and thus possible reaction partners are increased, 
as well as through enhanced heating temperatures and times [18].  

Fig. 1. Colour of microwave heated skim milk concentrate. a) L* (○) and b* (Δ) values and 
b) Yellow index (YI).
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Although the observed increases in YI and b*-values indicate a yellowing of skim milk 
concentrate after microwave heating, the increase in L*-value proves that this effect has low 
significance, as only decreasing L*values are attributed to Maillard reaction products and 
thus visible and intensive browning [18]. Moreover, it is well known that heat holding times 
below 5 min (at 110 °C) do not induce brown pigments through Maillard reaction [16]. 
Overall, the colour change in microwave heated skim milk concentrate was low and 
confirmed previous findings for heating reconstituted skim milk concentrate [6].  

2.2. Particle formation in skim milk concentrate 
Fig. 2 displays the particle size as d90,3 of skim milk concentrate after heating with 
microwave technology. The d90,3 represents the value to which 90 % of the particles are equal 
to or smaller. Upon heating, the d90,3 of skim milk concentrate increased from 0.21 µm for 
unheated, 85, and 90 °C to 0.40-0.48 µm for heating temperatures ranging between 
95-115 °C. One of the two performed experiments at 115 °C resulted in d90,3 = 36.9 µm.

Fig. 2. Particle size d90,3 of microwave heated skim milk concentrate. Grey triangles (marked 
with an asterisk) are depicted as single values. 

Although the particle sizes increased significantly at heating temperatures ≥ 95 °C, they were 
comparable to skim milk concentrate heated by direct steam injection and still low compared 
to particle sizes of reconstituted skim milk concentrate heated by microwave technology 
(d90,3 = 8-32 µm) in previous experiments [6, 13]. Dumpler and Kulozik [13] investigated 
the heat coagulation temperature of skim milk concentrate (obtained via reverse osmosis) in 
dependency of the pH. At a pH of 6.30 (pH of the skim milk concentrate used in this study) 
and a dry matter of 30 g/100 g, the heat coagulation temperature was 110 °C [13]. This 
possibly explains the observed difference in particle size at a heating temperature of 115 °C. 
Due to increased dry matter (31.1 g/100 g) and slight variations in pH, the heat coagulation 
temperature was exceeded in one trial, whereas in the other trial 115 °C were still below the 
heat coagulation temperature. For further trials, the pH should be adjusted to pH 6.4 or 
higher, as this increases the heat coagulation temperature to 120-130 °C, depending on the 
dry matter [13]. 
In general, microwave technology is a suited method to heat skim milk concentrate at 
elevated temperatures. It should be considered that not only the processing method but also 
the product properties (dry matter and pH) influence the particle formation upon heating. 

3. Conclusion
This study investigated colour changes and particle formation upon microwave heating of
skim milk concentrate (obtained via reverse osmosis). Regarding colour changes,

61

http://creativecommons.org/licenses/by-nc-nd/4.0/


microwave technology is suited to heat skim milk concentrate without visible browning. 
Moreover, deposit formation and enhanced particle formation were not detected. However, 
besides the processing method, the product properties play an important role concerning 
particle formation, as they e.g., influence the heat coagulation temperature of skim milk 
concentrate. Further experiments will focus on pH adjustment of skim milk concentrate prior 
to heating. Moreover, overheating in the microwave section should be prevented. Therefore, 
a temperature profile of the microwave heating section will be recorded with a 
height-adjustable fiber optic temperature sensor directly in the product, in order to gain 
deeper knowledge about the temperature profile upon heating. 
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Introduction 

In the ready-meals sector, frozen products dominated the range for a long time. But with 
the changing demands of customers, a lot has changed on the market. Today, consumers of 
convenience products are more interested in sophisticated quality. The younger generation 
is more informed about ingredients and has a different attitude towards healthy products 
than a few years ago. The demand for better ingredients and nutrition-conscious concepts 
is constantly increasing. The demand for organic, vegetarian or vegan products is 
becoming more and more important. However, there is one crucial catch. Production and 
filling can be highly automated and continuous up to a certain point. 
When it comes to the final stage of quality assurance, things get complicated. The 
necessary pasteurization process is carried out in a conservative method in a water bath, 
which kills off the harmful germs in the food. However, this process has the disadvantage 
that it is time-consuming and important nutrients are lost. For the pasteurization of ready-
meal trays up to now with the more energy-efficient process with microwaves, the 
perforation of the film and the use of a non-return valve were essential to prevent the trays 
from bursting due to the overpressure. However, this also creates the risk that new germs 
from the ambient air are drawn into the product again during cooling and the resulting 
vacuum. In addition, grease residues are formed around the hole, which makes subsequent 
process-safe sealing of the film impossible. 

Solution 

In the common pasteurization processes, the trays are pasteurized in an autoclave with 
steam and pressure. This process has the disadvantage that it is not a continuous inline 
process. In addition, energy consumption is very high due to the build-up of pressure and 
cavity heating.  
For a continuous process, water bath systems are used, but these are also very energy-
intensive, as the water bath must be kept at a constant pasteurization temperature. 
To maintain sterility, the products must be packed airtight throughout the process. 
However, the relatively rapid energy input into the food creates an overpressure in the tray 
which will cause the sealing foil to burst if it is not controlled. To ensure this, there are 
various systems on the market that use valves or seals to release the pressure to the outside. 
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However, this also means that water, and thus vitamins and flavor, are lost as steam 
escapes. In addition, a vacuum is created in the tray during the cooling process.  
Experience gained from earlier projects by Fricke and Mallah in the pasteurization of 
ready meals has been incorporated into a new process. From the outset, the aim was to 
prevent the film from bursting by physically preventing excess pressure. This led to a 
completely new approach to microwave pasteurization. 
The COSTPANO® process reinvents the heat treatment of food with microwaves. The 
name COSTPANO® stands for Cooking, Sterilization, Pasteurization, No Holes. The 
basic idea is that the protective film should remain closed so that the nutrients in the dish 
and the harmful germs are kept out. The worldwide patented COSTPANO® process 
eliminates the excess pressure in the tray and makes both the hole and the valve in the 
sealing film superfluous. In addition, COSTPANO® creates very homogeneous 
temperature fields in the trays with a time-linear increase, which enables energy-saving, 
gentle and aromatic cooking. 
The cooling follows the pasteurization process with a temperature of 5° C. Cooling takes 
place from above to physically prevent the film from bursting. See figure below. After the 
pasteurization process (time and temperature depending on the food) and a short transition 
phase, the tray can be moved out of the cooling. 

Fig. 1. cooling plate: T1 << T2 and T1 << T3. 

The COSTPANO® tunnel was simulated in CST Microwave Studio [1]. This computer 
program allows full electromagnetic simulations in 3D which can be used to simulate trays 
filled with food as it is shown below. It can be a single or multi compartment tray. 

Fig. 2. photo of a multi compartment tray. 

65



Like for every simulation program, each material is described by its electromagnetic 
properties [2]. For dielectric materials (like rice, potatoes, vegetables, etc. but not metals) 
two parameters are very important: r and tan  [2]. They describe how the electromagnetic 
field can propagate in inside the material. In particular tan  describes how the 
electromagnetic field is dissipated in the dielectric material. Higher the value, the better 
but with limits since a high value does not allow the electromagnetic field inside the 
product. This could be a problem in case of thick food items because the item would warm 
up on the outer surface. Heating of the inside would only be possible by thermal 
conduction. 
During the design and simulation of the COSTPANO® tunnel, a two-cavity tray was 
considered. The tray was made of polypropylene: r = 2.25 and tan  = 0.0002. One part of 
the tray was filled with rice while the other was filled with meat. The following parameter 
values were assumed: for the rice r = 21 and tan  = 0.2, while for the meat r = 70 and tan 
 = 0.75. These values were measured in our facility in our microwave lab after 
considering different types of rice and meat available on the market. The setup consists of 
a coaxial probe and a Vector Network Analyzer (VNA). From these parameter values it is 
clear that most of the electromagnetic field is dissipated into the rice and into the meat. Not 
into the tray. The tray was assumed to be moving on a conveyor belt at a constant and 
predefined speed. This movement is very important in order to achieve a uniform heating 
of the product. 
During the design and simulation of the COSTPANO® tunnel, a high selectivity was 
achieved. The selectivity is between the two cavities of a two-cavity tray and along the 
movement of the tray in the tunnel. These results are explained in the figure below. Using 
this selectivity, it is possible to choose the starting and end temperature of each cavity of 
the tray and to keep a predefined temperature for achieving any result including 
pasteurization.  

Fig. 3. 2D-selectivity of the tray: per cavity and along the movement in the tunnel. 

The high selectivity was made possible by properly designing the antennas. From the plot 
the wall and the specifically modified antennas are clearly visible. All the dimensions were 
derived properly in CST Microwave Studio [1]. 

The temperature dependency over time is plotted in the figure below. As it is possible to 
notice, it has quite a sharp increase over time. This sharp increase allows the use of the 
tunnel for pasteurization. A total of 5 different ready meals were tested using the 

66



COSTPANO method. For microwave pasteurization, the menus were placed on the 
conveyor belt of the COSTPANO test system and pasteurized using a preset recipe. The 
aim was to pasteurize at 90 °C for 10 min. For process monitoring, temperature sensors 
were installed at defined cold spot of the menus for online temperature measurement. The 
measurement devices are small data logger for temperature measurement in a range of 0°C 
to +140°C. 

Fig. 5. temperature dependency over time. 

The advantages of the process over conventional pasteurization processes and microwave 
pasteurization with valves or subsequent sealing are obvious. The throughput is 
significantly higher in contrast to autoclave pasteurization due to the continuous process. 
The heating of the products in the tray can be individually controlled so that different 
filling temperatures are homogeneously reached up to the pasteurization point. The 
generators regulate themselves independently by means of a sophisticated measurement 
system, so that the heating process is always carried out in an energy-efficient mode.  
Since there is no loss of water due to the closed system, there is no need to add additional 
water to the food for evaporation. And since there is no loss of water, the vitamins and 
nutrients, as well as taste and odor, are preserved. This results in no loss of flavor and 
preserves the visual characteristics of the food. The food retains its fresh color even after 
pasteurization and tastes like freshly cooked. 

Fig. 6. comparison between COSTPANO® and a conventional pasteurization method. 

The process is straightforward to scale up to a higher throughput due to the flexibility of 
the generators and the control system. 
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Conclusion 

With this heating method, the overpressure in the meal trays is physically avoided, which 
eliminates the danger of explosions and deformation of the meal bottoms. A hole or valve 
in the sealing film is no longer necessary. The steam must no longer escape through the 
sealed film, which results in considerable energy savings, prevents the formation of odors 
and preserves the flavors of the food. As the steam does not escape within the continuous 
flow systems, no condensation and contamination occur there. 
This results to a very homogeneous temperature profile of the tray chambers. In contrast, 
the free microwave irradiation of food generally has a chaotic temperature-time course 
with high temperature rates and many non-linearities. 
The COSTPANO® process pasteurizes the food particularly gently. This results in no loss 
of flavor and preserves the visual characteristics of the food. The food retains its fresh 
color even after pasteurization and tastes like freshly cooked. 
The process has been certified by an internationally recognized research institute in the 
field of food technology. Moreover, COSTPANO® is the only system suitable for 
pasteurizing new sustainable types of packaging made of cardboard or organic material, as 
the control of the heating power is so intelligent that the more delicate materials are not 
damaged.  

Reference 

[1] CST Microwave Studio, User Guide, available electronically in CST Microwave
Studio.
[2] A.C. Metaxas, R. J. Meredith, Industrial Microwave Heating, Peter Peregrinus LTD,
1983.

68



DEMONSTRATION OF A COMBINED ACTIVE-PASSIVE METHODOLOGY 
FOR THE DESIGN OF SOLID-STATE-FED MICROWAVE OVENS 

M.Olszewska-Placha1, D. Gryglewski2, W. Wojtasiak2, M. Celuch1

1QWED Sp. z o.o., ul.Krzywickiego 12 lok.1, 02-078 Warsaw, Poland 
2Inst. of Radioelectronics and Multimedia Tech., Warsaw Univ. Tech., Warsaw, Poland 
m.olszewska@qwed.eu

Keywords: Microwave, Modelling, Numerical techniques, Solid-state, Frequency sources, Design. 

Abstract – This paper discusses a combined methodology for the design of solid-state-fed 
microwave ovens. The presented approach joins the design methodologies of both, active 
and passive component of the microwave oven to deliver to the heating system designers 
and manufacturers a full advantage of the opportunities brought by the solid-state 
technology. For the passive component design, new electromagnetic simulation regime is 
developed to accurately mimic the solid-state source operation and decrease computer 
effort required for the analysis, making the process more efficient. The combined active 
and passive methodology is experimentally validated in the industrial laboratory 
environment for dual-aperture microwave oven prototype and the results are discussed. 

I. Motivation and background

The 21st century is marked by a paradigmatic shift in the design strategies for domestic 
microwave ovens. Interests are devoted to the ovens fed by solid-state energy sources, 
facilitating control of power level, frequency, and relative phases [1]. This paves the way 
for higher quality cooking, e.g., enhanced energy efficiency as demonstrated in [2], where 
iterative electromagnetic (EM) simulations were run for multiple random source settings.  
To take full advantage of the opportunities brought by the solid-state technology, novel 
design methodologies are needed, in respect of both the active and passive component of 
the microwave oven. Continuously growing interest in solid-state power sources observed 
among the heating systems’ designers and manufacturers brings the need for a dedicated 
design methodology allowing for enhancing not only source output parameters but also its 
reliability. On the other hand, employing new type of microwave power sources in heating 
systems enforces the practical need for dedicated simulation regimes, allowing for 
modelling the physical behaviour of sources and therefore, higher practical and physical 
relevance of multiphysics design and analysis of a heating system. Herein, we report such 
a combined methodology composed of two steps: 
1. Following our early research [3], two-stage solid-state amplifiers based on GaN HEMT

transistors by CREE are designed. The output stage of amplifiers is based on a balanced
configuration [4]. The proposed design delivers 53.9 dBm of output power over
the 2.4 GHz to 2.5 GHz frequency range with power-added efficiency (PAE) exceeding
55%.

2. New FDTD simulation regimes are developed, which allow for dynamic switching of
signal parameters of multiple sources, at predefined time-instants or in response to the
monitored system behaviour. The heating patterns are accumulated without the need to
re-run each simulation from EM zero state. The algorithms are implemented in
QuickWave software, well-established in the AMPERE community [5][6].

Experimental validation of the combined active (1) and passive (2) methodology will be 
discussed based on the industrial laboratory prototype of a dual-aperture microwave oven 
after [6]. 
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II. Design methodology for active component
A block diagram of a multifunctional high-frequency-stability microwave high-power 
solid-state source designed for precise heating is shown in Fig. 1. A VCO/PLL synthesiser 
generates a low power, spectrally pure signal tuneable within the desired frequency range, 
e.g. ISM 2.45 GHz band. The amplitude and phase are controlled and set using a digital
multi-bit attenuator and phase shifter cooperating with a power auto-levelling block under
the microcontroller supervision. A circulator separates the incident and reflected waves,
thereby providing the isolation between the source and its load. Together with detectors it
further forms two loops – for power auto-levelling and for self-tuning to the frequency of
minimum return loss (which varies for a typical time-varying load).

VCO/PLL 

Synthesizer PreAmp Attenuator

Φ 

Phase 
Shifter HPA

RF OUT

Detector POUT 

Detector PREFLECTED 

ControllerCommunication 
interface

Display & Buttons

Z0

Fig. 1. Block diagram of a multifunctional microwave heating source. 

The high power multistage amplifier (HPA) is considered a crucial component of the 
microwave heating source of Fig. 1, as it produces a high-power signal with an efficiency 
that determines power dissipation inside the active elements. Thus, via the internal 
temperature of transistors it directly affects the reliability of the amplifiers, and hence of 
the source. In addition, the amplifier is the most expensive element of the device, 
constituting ca. 80%÷90 % of the total value. In heating applications, due to the transistor 
operating in continuous-wave (cw) mode, being usually in class AB, the thermal 
requirements and restrictions are difficult to be fulfilled. Despite the rapid development of 
RF and microwave transistor technologies based on wide bandgap semiconductors, such as 
GaN HEMTs, particularly recommended for high-power microwave electronics, heat 
management remains a serious challenge [7]. It is worth noting that the output power levels 
for the transistors are desired to approach the performance of magnetrons classically 
installed in microwave ovens, and our design methodology presented herein meets this 
requirement. 

For an HPA used in a microwave heating device, thermal effects and reliability are critical. 
On the other hand, in such applications an HPA does not have to meet stringent 
specifications critical elsewhere, e.g. linearity required for wireless communication. It is 
therefore reasonable to optimise the amplifier design primarily for maximum efficiency and 
output power. In this work, several relevant issues have been considered, including power-
added efficiency (PAE), selection of transistors, and microstrip line substrate. This leads to 
the methodology based on the harmonic tuned method (HT), marked by continuously rising 
popularity and validated in our earlier research [8][9]. The HT method relies on proper 
harmonic terminations allowing for a significant increase in both, output power and 
efficiency.  
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We have performed design optimisation with a focus on minimising heat dissipation in the 
transistors, taking into account their availability on the market. The analysis at each 
iteration of the optimisation process has been run with the Keysight Advanced Design 
System (ADS) simulator together with nonlinear transistor models provided by 
the respective manufacturers. The optimisation process has led us to the design 
methodology based on the following observation (and methodological decisions): 

A. GaN HEMT technology has been found favourable over Si LDMOSFET,
B. die transistors allow improving thermal transfer to a heatsink, when compared to

package transistors,
C. a two-stage amplifier provides improved performance over a single-stage design.

Table 1 gathers key parameters of the selected GaN HEMT transistor dies. Specifically, 
Wolfspeed GaN HEMT chips CGH60040D and CGH60075D have been chosen, offering 
40 W and 75 W of saturated output power, respectively. Besides the improved heat 
transfer, their source and load impedance changes within the desired frequency range are 
small making it easier to design the input and output matching networks.  

The complete HPA architecture, together with the power budget, is presented in Fig. 2, 
while a photograph of the designed and manufactured real-life unit of the microwave 
heating source can be viewed in Fig. 3. The two-stage amplifier has a final stage in a 
double balanced configuration. The necessary 3dB/90o power combiners/dividers have 
been built using WireLine and WirePack sections [10]. The amplifier has been fabricated 
on the 0.762 mm-thick Rogers RT/Duroid 6035HTC substrate having dielectric constant of 
εr = 3.5, featuring a very high thermal conductivity, whereas the microstrip matching 
sections near the chip are made on the 0.635 mm-thick Rogers RT/Duroid 6010 substrate 
of εr =10.2 on the copper plate, providing a significant reduction in the width of 
the microstrip line. 

In order to validate the selected methodology, a more classical reference design has also 
been performed, based on the decisions opposite to those in bullets A, B, C above. Namely, 
a single-stage balanced amplifier with two Si LDMOSFETs BLF2425M6L180P (NXP) has 
been developed (with the use of the same HT method implemented in the ADS simulator), 
manufactured, and tested under the same conditions as our two-stage HPA with GaN 
HEMT dies postulated herein. 

Table. 1. Typical performance of considered GaN HEMT transistors. 

Part number CGH60040D CGH60075D 
Frequency range DC ÷ 6 GHz 
Maximum drain-to-source voltage VDSmax 150V 
Maximum channel temperature Tch 225°C 
Thermal resistance RthJC 3.27°C/W 1.66°C/W 
Operating point VDS , IDQ 50 V, 65 mA 50V, 0.125A 
Test frequency 4 GHz 
Saturated output power PSAT 40W 75W 
Power-added efficiency PAE 65% 65% 
Small signal gain G 18dB 19dB 
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Fig. 3. Two-stage double-balanced GaN HEMT HPA for a microwave heating source. 

Both HPA units have been subject to a range of laboratory measurements. Two 
operation parameters have been evaluated: output power (POUT) as a function of input 
power (PIN) and power-added efficiency (PAE) versus output power, within ±50 MHz 
of the nominal 2.45 GHz frequency. For the reference single-stage Si LDMOSFET HPA, 
the PAE does not exceed 50% and varies significantly with frequency (by more than 1.5 dB 
at the saturated output power of 54 dBm in the considered frequency range). The PAE of 
the entire microwave source designed herein, based on the two-stage GaN HEMT HPA 
(and including feedback loops with circulator, Fig. 3), is always higher, by as much as 10 
percenatge points at saturation. Moreover, gain changes over the considered frequency 
range are less than 0.5 dB (under similar operating conditions). The measurement results 
for the two-stage amplifier at three frequencies and for the single-stage HPA at the centre 
frequency are plotted in Fig. 4. 

To summarise, high-power solid-state microwave sources designed with the proposed 
methodology have been demonstrated beneficial over an alternative design. When tested in 
laboratory conditions, they also appear a promissing alternative for commonly used 
magnetrons in the field of precise microwave heating. Their practical use further requires 
a synchronised design of the passive part of the microwave applicator, for which 
a multiphysics-simulation-based methodology is described in the following section. 
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at three frequencies (solid lines) and PAE of the single-stage Si LDMOSFET HPA at the 
centre frequency of 2.45 GHz (red dashed line). 

III. Advanced simulation methodology for passive part
Advances in microwave heating technology require parallel advances in the modelling 
technologies, in order to take full advantage of new degrees of freedom and new control 
options. Computational electromagnetics is a core modelling tool. Borrowed in its basic 
form from common applications to the design of telecommunication systems, it has reached 
a position of a virtual microwave power laboratory, by means of linking and coupling to 
different physics solvers relevant to materials heating. Among them, bilateral coupling 
between electromagnetics and thermodynamics has been proven crucial, especially while 
considering phase changes. Heat transfer and load movement modelling have also been 
developed and applied, depending on the system characteristics, e.g. [11]. 

Now, the solid-state technology brings new control opportunities for microwave heating, as 
sources can be accurately steered by a computer. This calls for new simulation regimes, 
where not only load parameters would vary with temperature, but also source parameters 
would vary over time, either in a pre-defined manner or in response to the monitored 
system behaviour. In other words, enthalpy pattern in the load should be simulated with 
high accuracy, by integrating the dissipated power over time. With a view to the different 
time scales of the electromagnetic process, the thermal process, and the source switching, 
the overall strongly nonlinear heating process can be approximated by a parametric one and 
solved iteratively in the time domain, following the approach of [13]. Hence, we utilise the 
EM-thermal simulations regimes of [11][12] incorporated into QuickWave [13] software 
and supplement them with new functionalities for source switching at each so-called 
heating step. Our extended passive methodology provides two options: 

1. Dynamic and automatic switching of source operation frequency in response to
system behaviour related to varying load conditions (material parameters changing
as a function of varying temperature or load movement). For example, the
operating frequency in consecutive heating iterations may be automatically tuned
to the one of the lowest reflection coefficient (within user-defined frequency
range) at current process conditions (Fig. 5 a), hence maximising the power
delivered by the source to the load.

2. Dynamic switching of source signal parameters at user-defined time-instants
during the heating process, to user-predefined parameters’ specification (Fig. 5 b).
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This option is prepared to handle all signal parameters controllable in solid-state 
technology: amplitude, frequency, and also, in case of multiple solid-state sources, 
relative phase shifts between the sources. The amplitude control mechanism 
additionally allows for switching off the microwave power delivery, which 
enables the modelling of heat transfer and temperature equalisation within the load 
after the heating. 

An advantage of the time-domain approach in our methodology is the accumulation of both 
the thermal and electromagnetic states of the system, with a suppression of numerical 
spurious solutions [12]. This enables starting each consecutive heating step, before which 
material parameters are updated with reference to the accumulated enthalpy and calculated 
temperature change, from non-zero EM steady state reached in the previous heating step. 
Such an approach eliminates the need for re-running the EM analysis from EM zero state 
and typically provides an order of magnitude reduction in computing time. 

(a)      (b) 
Fig. 5. (a) Reflection coefficient of a cavity representative of a domestic microwave oven 
loaded with a slice of beef, with temperature-dependent beef. (b) Exemplary user-defined 
specification of sources’ parameters for consecutive simulation heating steps and electric 
field distribution in the related microwave oven after heating Step 3. 

IV. Experimental validation
The combined active and passive methodology has been favourably validated in a sequence 
of industrial experiments. Due to industrial confidentiality, only one experiment is released 
for publication [11]. It concerns a dual-aperture microwave oven prototype (designed by 
the algorithms of Section III) loaded with mashed potato cookies and fed with two 
computer-controlled solid-state sources (designed as in Section II). The settings of sources 
are computer-controlled, taking into account a feedback information about the reflection 
coefficient. In the considered case, both sources have been set to operate at 2.45 GHz and 
155 W output power. The mashed potato cookies were heated for 60 s and after completing 
each test, temperature distribution was measured with the use of infrared camera. 
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A computational model of the oven has been prepared in QuickWave software using its 
dedicated plug-in for industrially acknowledged CAD environment, Autodesk Inventor 
Software. Electromagnetic and thermal parameters of mashed potatoes were set based on 
our previous experience to εr=51.09, σ=3.012 S/m, specific heat 3.581 J/gK, density 1.01 
g/cm3, thermal conductivity 0.005 W/cmK, convective heat transfer coefficient between 
potato and air 0.001 W/cm2K (approximation of cooling in the oven). Coupled EM-thermal 
analysis was performed following the simulation methodology discussed in Section III, 
including phase shift between the sources. 
A very good agreement is observed between the results of the physical measurement 
(Fig. 6) and computer simulation (Fig. 7). It is clearly seen, in both sets of the results, that a 
change in relative phase shift between the sources significantly influences the heating 
pattern in the considered oven, modifying the distribution of the hot and cold spots within 
the heated cookies. They validate our methodology and demonstrate the need for advanced 
simulation regimes dedicated to the modelling of solid-state sources, in order to develop 
new technologies enhancing the performance and efficiency of microwave heating systems. 

Fig. 6. Temperature distribution in mashed potato cookies, measured with infrared camera, 
after 60 s of heating in the considered oven prototype, for different values of relative phase 
shifts between the employed solid-state sources. Phase shift between the two presented 
cases differs by 110 degrees. Photos courtesy of BSH HAUSGERATE GMBH, Traunreut, 
Germany. Originally published in [6]. 

Fig. 7. 3D display of temperature distribution in mashed potatoes cookies obtained with 
QuickWave 3D coupled EM-thermal analysis for the model of the dual-aperture microwave 
oven prototype: phase shift between presented scenarios differ by 110 degrees, as in Fig. 6. 
Originally published in [6]. 
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V. Conclusions
In this work, a combined active-passive methodology for the design of solid-state-fed 
microwave ovens is presented. A new approach to the design of solid-state microwave 
power sources, based on GaN HEMT transistors in a two-stage balanced configuration, is 
discussed and its advantages over a more classical single-stage SiC-based solution are 
presented, in terms of output parameters and device reliability. Furthermore, advanced 
simulation regimes dedicated to the modelling solid-state sources behaviour in application 
to microwave heating systems are developed and implemented in the FDTD-based coupled 
EM—thermal solver of QuickWave software. The new simulation tools allow taking full 
advantage of the solid-state technology. The active and passive methodologies have been 
validated, first independently and then jointly in an industrial experiment. 
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Electron Paramagnetic Resonance (EPR) spectroscopy is useful for characterising organic 
radicals and various metal complexes. At the heart of is the cavity resonator which both 
drives the EPR transition and generates a detectable signal [1]. We have developed an X-
band EPR cavity resonator that is capable of simultaneous sample heating and EPR 
measurements by using different modes [2]. The ability of in-situ heating (i.e. “T-jump”) is 
important for the study of a number of catalytic reactions. EPR signal detection requires a 
modulation field (at a frequency of around 100kHz) supplied by a pair of Helmholtz coils 
surrounding the cavity, but a traditional closed-box cavity greatly reduces the modulation 
field amplitude at the sample owing to the skin effect in the walls of the cavity. To combat 
this, we have developed a new elliptical cavity design incorporating pairs of copper 
laminates (of various copper thicknesses in the range 9 - 35µm) which maintains an effective 
modulation field at the sample. We demonstrate this for EPR in the Cu(II) complex Cu-
(acac)2 using an elliptical cavity. The quasi TM010 mode is used for heating at 6.1GHz, 
simultaeunosly to the EPR in the quasi TM110 mode at 9.5GHz. The sample temperatrue is 
then monitored through a hole in the cavity using a thermal imaging camera. 

Fig. 1 (left). Elliptical cavity modes for heating (TM010) and EPR (TM110) 
Fig. 2 (right). EPR spectra of Cu(acac)2 at 20℃ (top) and at 56℃ (bottom).[2] 
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Metal sulfides are a major group of minerals with economic importance as metal ores. 
Many base metals are extracted from sulfides, such as zinc, copper, lead, iron, and 
secondary metals (e.g., antimuonium, mercury, silver, arsenic), but also are associated 
other metals with very high added value (e.g., cobalt, nickel, gold and many others). 

The treatment with microwaves has demonstrated many advantages and good performance 
as technology for extractive metallurgical process. 

In this work, it has been analyzed the dielectric properties of several sulfide metal ores 
during microwave heating at room temperature, as well as the dielectric thermal analysis 
during microwave (MW-DETA, or DETAM) at high temperature under different 
conditions of the atmosphere and analyzing the resultant gases. Additionally, secondary 
physical effects derived from the microwave treatment has been also analyzed.  
Sulfide mineral shown complex behavior, with physical and mineral transformation that 
were analyses using X-ray powder diffraction, as well as the dielectric constant (ε’) and 
loss factor (ε”) during heating, as well as the magnetic behavior was correlated with the 
mineralogical transformation and alteration. 
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Introduction:  
During solvent extraction operations, liquid-liquid dispersions are formed in order to 
facilitate the interfacial mass transfer between two non-miscible phases. Once mass transfer 
is achieved, phase separation is needed. Phase separation usually takes place in a large 
settling zone, where drops are given time to coalesce. Pollutions in the feed, as well as 
elevated agitation rates, can lead to finely dispersed and excessively stable emulsions, 
leading to decrease in the process efficiency by phase entrainment and/or flooding of the 
equipment. Multiple solutions to this problem have been proposed over time, such as 
centrifugation, chemical demulsifiers and so on (see Frising et al. [3] for a review of phase 
separation and means to intensify separation). Among them, thermal treatment is of 
particular interest. Application of microwave heating provides a non-intrusive, potentially 
volumetric method to implement this solution. 
During the last decades, permittivity measurements on so called “macro” emulsions (for 
which particles are resolvable by visible light microscopy) have been made, most notably 
by Perl et al. [5], and later by Thomas et al. [4]. Studying emulsions of paraffin oil and water 
with surfactant concentrations up to 10%, they demonstrated that dielectric measurements 
made in the microwave range of frequencies (2.45 GHz up to 23.45 GHz) could be used to 
discriminate water-in-oil (w/o) from oil-in-water (o/w) emulsions. The absence of interfacial 
polarization effects at such frequencies was also pointed out, for emulsions having a 
nonconductive water phase. 

Conclusions of the aforementioned groups could be summed up as follows: i) Permittivity 
of the studied emulsions are controlled by their type (o/w or w/o) and by their water content. 
Corollary, permittivity measurements at microwave frequencies can be used as a quality 
control and for water content estimation. ii) Relaxation of o/w emulsions occurs at typical 
frequencies of water alone, whereas relaxation for w/o emulsions occurs at considerably 
larger frequencies. 
We carried out permittivity measurements of emulsions consisting of an ion solution as an 
aqueous phase (potassium nitrate, 1M), as well as an extracting molecule (tri-butyl-
phosphate) in the organic phase on a wide band of the microwave spectrum (from 0.5 to 20 
GHz). Indeed, the application of microwave heating to enhance demulsification in metal ion 
solvent extraction devices will be carried out with such phases. 

We will first discuss the experimental means used in our work, after which the results 
obtained on dense packed emulsions (that is to say emulsions for which the sedimentation 
step is completed, and the drops are static and in close contact) will be presented and 
discussed. Finally, limitations of our current results will be discussed as well and ongoing 
work briefly introduced. 
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Methods, Apparatuses and Materials: 
Materials, Emulsion production: 
In order to be representative of the dielectric behavior of some industrial solvent extraction 
systems, the aqueous phase was loaded with an electrolyte (K+ NO3

-, 1 mol/L). 
The organic phase was either a mixture of tri-butyl-phosphate (TBP, extracting molecule) in 
a kerosene-like alkane mixture (Isane IP 175, Total Fluids), or said alkane mixture alone. 
Potassium nitrate was chosen as an ionic loading because it is not extracted when contacted 
with TBP. 
In order to simulate problematic phase separation, emulsions were stabilized with 
commercially available surfactants, namely Tween 20 for oil-in-water emulsions and 
Span 80 for water-in-oil emulsions. Concentrations employed were respectively of 5.10 -5 
and 10 -4, expressed as volume fraction of the continuous phase. 
When the resulting stability was not sufficient, surfactant concentration in the continuous 
phase was increased and/or a co-surfactant was added to the dispersed phase. This will be 
mentioned where applicable.  

The permittivities of the surfactant solutions were also measured, with surfactant 
concentrations of 1% in volume. The observed deviations from the pure solvent values were 
within the measurement error (5% of read value or 0.01 for low permittivities), proving that 
surfactant addition can be disregarded when measuring the permittivity of each phase 
separately. 

Emulsions were produced with a modified commercially available membrane emulsification 
tool from Micropore, U.K., namely the LDC-1 (see Figure 1). Modifications were made in 
order to employ the LDC-1 in a continuous mode. Emulsification is achieved by pumping 
dispersed phase through a membrane while simultaneously a rotating blade applies a shear 
strain/stress on the continuous phase side. Two stainless steel membranes were used as 
provided by the manufacturer, both membranes having 40 µm pores, one being treated with 
a hydrophobic coating for w/o emulsion production. Volume or throughput achieved with 
this apparatus was limited by the low dispersed phase flowrate achievable through the 
membrane. In addition, continuous phase flowrate was limited by the pump operation. These 
limitations constrained the dispersed phase fraction to 0.40, with continuous phase flowrate 
being 22mL/min and dispersed phase flowrate being 15mL/min. Lower phase fraction were 
possible, but of no interest to the study. 
Measurements were also performed on emulsions whose organic phase was the diluent alone 
(Isane IP 175) and/or whose aqueous phase was distilled water with no ionic loading, in 
order to acquire data with different emulsion compositions. 

Although no drop size measurement was made on the emulsions during permittivities 
measurements, a previous use of this setup led to the measurement of a drop diameter of 
around 200 µm, a few second after the emulsion was formed. 
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Figure 1 : Micropore's LDC-1. Left = original setup, Right = modified setup for 
continuous delivering 

Permittivity measurements 
An Agilent Network Analyser, model N5230-A, employed in reflection mode was used to 
measure permittivities. The employed “slim form” probe is an open-ended coaxial probe of 
outer diameter 2.2 mm, and length 20 cm. The minimum sample thickness is given as 5mm 
for this probe. Measurements made for single phases were all performed in beakers, phases 
being contacted with the other component of the emulsion to be made. 

Calibration of the apparatus was performed with three standards, namely air, water and a 
short-cut circuit, which is the standard calibration procedure recommended by the 
manufacturer. Temperatures were measured with a commercial optical fiber thermometer 
(Rugged). 
For emulsions permittivities measurements, the LDC-1 emulsification chamber overflowed 
directly into a 100 mL measuring cylinder with a height scale in cm drawn to its side. This 
system allows for a thick, vertical spanning dense-packed zone to be formed. Measurements 
were then performed at different heights inside the emulsion. The idea behind the multiple 
height measurement was to enable us to measure the effect of phase fraction variation along 
the vertical axis on the measured permittivity. As multiple drops pile under or above the 
coalescence interface (emulsion / formerly dispersed phase boundary), their 
weight/buoyancy leads to greater drop deformation the closer the drops are to interface, 
therefore increasing dispersed phase fraction. 

Figure 2 : Principle of the measurements for the o/w case (left) and the w/o case 
(right) and corresponding conventions used.  
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Measurements were performed right after emulsion production (approx. 2 minutes after 
production) and a second time after 10 minutes of settling. It is to be noted that even during 
the first measurements (after circa 2 minutes), sedimentation was complete and the 
measuring cylinder was divided into a continuous phase zone, an emulsion layer, and a 
dispersed (but already coalesced) phase zone, as drawn on figure 2. 

At each time (2 minutes and 10 minutes) measurements were performed at various heights 
(from 0 up to 5 cm above / under sedimentation interface, zs) inside the dense-packed zone, 
with every measurement being repeated three times in order to compute a mean. Time to 
perform these three measurements is approximately 30s. 

Results:  
In a first section, we will present measurements made on single phases. We will discuss the 
effect of temperature, as well as the effect of chemical equilibration on each phase’s 
permittivities. Single phases permittivities will be used later to predict emulsion 
permittivities. Temperature effects are investigated in order to prepare work on microwave 
heating of emulsions. Effects of chemical equilibration between phases are investigated 
because it is known that water and TBP show low but non-zero mutual solubility. In 
particular, water transfer towards TBP / alkane mixtures should lead to a change in the 
organic phase’s permittivities, as mentioned in Richaud’s work [3] who studied the influence 
on TBP’s complex permittivity of various process parameters. 
In a second section, measurements made on emulsions will be shown, and analyzed based 
on single phases data. 

Measurements for single phases: 
Single phases permittivities were measured in a beaker with approximatively 40 mL of the 
considered liquid. Chemical equilibration between phases, when needed, was performed a 
priori by contacting them under agitation in a 1/1 volume ratio inside a bottle. Measurements 
for emulsion single phases were performed in the clear sections of the measuring cylinder. 

Aqueous phases: 

Figure 3 : Permittivities (left = real, right = imaginary) of aqueous phases 

Compared to pure water (blue lines), the added ionic species (KNO3 1M, green) lead to a 
considerable rise in the imaginary permittivity of the aqueous phase at low and even 
intermediate frequencies, due to ionic conductivity. Another sensible effect was the 
reduction of the real permittivity at intermediate to high (1 GHz to 20 GHz) frequencies. 
Comparing full (approx. 50°C) and dotted (approx. 25°C) lines, the effect of rising 
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temperature was first to shift the relaxation (visible on the real part only for KNO3) towards 
higher frequencies, as well as increasing the conductivity contribution to imaginary 
permittivity. 

Organic phases: 
Organic phases used in this study consisted, as previously mentioned, of either a 30/70 
volumetric mixtures of extractant (TBP) and alkane diluent (Isane IP 175), or the alkane 
alone. 

Figure 4 : Permittivities (left = real, right = imaginary) of organic phases 

Compared to the aqueous phases (figure 3), organic phases show low permittivities. IP175, 
the alkane diluent (yellow lines), shows a very low (around 2) real permittivity and is 
practically lossless over the whole frequency range, while TBP alone (blue lines) shows a 
low frequency relaxation (around 0.5 GHz). “High” permittivities for TBP when compared 
to alkanes were expected, as its phosphate group is polar. The 30% TBP in IP175 mixture 
(green lines) shows intermediate permittivities between those of each constituent. Effect of 
temperature (dotted lines 20 – 25 °C, continuous lines approx. 55 °C) is minimal on IP175’s 
permittivities, while TBP’s relaxation frequency shifts towards higher frequencies with 
rising temperature. 

Effect of chemical equilibration: 

Figure 5 : Effect of chemical equilibration : permittivities (left = real, right = 
imaginary) of pure TBP contacted w/ water 

On figure 5, TBP contacted with water (continuous line) showed higher real as well as 
imaginary permittivities compared to non-equilibrated TBP (dotted line). Both 
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measurements were performed at room temperature (approx. 20°C). Other contacting effects 
(on organic phase in the absence of TBP, and on aqueous phases) were all bellow the 
measurement accuracy and are thus not discussed here, even though TBP shows a small 
solubility in water. However, these effects should nevertheless be taken into account: 
measurements of emulsion constituent phases should be made after chemical equilibration, 
particularly if used in a model to compute emulsion permittivities, and whenever chemical 
equilibration takes place. 

Measurements for Emulsions: 
We considered both o/w and w/o emulsions. As already mentioned, we could not control the 
phase fractions in this study as the emulsions are left to sediment. Nevertheless, the achieved 
dispersed phase fraction lied between 0.6 (loose random sphere packing) and 1.0, owing to 
drop deformation, in each case. In order to illustrate the differences between both types, we 
now present results obtained on IP175 dispersed in KNO3 1M aqueous solution (Figure 6), 
as well as KNO3 aqueous phase in IP 175 (Figure 7). The latter emulsion was obtained by 
adding 0.1% by volume surfactant (Span 80) in the continuous organic phase. Dotted lines 
show measurements made 2 minutes after production, continuous lines show measurements 
made 10 minutes after production. 

Figure 6 : O/W: Permittivities (left = real, right = imaginary) of an IP175 in Potassium 
nitrate 1M emulsion. 

Figure 7 : W/O: Permittivities (left = real, right = imaginary) of a Potassium nitrate 
1M in IP175 emulsion. 

The time-evolution observed in figure 6 for the o/w emulsion (dotted lines 2 minutes after 
production, continuous line 10 minutes) can be interpreted as follows: during the approx. 8 
minutes separating the measurements, continuous (aqueous) phase drains from the emulsion, 
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leading to overall lower permittivities. On figure 7 (w/o), the same drainage of continuous 
(this time, organic) phase in turn leads to overall higher permittivities. Of course, this 
evolution will not stop, eventually leading to the collapse of the emulsion by combined 
drainage and coalescence during a few hours. Effect of measurement height is attributed to 
the variation of phase fraction along the settler height: as explained in the Permittivity 
measurements section, and as illustrated in figure 2, the further away the distance from the 
sedimentation interface, the greater the dispersed phase fraction, due to the droplets 
deformation under their weight / buoyancy, 
Comparing figures 6 and 7 reveals that W/O dense-packed emulsions show overall higher 
real permittivities. Imaginary permittivities are comparable in magnitude in some cases (0 
cm o/w versus 4 cm w/o) even though the aqueous phase content is expected to be very 
different (around 0.4 and 0.7-0.9 respectively). 
One sensible difference between the two modes (o/w or w/o) is the observable rise in low 
frequency real permittivity for KNO3 dispersed in Isane IP 175 emulsions. This effect could 
possibly be linked to low frequency interfacial polarization, owing to the conduction and 
resulting polarization inside ion-loaded droplets bounded by non-conducting organic phase. 

In order to illustrate the dominant effect of aqueous phase permittivity over that of the 
organic phase, the results for 30% TBP + 70% IP175 dispersed in KNO3 1M solution are 
shown in figure 8. 

Figure 8 : O/W: Permittivities (left = real, right = imaginary) of a 30% TBP / 70% 
IP175 in Potassium nitrate 1M emulsion. 

Comparing results shown in figures 6 and 8, we conclude that the organic phase’s 
constituents (IP175 alone in figure 6, 30%TBP in IP175 in figure 8) only have a minor effect 
on the resulting emulsion permittivity, owing to the far greater permittivities of aqueous 
phase (KNO3 1M in both cases). However, the time-evolutions (comparison between the 
dotted versus continuous lines) indicates that drainage occurred faster in emulsions with a 
TBP / IP mixture as dispersed phase. 

Conclusion: 
The study was dedicated to liquid-liquid systems typical of solvent extraction processes. The 
ion-loaded aqueous phase, 1mol/L potassium nitrate, has an important conducting behavior. 
These high relative permittivities in turn lead to very short penetration depths, potentially 
jeopardizing the wanted volumetric nature of microwave heating. On the other hand, the 
organic phase (solvent), namely 30% tri-butyl-phosphate in IP175 alkanes, showed 
relatively low permittivities. TBP alone shows a low frequency (500MHz) relaxation. 
Surface-active agents in the employed concentration range had no effect on single phase’s 
permittivities. 
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Not only single phase’s permittivities and phase fractions, but also emulsion type (o/w or 
w/o) has an effect on the emulsions permittivity, as was clearly mentioned in previous 
studies on pure water/organics emulsions[4][5]. This complex behavior of emulsion 
permittivities requires models, some of which are discussed in Thomas’ work[4] 

The effect of height in the dense-packed zone, corresponding to the effect of phase fraction 
variation, could be summed-up as follows: 

- For o/w emulsion: displacing the measurement point towards dispersed
(organic) phase led to a drop in emulsion permittivity.

- For w/o: displacing measurement point towards dispersed (aqueous) phase led
to a rise in emulsion permittivity.

Both of these effects can be qualitatively related to a rise in the dispersed phase fraction 
when displacing the probe away from the sedimentation interface (continuous phase / 
emulsion boundary) and towards the coalescence interface (emulsion / dispersed phase 
boundary). For both operating modes (o/w or w/o), displacing the probe upwards lead to a 
drop in permittivity, displacing it downwards led to a rise in permittivity. 

From a process engineering perspective, the differences between the two types of emulsions 
should be taken into account in order to apply microwave heating as a demulsification 
strategy. Of course, permittivity variations caused by phase fraction evolving with time, or 
along the settler’s length, clearly has to be considered. 

Further work: 
Phase fraction measurement has to be done in the dense packed zones, but for the moment, 
our attempts have been unfruitful owing to the visco-elastic behavior of the produced 
emulsions, preventing a representative sample to be taken. Work is still in progress. 
Modeling can be helpful to solve this issue: phase fraction for such emulsions can indeed be 
estimated from permittivity measurements performed on agitated emulsions for which the 
phase fraction is known. Several models from the literature are under evaluation, in 
particular Hanai’s model [1], and its proposed resolution by Thomas [4]. 
Differences between the two modes (w/o, o/w), even when composed of the same relative 
volume of organic/aqueous phases, were already a central theme in Thomas’s and Perl’s[5] 
work, and is currently investigated further. 
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The terahertz (THz) communications are predicted to be the next generation of wireless 
communication networks in the coming five to ten years. Both transmitter and receiver parts 
are using highly accurate and directive antennas to overcome the problem of high 
propagation as well as reflection losses in THz band. One of the primary objectives of this 
paper is to investigate the directive antennas designed to compare with ideal antenna 
Gaussian beam model which at the main lobe is described by a circular symmetrical 
Gaussian function in terms of gain and beam-width of a typical open-ended waveguide, 
standard gain horn (SGH), and additional SGH with a customized lens antenna. All antenna  
simulations are performed by CST Microwave Studio at frequency of 350 GHz. The gain 
and HPBW of simulated SGH antenna achieve exactly as expected in the Gaussian beam 
model.  

1. Introduction

Gigabits communication requires antennas 
of light weight, low fabrication cost, small 
footprint and are easy to install. Terahertz 
(THz) band antennas should have narrow 
beamwidth, low side and low level in order 
to minimize the risk of interferences. 
Recently, many antennas have been designed 
and proposed at THz band (beyond 300 
GHz). The frequencies around 350 GHz are 
especially interesting, as they lay in a low 
absorption atmospheric window with 47 
GHz of available unregulated bandwidth and 
secondly, it can be expected that fast 
technological progress will soon allow for 
relatively cost-efficient components [1, 2, 3]. 

In this paper some kinds of antennas are 
proposed [5] to model the needs of 

directivity and gain for each case. An open-
ended waveguide can be employed as it may 
be usually implemented in a short range 
communication which does not require an 
accurate alignment due to its applications, 
e.g. external hard-drive to computer or laptop
or small download stations (kiosk), etc. Even
though, recently the integrated circuits (ICs)
technology has mostly replaced a waveguide
technology in the commercial devices.
Furthermore, a more accurate alignment has
to be fulfilled in high accuracy required
communication purposes. The horn antennas
have been used for quite a while as a high
gain radiator in many applications due to it’s
ability to attain longer ranges. Additionally,
a horn antenna with lens may be employed to
have higher gain and narrower beamwidth
[7].
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2. Directional THz Antenna Model and
Design

THz communication as well as mm-wave 
communication which requires a strictly 
limited transmit power and low power 
consumption are the main goals for building 
a higher frequency communication, at the 
same time being a challenge also. In [8] the 
requirements of antenna model for 
millimeter wave communication have been 
analysed. In this paper, a submillimeter 
(THz) wave also has similar requirements for 
antenna model described as: 1) The half-
power beamwidth (HPBW) of at least 15° -
60° which is also required in the mm-wave
communication system such as wireless 
personal area network (WPAN) system; 2) 
The main lobe also includes side lobes for 
multipaths channel; 3) Antenna pattern of 
360°. covers arround the angle for multipaths
channel; and 4) A mathematical model for 
simplifying system simulation.  

According to the antenna model as described 
in [8], there are basically main lobe and 
side/back lobes in the antenna model. The 
side/back lobe patterns are not really 
important and the averaged side-lobe level is 
more practical [8]. The antenna side-lobe 
level can be derived from [14] as:  

𝐺𝑠 =
4𝜋−𝐺0  ∫ ∫ 𝐷(𝜃,𝜙)𝑠𝑖𝑛𝜃 𝑑𝜙 𝑑𝜃

2𝜋
0

𝜃𝑚𝑙 2⁄

0

∫ ∫ 𝑠𝑖𝑛𝜃 𝑑𝜙 𝑑𝜃
2𝜋

0
𝜋

𝜃𝑚𝑙 2⁄

  (1) 

where 𝜃𝑚𝑙  is the main-lobe angular width, 
𝜃𝑚𝑙 2⁄  is usually called HPBW, 𝐺0  is the 
peak gain, and 𝐷(𝜃, 𝜙)  represents the 
directivity of the peak gain both in elevation 
(𝜃 ) and azimuth (𝜙 ) direction. The most 
popular in the horn antenna type for 
communication is pyramidal horn antenna as 
some works have been done for example by 
[9]. As mentioned in the theoretical 
background, there are three types of antenna 

horn, H-plane setoral, E-plane sectoral, and 
pyramidal horn it self. Although the horn 
antenna is more costly, but for this purpose 
of high gain antenna, it is the best choice to 
be considered.  

Fig 1. Calculation of χ-value by some 
iterations. 

Fig.1 shows the parameters (notations) 
which are used to calculate the pyramidal 
dimen- sion. It needs numerically calculation 
to get the convergence value for the whole 
parameters as depicted in Fig. 2 with χ value 
of 2,3 × 10−3. Varying geometrical
parameters are very crucial to define the 
maximum effective horn parameters. All the 
model of the open-ended waveguide and 
horn antenna was calculated as well as lens 
are built by the CST Microwave Studio De- 
sign. In this paper, the antennas design of 
frequency between 325 GHz and 375 GHz 
(50 GHz bandwidth) are investigated to see 
the performance of its wideband frequency.  

2.1 Open-Ended Waveguide 

A part of horn antenna is the waveguide 
which guides the electric and magnetic field 
into the horn direction where the wave is 
propagated. The dimension of the waveguide 
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is considered as a rectangular waveguide 
with the length a = 0.864 mm and the width 
b = 0.432 mm. The waveguide is designed 
with the material of PEC which is quite 
common in the market. The waveguide is 
usually implemented such as in the short 
distance communication distance like 
personal computer (PC) to disk device (hard 
drive).  

Fig 2. Simulated Open-ended waveguide 
Design by CST Microwave Studio 

2.2 Standard Gain Horn (SGH) 

In this paper, we considered designing the 
standard horn antenna for the 
implementation of the directivity impact in 
the forthcoming section. The standard gain 
horn as a pyramidal horn is fed by the 
waveguide in both E-plane and H-plane 
directions, already discussed in the previous 
section. Therefore, the E-plane sectoral and 
H-plane sectoral analysis contribute to all
results which have been carried out by the
CST Microwave Studio.

We considered the antenna parameter 
calculations from [8]. The directivity of the 
horn is calculated by introducing the 
efficiency of the phase for E- and H-plane as: 

𝐷 =
4𝜋

𝜆2 𝜂𝑡𝜂𝑝ℎ𝐸𝜂𝑝ℎ𝐻(𝐴. 𝐵)  (2) 
while 

Fig 3. Simulated SGH Antenna Design 

𝜂𝑡 = 8
𝜋2⁄  (3) 

𝜂𝑝ℎ
𝐸 =

𝐶2(𝑞) + 𝑆2(𝑞)
𝑞2⁄    (4) 

with 

𝑞 = 𝐵
√2𝜆𝜌1

⁄  (5) 

where 𝐶(𝑥)  and 𝑆(𝑥)  are Fresnel integrals 
[6], and  

𝜂𝑝ℎ
𝐻 =

𝜋2

64𝑡
[𝐶(𝑝1) − 𝐶(𝑝2)]2 + [𝑆(𝑝1) − 𝑆(𝑝2)]2

(6) 

with 

𝑝1 = 2√𝑡 [1 +
1

8𝑡
] ,  𝑝2 = 2√𝑡[−1 +

1

8𝑡
] 

(7,8)

𝑡 =
1

8
(

𝐴

𝜆
)

2 1

𝜌2 𝜆⁄
(9) 

The directivity and the gain for pyramidal 
horn is similar, because of the very low 
losses of the horn radiation efficiency. 
Therefore, the horn is used as the standard 
gain horn in the antenna measurement. The 
total aperture efficiency according to [10] 
calculation is derived from the optimal 
directivity of E-plane and can be achieved 
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for 𝑡 =
3

8
with 𝜂𝑝ℎ

𝐻 = 0,79 . As a result the
total aperture efficiency is 𝜂𝑡𝑜𝑡𝑎𝑙 =
𝜂𝑡𝜂𝑝ℎ

𝐸 𝜂𝑝ℎ
𝐻 = (0,81)(0,80)(0,79) = 0,51.

The optimum horn ph ph can be achieved 
only if the 𝑝𝑒 = 𝑝ℎ as it is shown in Fig. 4.2. 
The optimum condition affects to the 
notation parameters as  

𝐵 =
1

2
(𝑏 + √𝑏2 + 8𝜆𝑝𝑒).   (10) 

Table 1. SGH Antenna Parameter derived 
for CST Microwave Studio Simulation 

Notation Dimension Value 
a Waveguide 

width 
0,864 mm 

b 

A 

B 

𝑝𝑒 = 𝑝ℎ 

Waveguide 
height 
Horn 

aperture 
width 
Horn 

aperture 
height 

Horn flare 
length 

0,432 mm 

      2.30 mm 

1,70 mm 

1,30 mm 

while 

𝑝𝑒 = 𝑝ℎ =
𝐴−𝑎

𝐴
(

𝐴2

3𝜆
) = 𝐴

(𝐴−𝑎)

3𝜆
 (11) 

Then the Gain of horn is: 

𝐺 =
4𝜋

𝜆2 𝜂𝑡𝑜𝑡𝑎𝑙  𝐴 . 𝐵    (12) 

Substitution of equation 10 and 12, the 𝜒 
parameter can be numerically calculated as: 

𝜒4 − 𝑎𝜒3 +
3 𝑏 𝐺 𝜆2

8𝜋 𝜂𝑡𝑜𝑡𝑎𝑙
 𝜒 −

3 𝐺2𝜆2

32𝜋2𝜂𝑡𝑜𝑡𝑎𝑙
2 = 0 (13) 

where 𝜒 is the length of the horn parameter 
A, as depicted in the geometrical parameter 
of Fig. 1 which is A = 2.3 mm after 13 
iterations. Once the A is found, B, and the 
other parameters can be calculated. As a 
result, the summary of the parameters are 
shown in Table 1.  

The waveguide is a standard waveguide, 
WR-3 waveguide, easily found in the market 
similar to [9]. Therefore, the antenna 
waveguide is easier to be realized. The 
material of the SGH antenna is gold, because 
it has much better characteristic in terms of 
the simulation results than perfect electric 
conductor (PEC) and all other materials.  

2.3 Standard Gain Horn (SGH) with Lens 

The expected very narrow beamwidth is 
analyzed and compared with the results 
obtained from the open-ended waveguide, 
SGH, and SGH with lens. Each scenario has 
individual gain and directivity which we can 
be employed for the direcitvity impact in the 
multipath channel charac- teristic. Thus, the 
lens can converge the beam into narrower 
beam, it means that the directivity and gain 
must be higher than the SGH. The lens is also 
simulated by CST Microwave Studio with 
the proposed material based on [4] work. The 
lens is mounted at the horn antenna aper- ture 
to keep the design compact and concentrate 
the energy to the desired direction avoid the 
misdirection of the propagation waves. The 
lens in this paper is a single layer in order to 
obtain an easier design with no impedance 
matching of the lens layer [8].  

The design of the dielectric lens is basically 
based on the principle of equality of path 
length, called the Fermat’s principle. The 
general equation is as follows [4]  
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𝑅

𝜆0
=

𝐿

𝜆0
+

𝑅 𝑐𝑜𝑠𝜃−𝐿

𝜆𝑑
 (14) 

where 
𝜆0= free space wavelength  
𝜆𝑑= dielectric lens wavelength  
Then from above equation, we get 

𝑅 = 𝐿 + (𝑅 𝑐𝑜𝑠𝜃 − 𝐿) 𝑛 (15) 

where n is refractive index of the lens which 
depends on the relative permittivity of the 
lens for non-magnetic material with 𝜇𝑟 = 0, 
as 𝑛 = √𝜀𝑟 .

Fig 4. SGH with customized dielectric lens 

In this paper, the lens is designed based on 
[11] the modified parabolic function as its
shape:

𝑧(𝑥, 𝑦) = −√((𝑦2 + 𝑥2) 𝐵 𝐵 + 1⁄⁄ ) 𝐴2       (16) 

where A and B are the horn sizes of the 
antenna as shown in Figure 1. The 
characteristic material of the lens has a 
conductivity magnitude of 0,1(𝑆𝑚)−1 with
the electric tangential of 0.000126, 
permittivity of 2,4(𝐹𝑚)−1, and permeability
of 1(𝐻𝑚)−1. The horn itself designed with
SEE-Silver material has electric conductivity 
of 6,3012 × 107(𝑆𝑚)−1 with thermal
conductivity 429 𝑊(𝑚𝐾)−1 , material

density 10500,0(𝑘𝑔𝑚)−3 , whereas the
permeability is 1(𝐻𝑚)−1.

Table 2. SGH with Lens Parameter derived 
for CST Studio Simulation 

Notation Dimension Value 
a Waveguide 

width 
0,94 mm 

b 

A 

B 

L = W 

Waveguide 
height 
Horn 

aperture 
width 
Horn 

aperture 
height 

Length and 
width of lens 

0,57 mm 

 4,90 mm 

       2,60 mm 

         2,95 mm 

This is another horn antenna based on the 
[4,6] calculation instead of SGH horn in the 
previous description employed for the 
purpose of improving the impact by 
attaching an additional lens.  

3.1 Radiation Pattern, VSWR, HPBW, 
and S-parameter  

The three-dimensional far-field of the open-
ended waveguide at frequency 350 GHz has 
maximum gain G = 8.87 dBi at 0°main lobe
direction in azimuth plane with the half-
power beamwidth HPBW = 54,3°.  For the
SGH the main lobe direction at 0°  in the
azimuth plane has the maximum gain of 16 
dBi with the HPBW of 25,8°. The gain has
increased almost twofold when compared to 
the open-ended waveguides’ gain.  

Quality of an antenna can also be assessed by 
its Voltage Standing Wave Ratio (VSWR) 
parameter. The VSWR of open-ended 
waveguide is 1.362 at frequency 350 GHz 
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and reflection coefficient is 𝑆11  = −16.289 
dB. If we compare the VSWR of the various 
antenna types, the VSWR of SGH decreases 
to 1.103 at frequency 350 GHz with 
reflection coefficient being 𝑆11  of -26.165 
dB, which is 10 dB better than the open-
ended waveguide. And the VSWR is further 
improved when we add a lens to the antenna 
horn giving a value of 1.098 with reflection 
coefficient 𝑆11 of 26.5 dB.  

3.2 Antenna Directivity and Gain 

The antenna directivity of pyramidal 
configuration is vital to antenna designer [4]. 
Both directivity and gain describe the 
performance of the antenna. Even though the 
gain is closely related to directivity, the 
efficiency of the antenna takes a part within 
its directional capabilities. According to 
IEEE standards, losses from the impedance 
mismatches and mismatch polarization are 
not taken a part into the gain [4]. In this 
paper, the shown directivity plots are taken 
from the directivity simulated results. 
Whereas, the IEEE gains are mostly 0.1 dB 
below the directivity values in dB. In 
practice, the term of gain is usually refers to 
the maximum gain.  

The far field directivities of the open-ended 
waveguide, SGH, and SGH with lens are 
shown in Fig. 5 for frequencies 325 GHz, 
350 GHz, and 375 GHz. The maximum 
directivity of open- ended waveguide is 
around 8.87 dBi at frequency 350 GHz, and 
it has the highest directivity at frequency 375 
GHz.  

The gain values for the open-ended WG, 
SGH, and SGH with lens are compared in 
Fig. 5. The extra lens, when added to the 
SGH can improve the directivity (gain) and 
reduce the HPBW resulting in a narrower 

beam as compared to the one obtained from 
the SGH without lens. 

Fig 5. Comparison of directivity of Open-
ended WG, SGH, and SGH with Lens 

The Gain of SGH with lens is around 22.24 
dBi, showing a deviation of 6.22 dB as 
compared to SGH.  

The depicted gain is 8.87 dBi for open-ended 
WG with a horizontal (along B) HPBW of 
54,3°.  and a vertical (along A) HPBW of
72,2° . For SGH the gain achieves 16 dBi
with a horizontal and vertical HPBW of 
25,8° and 25,7° . respectively. Whereas, the
SGH with lens’s gain is 22.2 dBi with a 
horizontal and vertical HPBW of 12,1° and
16,4° respectively.

4. Gaussian Beam Model and Summary

Various antenna types are considered to 
investigate the impact of directivities relative 
to the channel characteristic at terahertz 
frequencies. A high accuracy of antenna 
alignment is required to be fulfilled in the 
radio communication. A horn antenna 
obtains high gain, however, a horn with lens 
is optional for a higher gain to achieve the 
long-range distance between transmitter and 
receiver. The open-ended waveguide 
antenna is employed for a shorter range of 
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distance communications with reduced 
alignment requirements.  

The antenna patterns in real life are to be 
constructed accurately according to the 
description. The antenna model can therefore 
be simplified by a Gaussian form model of 
the main lobe in decibel scale. The maximum 
gain achieved at the main lobe is described 
by a circular symmetrical Gaussian function 
beamwidth as [14]:  

𝐺(𝜙, 𝜃) = 𝐺0𝑒−𝛼𝜃2 (17) 

where 𝐺0 is the maximum antenna gain, 𝜙 is 
the azimuth angle, 𝜃 is the elevation angle, 
and 𝛼  is the correlated to the half-power 
beamwidth (HPBW) or 𝜃−3𝑑𝐵 as: 

𝛼 =
4 ln (2)

𝜃−3𝑑𝐵
2⁄ (18) 

and the equation 17 can be expressed in 
decibel (dB) as follow:  

𝐺(𝑑𝐵) = 𝐺0(𝑑𝐵) − 12 (𝜃
𝜃−3𝑑𝐵

⁄ )
2
      (19) 

while the maximum gain 𝐺0 can be derived 
by approximation for an ideal aperture 
antenna as [8, 12]:  

𝐺0 = (𝑘. 𝑝)2 (20) 

where 𝑘. 𝑝 =
1.6162

𝑠𝑖𝑛(
𝜃−3𝑑𝐵

2
⁄ )

 , k is the 

wavenumber, and p is the aperture radius 
respectively. The approximation of ideally 
maximum gains due to the varied HPBW is 
also denoted by α expressed in the equation 
19  as 35.4 dBi, 18.9 dBi, and 7.6 dBi from 
the right to left for HPBW 139,8692°,

Fig 6. Shows the HPBWs as the angular 
dependent gain for each antenna design 

(Open-ended WG, SGH, SGH with Lens). 
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24,9766°, 2,5976° in the azimuth plane and
HPBW 44,9579° , 16,6511° , 1,5985°  in the
elevation plane respectively. 

As conclusion, the Gaussian beam model is 
constructed according to the aforementioned 
antenna measurements. However, we have 
not carried out any actual antenna 
measurements in this paper. Hence, the 
simulation results are compared exactly the 
same with these approximations for future 
constructions. 
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The demand of gluten-free bakery products (biscuits, cakes, muffins, etc) is continuously 
increasing, specially from groups with celiac disease and gluten sensitivity but also from general 
consumers. Due to the relevant role of gluten in these food matrices the substitution of the 
gluten-containing ingredients leads to important challenges. One of the most important 
challenge is to obtain products that are nutritionally adequate but also maintaining optimum 
sensory properties, especially in terms of texture. The objective of this work was to study the 
impact on the quality of gluten free muffins of the incorporation of a healthy ingredient, such as 
dietary fibre, by the addition of two citrus fibres (COF - commercial and OFM – orange fibre 
obtained by the combination of hot air and microwave drying), and the application of two baking 
technologies (CO-conventional oven and MW-Microwave). Sensory analysis (Quantitative 
Descriptive Analysis (QDA) and expected satiety) were carried out by a trained panel on the 
four muffins obtained (OFM-CO, OFM-MW, COF-CO, COF-MW). Texture Profile Analysis 
(TPA) was performed using a texturometer after 1, 3 and 6 days of storage of the four samples. 
Results showed that the chewiness and hardness of the OFM muffins was higher than for COF 
muffins. The microwave baking process led to muffins with reduced chewiness and hardness 
attributes (COF-MW at day 6 presented similar results to those of the COF-CO at day 1). No 
significant differences were found on the adhesiveness, cohesiveness, resilience or springiness. 
Sensory analysis showed that the appearance was the only attribute that differed among samples: 
the OFM muffins presented a slightly more intense orange internal colour, regardless the baking 
technology used. All panellists concluded that OFM-CO muffins presented the best quality due 
to their colour, appearance, typical muffin flavour, mouthfeel, texture and ease of mastication. 
Expected satiety was not affected by the type of fibre nor the type of technology. Consequently, 
the use of an orange fibre obtained by the combination of hot air and microwave drying (OFM) 
and the microwave baking technology resulted a potential combination for the development of 
gluten-free products with improved sensory properties. 

Fig.1. Photographs of the four gluten-free muffins (from left to right: OFM-CO, OFM-MW, 
COF-CO, COF-MW).  
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This paper reports the results of a study of microwave sintering of ZnO-based varistor 
ceramics in rapid processing regimes. The study has established correlation of enhanced 
densification with the development of thermal instability at elevated levels of the absorbed 
microwave power density. Based on an analysis of the experimental data, a mechanism 
underlying rapid densification in different field-assisted processes with volumetric energy 
release is discussed.  
The samples for the study were compacted from a ZnO + 1.5 mol. % Bi2O3 + 1 mol. % 
Sb2O3 powder mixture with an average particle size of 0.5 – 1 µm. The samples were 
pressed uniaxially into pellets 10 mm in diameter and about 3 mm in thickness. The density 
of the compacted samples was about 55 % of the theoretical value. Microwave sintering 
was carried out on a 24 GHz / 5 kW gyrotron system for high-temperature processing of 
materials [1]. The gyrotron output power was regulated continuously by the computer 
control system to implement the specified heating regimes. After an initial slow heating 
needed to remove the adsorbed water, starting from a temperature of 500 °C the samples 
were heated at a constant heating rate, 10 – 130 °C/min, up to a temperature of 1100 – 
1300 °C with no isothermal hold. The temperature of the samples was measured by two 
type B thermocouples, one installed in a hole drilled to the center of the sample and the 
other touching the surface of the sample at a distance of 1 mm from its edge. The reading 
of the former thermocouple was used as a driving signal for the power control system. The 
thermal insulation assembly comprised a block of porous alumina (AL-30, Zircar 
Ceramics, USA) with an 11 mm dia. cylindrical channel drilled through it to make the 
sample visible for the optical dilatometry unit [2]. In some experiments, a SiC susceptor 
ring was built in the assembly around the sample to improve the temperature uniformity. 
Higher heating rate experiments (75 – 130 °C/min) were carried out using a closed thermal 
insulation assembly without the use of optical dilatometry. For purposes of comparison, 
some samples were sintered conventionally in a resistive furnace with a heating rate of 
3 °C/min and an isothermal hold for 30 min.  
The relative densities of the sintered samples and the mass loss are plotted in Fig. 1 for 
different maximum sintering temperatures as a function of the heating rate. It can be seen 
that under direct microwave sintering the highest final densities, about 96 % of the 
theoretical value, were achieved at a maximum sintering temperature of 1150 – 1200 °C 
using rather high heating rates: 50 and 75 °C/min. Using a SiC susceptor, a similar density 
was achieved at a heating rate of 30 °C/min. The mass loss of the samples increased when 
the heating rate was below 50 °C/min or when the maximum sintering temperature was 
raised to 1300 °C. The conventionally sintered samples exhibited a one percentage point 
lower density and a twofold increase in the mass loss compared to the samples sintered in 
the optimal microwave processing regimes. 

96



18th International Conference on Microwave and High Frequency Applications 
AMPERE 2021, Online, September 13-16, 2021 

 (a) 

 (b) 

Fig. 1. The final density of the sintered samples (a) and the mass loss 
(b) for different final sintering temperatures vs. the heating rate.

Examples of SEM images of the samples obtained by microwave and conventional 
sintering are shown in Fig, 2. The average grain size determined using the method of 
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random sections was 3.7 – 4.3 µm in the samples microwave sintered at 1200 °C, 5.1 µm in 
the samples microwave sintered at 1300 °C, and 5.8 µm in the samples sintered 
conventionally at 1200 °C with an isothermal hold for 30 min. 

(a)                                                            (b) 
Fig. 2. SEM images of the of the polished and etched surfaces of the 
samples obtained by (a) microwave sintering (50 °C/min, 1200 °C, no 
hold); (b) conventional sintering (3 °C/min, 1200 °C, 30 min hold). 

The current–voltage characteristics obtained for some of the obtained varistor ceramic 
samples are shown in Fig. 3. The nonlinearity index determined for all samples falls within 
the range 32 – 35. The breakdown electric field strength is approximately inversely 
proportional to the average grain size. 

Fig. 3. Current – voltage characteristics of the samples of varistor 
ceramics sintered at a temperature of 1200 °C by microwave sintering 
at different heating rates and by conventional sintering (two samples). 
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An investigation of the rapid microwave sintering mechanism responsible for the 
densification in the described experiments involves an analysis of the shrinkage data, the 
automatically regulated microwave power recorded during the constant-heating-rate 
processes, and the temperature difference between the center and periphery of the samples.  
Shown in Fig, 4 are the dependencies of the relative density on the temperature measured 
in the center of the samples obtained by optical dilatometry. It can be seen that the 
densification in the process using the SiC susceptor ring starts at a temperature of about 
750 °C which is noticeably higher than in all other samples. 

Fig. 4. The relative density of the samples during microwave sintering 
vs. the temperature of the center of the samples, including a process 
carried out with a SiC susceptor ring. 

Shown in Fig. 5 are the plots of the automatically regulated microwave power recorded in 
the microwave sintering processes carried out at the same heating rate, 30 °C/min, with and 
without the SiC susceptor. Small temperature and power oscillations seen in the plots 
reflect the operation of the automatic power control algorithm. It can be seen that when the 
susceptor is utilized, the recorded power grows monotonically with temperature, remaining 
significantly lower throughout the process than the power recorded in the case of direct 
microwave heating without using the susceptor. The relatively low power required for 
heating in the former case is explained by strong microwave absorption in SiC. In the latter 
case a transient drop in the power is observed in the temperature range 650 – 750 °C. The 
power decreases to the values that are close to the power recorded in the process utilizing 
the susceptor. This suggests that in this temperature interval there develops a strong 
microwave absorption in the material of the sample. Comparing the respective curves in 
Figs. 4 and 5, one can conclude that this strong microwave absorption coincides with the 
onset of densification in the sample. A similar transient decrease of the automatically 
regulated power was observed in the same temperature range in all microwave heating 
processes carried out without the susceptor at different heating rates [3]. 
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Fig. 5. The automatically regulated microwave power recorded in the 
microwave sintering processes carried out at a constant heating rate of 
30 °C/min with and without the use of a SiC susceptor vs. the 
temperature of the center of the samples. 

In situ measurements of the dc electric conductivity of the varistor ceramic samples during 
microwave heating have demonstrated that the conductivity begins to increase sharply at a 
temperature of about 700 °C. It should be noted that liquid phase begins to form in the ZnO 
– Bi2O3 system at about 735 °C [4], and in the presence of Sb2O3 this temperature can
decrease to as low as ~ 590 °C [5]. The liquid phase has orders-of-magnitude higher
electric conductivity than the solid ceramic composition, and it contributes significantly
into both the dc conductivity and the microwave absorption. The drop in the microwave
power seen in Fig. 5 results from the reaction of the power control system on the increase
in the temperature of the sample center in excess of the preset temperature-time schedule.
This temperature increase is a manifestation of the thermal instability that develops when
the volumetrically released microwave power, increasing due to the growing absorption, is
no more balanced by heat removal. Such instability has been detected in the previous
studies of rapid microwave sintering of other ceramic materials [2, 6–8]. The liquid phase
forming at the powder particle surfaces enhances the mass transport rates in the sintering
process drastically. This explains the early onset of densification seen in Fig. 4.
In contrast, when the SiC susceptor is utilized, a significant portion of the microwave
power is absorbed in it, and the sample undergoes hybrid heating resulting from both
microwave absorption in the sample and the heat flow from the susceptor. This prevents the
development of the instability because the power absorbed volumetrically in the sample
does not reach the threshold value at which the heat balance is violated. As demonstrated in
[3], the temperature difference between the center and the periphery of the sample at a
heating rate of 30 °C/min is reduced by an order of magnitude, from 200 °C in the case of
direct microwave heating to about ± 20 °C in the case of utilizing the susceptor.
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As can be seen from Fig. 4, the onset of densification and the maximum of the densification 
rate are shifted by about 80 – 100 °C towards lower temperatures in the case of direct 
microwave heating. A possible reason for this is the thermal stress arising in the non-
uniform temperature field, which can provide an additional driving force for densification 
[9].   
In conclusion, samples of ZnO + Bi2O3 + Sb2O3 varistor ceramics have been sintered to 95 
– 96 % of the theoretical density in rapid microwave heating processes with no isothermal
hold. The elevated microwave heating rates make it possible to restrict the grain growth
and limit the mass losses of the samples. The total duration of the high-temperature
sintering stage is reduced by more than an order of magnitude compared to the
conventional sintering process. The controlled thermal instability arising in the samples
enhances the densification due to early liquid phase formation. High density of the
volumetrically absorbed microwave power causes significant temperature gradients and
appreciable thermal stresses in the sample. Finally, it can be argued that the described
mechanism of rapid densification associated with the development of thermal instability
and formation of liquid or softened phases at particle surfaces is applicable to different
field-assisted sintering processes involving volumetric heat deposition, including flash
sintering.

This research was supported by Russian Science Foundation, grant # 20-19-00685. The 
authors are grateful to S.S. Balabanov for the preparation of compacted samples. 
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Microwave-assisted sintering kinetics studies of ceramic materials are scarce in the literature,
both on nanometric and submicrometric scales ceramic powders. Few studies reported in the
literature on microwave sintering kinetics in the millimeter-wave range reveal enhancement in
the sintering kinetics compared with the conventional heating1-3. However, up to the present,
an in-depth understanding about the effect of the initial particle size on the sintering kinetics of
ceramic materials heated by microwave in high frequency was not found. Therefore, in the
present work, the sintering kinetics of hematite powders (α-Fe2O3) synthesized by sol-gel with
different initial particle sizes (30, 80, 200, 460 and 1500 nm) were analysed by
millimetre-wave in microwave-assisted dilatometry to evaluate the effect of initial particle
sizes of the powders. Regarding this, a dilatometer (Linseis, GmbH) was used in combination
with a 30 GHz gyrotron system. Constant heating rates of 5, 10, 15 and 20 ºC/min up to 1200
ºC were applied and a subsequent dwell time of 1 minute. The results were analyzed adopting
non-isothermal methods by Woolfrey and Bannister in the initial stage and by Wang and Raj in
the intermediate stage of sintering. The results showed that with increasing particle size of the
starting powder, there was an increase in green densities and during sintering, the densification
rate of finer powders was higher resulting in higher apparent densities after sintering by
millimter-wave assisted dilatometry at high frequencies. The initial particle size of the
powders did not significantly affect the densification kinetics of the initial stage, although it
affected the densification kinetics of the intermediate stage. Higher values of activation energy
(in the range of 26 - 104 kJ/mol) were observed with the increase in particle size for the
intermediate stage, indicating that more energy is necessary for the densification process in
this stage, corroborating with the smaller final apparent densities with the increase in initial
particle size.
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Nanosized TiO2 is a photocatalytic material widely used for many applications. A relevant 
one is air purification by photocatalytic degradation of pollutants. For this application, 
liquid coating formulations must be developed, and their stability over time is very 
important1. This work is focused on the obtainment of stable suspensions directly from the 
solution synthesis of TiO2 to reduce processing times and simplify procedures for coating 
formulations. A simple sol-gel synthesis was used for the preparation of the photocatalyst2, 
where the removal of isopropanol, a byproduct in this synthesis, might be beneficial for the 
derived suspension stability. Both the sol-gel synthesis and isopropanol distillation were 
performed using a modified microwave system as the heating source, allowing a fast 
overall process. In this way, only 30 min of reaction time followed by just 30 min of 
distillation allowed to synthesize the photocatalytic material and remove isopropanol from 
the reaction mixture, which proved to be beneficial for the stability of the suspension. The 
suspensions, prepared at 50-80°C, were stable for at least 90 days at low particles size 
values (Fig. 1a), which is not true for the undistilled mixture (not shown in figures). The 
obtained TiO2 nanoparticles proved to be a photocatalyst as efficient as the commercial 
product PH0000253 (Fig. 1b). 
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Fig. 1. Stability of TiO2 suspensions (left) and photocatalytic activity (right). 

This work was carried out in the context of a larger European project named: “Sonication 
and Microwave Processing of Material Feedstock (SIMPLIFY)” supported by the 
European Union’s Horizon 2020 research and innovation programme under grant 
agreement No 820716. 
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Abstract 

Microwave heating occurs through the interaction of a material with the alternating 
electric and magnetic fields of the microwave [1]. The degree of heating of each material 
depends upon its dielectric properties such as permittivity (ε’) and dielectric loss (ε”). The 
difference in material properties results in non-uniform heating and gives rise to 
unexpected physical behavior, such as the formation of hot spots [2].  Electromagnetic 
modelling can give us insights by predicting the heating behavior of materials and 
occurrence of such phenomena which is otherwise difficult to obtain by direct 
measurement. Finite Difference Time Domain (FDTD) is a method that can suitably 
model non-homogeneous materials with arbitrarily shaped geometries [3]. It also helps in 
carrying out both time and frequency domain analyses to study field distribution, 
scattering parameters and power distribution during microwave heating [4]. In this study, 
a model was developed to solve coupled electromagnetic and heat transfer equations using 
FDTD method in Quickwave software. The model was used to describe the heating of a 
material for 30 s in a 1200W microwave oven with a single waveguide. The position of 
the waveguide and dimensions of the sample were varied to study their effect on power 
dissipation and temperature profile. The composition of the material was also varied to 
study the effect of dielectric properties on the average power delivery in the sample and 
cavity. The different modeling parameters such as cell size, heating time step, and 
number of iterations for steady state electromagnetic field were optimized. 

1. Introduction

Microwave energy is a form of radiation that is transported by the force fields of 
electromagnetic waves. These waves can propagate through perfect vacuum and do not 
require any medium to transfer energy from one object to another [5]. Electromagnetic 
waves are characterized by their frequency, velocity, and electric field strength. Maxwell 
discovered that electromagnetic waves are composed of electric and magnetic field 
components that are aligned perpendicular to one another [6]. The components (E and B) 
vary in time and space as they propagate through any medium. As with other 
electromagnetic wave such as radio waves, microwaves are also prone to reflection, 
refraction, and polarization [7].  

Microwave heating occurs through the interaction of a material with the 
alternating electric and magnetic fields of the microwave. The two fundamental properties 
which measure the response of the material to an electric field are the permittivity or 
dielectric constant (ε’) and dielectric loss (ε”) [8]. The permittivity or dielectric constant 
(ε’) determines the ability of a material to store electric energy, while the dielectric loss 
(ε”) determines the ability of the material to convert the electric energy to heat [9]. 
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Similarly, the ability of a material to store and convert the magnetic energy to heat is 
determined by the permeability (µ’) and magnetic loss (µ”), respectively [10]. The storage 
of the electric energy occurs via polarization of the bound charges, while the conversion 
of the electric energy to heat occurs via the relaxation of the polarized molecules 
(polarization loss) as well as the conduction of the free electrons (conduction loss) [11].  

Numerical modelling plays an important role in the optimization of microwave 
heating. The heating of objects by microwave radiation can be considered to a coupled 
nonlinear problem which combines various interdisciplinary subjects such as physics and 
materials science [12]. The electromagnetic field distribution in a material during 
microwave heating depends on several factors such as the effective dielectric and 
magnetic properties of the material, dimensions and properties of the applicator, 
microwave source and transmission line [13]. Due to electromagnetic heating, a rise in 
temperature is observed in the material. The temperature distribution that arises due to 
the heating phenomena is determined by the electromagnetic field distribution, effective 
absorption properties, heat capacity, and thermal conductivity of the material [14]. The 
interdependency of several parameters which influence microwave heating makes it 
difficult to optimize conditions only using experiments. 

Microwave-matter interactions give rise to localized areas of high temperature 
that are also known as “hot-spots” [15]. This leads to non-uniform heating of the 
material. The detection of these hotspots by direct measurement is usually difficult. These 
insights can be gained by numerical modelling by predicting the heating behaviour of 
materials and occurrence of such phenomena. The development of mathematical 
modelling of microwave heating has been studied by Hill [16], Ayappa [17], Rybakov [18] 
and Chandrasekaran [19]. Numerical modelling plays an important role in proper 
designing of the microwave cavities, for predicting microwave heating rates and 
associated temperature patterns, calculating the power absorption and energy conversion 
ratio, optimizing the reaction conditions to improve the efficiency of the process. 

The FDTD algorithm proposed by Kane Yee adopts the second-order central 
differences technique and can be used for modelling microwave heating [20]. The 
algorithm involves the following steps: (1) Replaces all the derivatives in Ampere’s and 
Faraday’s laws with finite differences (2) Discretize space and time so that the electric 
and magnetic fields are staggered in both space and time (3) Solve the resulting difference 
equations to obtain “update equations” that express the unknown fields in terms of known 
past fields (4) Evaluate the magnetic and electric fields one time-step into the future.  

2. Simulation model development

Differential form of electromagnetic equations, Maxwell ‘s equations, for calculating 
electric field (E) distribution inside the cavity with irregular objects as load cannot be 
solved merely by analytical methods. Therefore, dynamically varying electromagnetic 
fields inside the cavity need to be solved using numerical methods. In this study, 
conformal FDTD based electromagnetic software, QuickWave 3D v2017 (QWED Sp zoo, 
Warsaw, Poland) was used to solve the coupled electromagnetic and heat transfer model. 
The main reason for choosing Quickwave 3D software was its efficient electromagnetic 
field simulation and ability to parameterize the model domain and properties. 
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2.1. Model geometry 

In QuickWave software, the microwave oven model can be created with all the 
features such as cavity, waveguide, port and magnetron. Figure 1 shows the geometric 
model developed for a model microwave oven with an operating frequency of 2.45 GHz. 
The microwave oven has the dimensions (205 × 238 × 228 mm). The port that provides 
microwave energy to the cavity was located on top of one side of the microwave oven 
cavity. The waveguide had dimensions of 70 mm (width) × 48 mm (height) and a length 
of 12 mm. A 178 x 214x 4 mm material was used as the base (dielectric constant of 6 and 
0.01 dielectric loss factor) and located at the bottom of cavity. The load was a sample of 
dimensions (100x100x80 mm) with dielectric constant of 40 and loss factor of 2.7. 

2.2. Input variables 

QuickWave 3D software has two functional parts: Editor and Simulator. The 
Editor part defines the geometry of the microwave oven. It is also used to define 
simulation input parameters such as excitation mode, waveform, frequency, electric field 
strength, medium properties, meshing, and enabling post-processing data. The Simulator 
is a conformal FDTD solver, which solves electromagnetic and thermal fields. A starting 
point in defining the simulation inputs is to provide the medium properties. Each medium 
in the computation domain is defined with electromagnetic and thermal properties.  

3. Results and discussion

Quickwave Simulations

Figure 1 depicts the geometry of the model developed in Quickwave. The model 
was first excited using a pulsed wave to calculate the S parameters. The simulation 
converged at a matching frequency of 2.42 GHz with a reflection coefficient of 0.02. To 
calculate the dissipated power density, a sinusoidal wave was used to excite the model at 
2.42 GHz. As this is the first instance of modelling, the amplitude of the wave was set at 
10. For future work, the amplitude will be set according to the rated power of the
magnetron. The EM field at each section of the cavity was generated to understand the
propagation of microwave within the load as can be observed in Figure 2.

106



Figure 1. Geometry of model 

Figure 2. EM field in the XY plane at different sections of the height (z axis) in the cavity 

The power dissipated in the load and cavity was 98% of the power delivered. The average 
power dissipated was calculated and found to be 0.49 kW. The load sample extends 
between 18 mm to 118 mm. It can be observed that the hotspots are maximized at a depth 
of 85 mm in the load. This occurrence is dependent on the loss factor of the material. As 
the load sample has a higher loss factor, maximum power is dissipated. 
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Abstract 

Microwave heated glass melting has been under considerable research and development in 
the past 10 years [1]. The ongoing research shows significant advantages in both energy 
consumption and melting time. However, many technical problems remain, one being the 
low microwave absorption of standard glass batch. Low microwave absorption stems 
mostly from two primary factors: Low microwave absorption of most of the raw materials 
(e.g. silica) and low material density. 
Within this project, we developed several methods for the improvement of microwave 
absorption and subsequent melting. These methods divide in batch pretreatment and 
replacement of raw materials. For batch treatment, we studied pelletisation and briquetting 
of the batch with several techniques. This included variations in agglomeration size from 5 
mm to 50 mm and water content from 3% to 13%. Components of glass batches can be 
replaced for better microwave absorption, as long as the glass quality is not affected. The 
effects of such replacement has been studied for white glass be replacing Na2CO3 with 
NaOH and CaCO3 with CaO and MgCO3 with MgO in varying proportions. Prepared glass 
batches were heated in a mono-mode applicator in corundum and boron nitride crucibles. 
Temperature was measured with a pyrometer; microwave power was supplied by a 3 kW 
2.45 GHz magnetron. The effect of batch preparation and alternative raw materials was 
evaluated qualitatively by measuring time until primary melting was achieved. In addition, 
a choice of glass batches was molten in a demonstrator scale microwave heated furnace 
Laboratory results clearly show positive effects of pelletisation and usage for alternative 
raw materials. Small pellets significantly reduced melting time, but the higher water content 
impacts specific energy consumption. On demonstrator scale alternative raw materials yield 
better results, especially the usage of NaOH. A positive side effect of pellet use was 
reduced dusting and thus reduced plasma formation. 

1. Introduction

The question of the efficient use of resources and the reduction of emissions in industrial 
processes is a main goal of environmental policy and of strategic interest for the glass 
industry. Currently, the process heat in glass melting furnaces is predominantly obtained 
from the combustion of natural gas. This contrasts with the goals of the energy transition, 
according to which 100% of Germany’s primary energy supply is to be covered by 
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renewable energy sources by 2045. In conclusion, a vision for the future is "That currently 
the process heat in glass melting tanks is mainly covered with electrical energy." 
Glasses are made with a wide variety of compositions (so-called batches). The glasses that 
are industrially produced in large quantities today are silicate glasses with the main 
component SiO2. The most important silicate glasses can be divided into five groups (glass 
types) [2]: 

- Alkali-earth-alkali-silicate glasses (window and container glasses),
- Borosilicate glasses (laboratory glass, medical glass),
- Lead silicate glasses (lead crystal),
- Alumosilicate glasses (ECR glass fiber) and
- Alumo- borosilicate glasses (E-glass fiber).

The raw materials used for glass production are oxides (e.g. SiO2, B2O3) or salts (e.g. 
Na2CO3, CaCO3) and cullet [3]. The batch is made from these raw materials, which is 
placed in a furnace and melted at temperatures of 1450 to 1700 ° C. Glass production 
includes the following technological process steps [4]: 

1. The primary melting of the main raw material components (cullet, lime, soda
and part of the sand),

2. The secondary melting / dissolving of not yet melted sand components in
the glass melt,

3. The removal of the bubbles from the melt (the so-called refining) and
4. The cooling of the melt to the moulding temperature.

The energy requirement for melting glass is considerable and depends heavily on the 
tonnage and the type of glass; for example, the energy requirement for the production of 
one ton container glass (use of 50% cullet) is around 5 GJ. In glass production, the most 
energy-intensive step is the primary melting of the main raw material components, which, 
according to our own work at the institute for Glass and Enamel Technology, amounts to 
70-90% of the total theoretical energy requirement.
A more efficient use of electrical heat on a larger scale to heat the batch can be useful using
microwave heating. Microwaves can penetrate the bulk batch and heat it from the inside
out, thus accelerating the batch heating. After primary melting is complete, the use of the
microwave is seen as less advantageous compared to conventional methods, since the
microwave only penetrates electrically conductive media to a limited extent and thus
mainly heats the area near the surface. Therefore A distinction must be made between melt
and batch. According to our measurements, batch shows penetration depths in the range
between 0.4 m and 4 m, depending on the temperature and composition. In the case of
glass melts, the depth of penetration of the electromagnetic radiation is very small and is a
maximum of 1 cm. In the case of melting of the batch, the microwave loses its effect for the
majority part as soon as a molten phase develops on the surface of the batch heap and, due
to its relatively high electrical conductivity, prevents the microwaves from penetrating. In
this case, most of the microwave is reflected.
To achieve this goal, a glass melting furnace with a deliberately structurally separate batch
insert (melting on an inclined plane) should be developed and microwave technology
should preferably be used in this insert area, since this is where the energy-intensive
melting process takes place.
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2. Investigation of the parameters influencing the microwave coupling

The aim of the investigations is to evaluate the various influences when using microwave 
technology on the heating of raw materials and refining of the glass and thus to expand the 
application possibilities of electric heating in the glass industry and should continue to 
show ways to increase the efficiency of heating technology with microwaves. The 
parameters are: 

• Raw materials (oxides, hydroxides)
• Grain size of the raw materials
• Batch preparation (granulation, compaction)

The above-mentioned investigations are to be carried out for the common raw materials 
and batches for alkali- earth-alkali-silicate glasses. The Investigated parameters are: 

o Grain size of the raw materials: here loose batches without cullet with fine
raw materials (<0.1 mm) and raw materials with the usual grain size
distributions (0.05-0.5 mm) were prepared.

o Alternative raw materials
o Cullet and cullet size: here loose batches with 50% coarse cullet <10 mm and

fine cullet <0.1 mm were prepared together with the batch as well as
briquetted and granulated.

o Compaction: products with defined properties, in particular size, shape,
moisture and density, were made from loose batches.

The compacting tests were conducted for batches of conventional as well as alternative raw 
materials, with and without cullet, for glass systems (glass compositions), such alkali-earth-
alkali-silicate glasses (white), see table 1. 

      Table 1. Composition of white glass container 

2.1. Compaction 
In conventional batch of alkali-earth-alkali-silicate glasses are used as raw materials 
carbonates or salts as oxide carriers, see table 2.  

Component Synthesis 
 (%) 

Al2O3 1,6 
Fe2O3 0,06 
Na2O 13 
SiO2 71,9 
K2O 0,75 
CaO 10,3 
MgO 2,3 
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 Table 2. Resulting batch recipe for white container glass composition 

In the alternative batch carbonates, have been replaced by hydroxides or pure oxides see 
table 3. 

Table 3. Alternative raw materials 

The batch could be compacted with a little water (approx. 4%) by pressing the batch using 
a hydraulic press [5], see Fig. 1. 

 Fig. 1. Pressed batch 

The pressing pressure was 80 MPa and the pressure was maintained for 5 seconds. On the 
basis of this glass compositions, batches were created for 40 g of glass each from the 
alternative, fine and conventional raw materials. The density, point compressive strength 
and moisture of the briquette were determined. As example for changing the batch 
properties by compaction is shown in Table 4.  

Raw material weighing 
Sand Hohenbocka 26, 7 
Sodium carbonate 8,7 
lime Freital 5 
Dolomite Oberfranken (Narva 02) 4,5 
Feldspar Nore 3,15 
Sodium sulfate 0,08 

Oxid oxide carrier alternative oxide carriers 

CaO lime  (CaCO3) Ca(OH)2, CaO 
Al2O3 Feldspar Al(OH)3, Al2O3 
Na2O Sodium carbonate NaOH 
MgO dolomite MgO 
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Table 4. Briquette properties of container glass batches without cullet with raw materials 
with grain size (0.05-0.5 mm) 

Using a granulating plate, the batch was granulated with water additives of up to approx. 
20%, see Fig. 2. 

Fig. 2. Produced granules in the granulating 

The density, point compressive strength and moisture of some granulate were determined, 
see table 5. 

Table 5. Granulate properties of the white container glass batch 

3. Laboratory experiments to improve the microwave coupling in the glass batch

Sample Batch Density 
 g/cm³ 

Point compressive 
strength [N] 

D50 
mm 

1 Standard batch 1,94±0,2 45±0,5 50 
2 With  30% NaOH 2±0,01 55±0,4 50 
3 With  30% NaOH, 100% 100% 

Al2O3, 100%MgO, 100%CaO 
1,96±0,1 37±0,2 50 

Description Batch Diameter  
[mm] 

Bulk 
density 
g/cm3 

Point 
compressive 
strength [N] 

Moisture 
% 

1 Standard batch 2,5<x<6 0,855 11,1+/-4 12% 
1 Standard batch >6 0,733 11,2+/-4,5 12% 
2 With   30% NaOH 2,5<x<6 0,719 19,4+/-6,7 9% 
2 With 30% NaOH >6 0,604 14,2+/-3,5 12% 
3 With  30% NaOH, 100% 

CaO, 100%MgO 
2,5<x<6 0,915 3,1+/-1,38 10% 

3 With  30% NaOH, 100% 
CaO, 100%MgO 

>6 0,651 4,3+/-1,85 10% 
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Comparative melting tests were conducted in apparatus (see Fig.3) that consists of basic 
components of the microwave system for glass melting experiments with the magnetron 
with rated power up to 3 kW and the tuner, connected via waveguides. The applicator 
consists of an aluminium, housing (see Fig.4) with optical access and microwave filters, for 
temperature measurement. 

 The tests were carried out in a corundum crucible with an output of 600 W.
 20 g of the loose and compacted batches of white container glassbatch under

were irradiated with microwaves for 20 minutes. The temperature reached at
1400 ° C.

 Fig. 3. Apparatus  Fig.4. Applicator 

4. Experimental Results and Discussion

The figure 5 shows some Aufheitzkurvenverlauf, the heated bulk sample with microwave. 
Coupling testes of white glass batches briquetted with cullet (1Sch), briquetted with cullet 
and quartz powder (1SchQ), loose with cullet (1SchL) and loose with cullet and quartz 
powder (1SchQL). From the diagram the following can be seen: 

1. When the microwave coupling begins within the first few minutes, there is a visible kink
in the temperature curve, which is followed by a rapid rise in temperature. This rise in
temperature ends with the beginning of the melting phase. The temperature remains almost
constant in this area.

2. The diagram shows that the maximum temperature was reached more quickly with a
compacted batch. The absorption behavior and thus the coupling of the microwaves into
the batch was considered as a comparison parameter.
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Fig. 5. Coupling testes of white glass batches briquetted with cullet (1Sch), briquetted with 
cullet and quartz powder (1SchQ), loose with cullet (1SchL) and loose with cullet and 
quartz powder (1SchQL) 

In these experiments, the specific energy is used as the performance indicator (KPI), which 
is required to successfully subject 1 kg of the batch to the heat treatment. The values of the 
absorbed power can be determined from the measurements of the induced values and the 
reflected powers, see Fig. 6. 

Fig. 6: specific energy consumption depending on the batch preparation and batch 
properties 
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From the Fig 6 can be concluded, that the following measures are helpful to improve the 
energy efficiency of microwave by batch heating in this order: 

 Use of alternative raw materials such as CaO and NaOH 
 Use of fine raw materials such as quartz powder <100 µm 
 Use of cullet to improve the homogeneity of the melt and reduction of the specific 

energy requirement to reach the melt 
 Briquetting to increase in bulk density and increase the dielectric loss factor and 

this due to improvement coupling of MW  
 Combination use of fine raw materials and alternative raw materials in connection 

with a briquetting 

In general, it can be said that the preparation and treatment of glass batch leads to a 
reduction in energy consumption when using microwaves. 

5. Conclusion

The use of MW to melt glass batches on a laboratory scale leads to a significant 
acceleration of the raw material reactions, especially when combining fine raw materials 
and alternative raw materials in connection with briquetting. For the successful use of the 
MW, it has proven to be particularly beneficial in the test campaign at the industrial partner 
if the heating is carried out separately from the residual melt on a kind of inclined plane in 
the loading area. 
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Microwave has been used in the process of nano-particle synthesis. According to data in our 
previous study [1], heat generation of particle by microwave absorbance causes bubble 
formation. The formation during the irradiation is disadvantage because exposure of solid-
air interface causes melting of particle or bumping. Accordingly, it is important that eddy 
current in particle by microwave absorbance is reduced to solve this superheating behavior. 
In this study, capping effect [2] by addition of surfactant in solution is investigated in process 
of microwave-assisted nano-particle synthesis.  
First, different kinds of surfactant (CTAB or CTAC; 0.1 mM) is added in ferric chloride 
solution (0.01 M), and the solution is heated up by microwave irradiation. During heating, 
nano-particle is produced, and the size is measured by dynamic light scattering system 
equipped with microwave reactor. Figure shows relation between maximum bubble size and 
final particle size. By the addition of surfactant, smaller particle and bubble size were 
obtained. Adsorption of surfactant on particle surface can prevent particle growth from 
nucleation, which is caused by microwave quick heating. In this way, synergy effect of 
capping and nucleation promotion was confirmed. However, if bubble around particle 
become larger, surfactant is adsorbed at liquid-air interface of bubble. It should be noted that 
the capping effect will be smaller.  

Fig. 1. Relation between bubble size and particle size for solution with surfactant 
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Solid-state microwaves allow precise control of frequency, phase, and power. Precisely 
controlled microwaves enable intensive microwave electromagnetic fields that provide 
very rapid heating of less lossy materials. Here we demonstrate the effectiveness of a 
solid-state microwave generator for fast pyrolysis of lignocellulose without using 
microwave susceptors.1 Magnetron has been used in the previous microwave heating 
system; however, microwave susceptor was required to heat lignocellulose because they 
are less microwave absorbing materials. Therefore, susceptors such as carbon and silicon 
carbide have been used to heat-up lignocellulose by microwaves. 2 
In the present study, we used a solid-state microwave generator (Frequencies; 2.45 GHz 
and 915 MHz) and pyrolyzed rice straw, crystalline cellulose, and alkali lignin without 
using susceptors. The frequency-auto-tracking solid-state generator allows the application 
of the optimized microwave frequency depending on the changes in the lignocellulose's 
dielectric property during pyrolysis. The highest heating rate of rice straw by 915 MHz 
microwaves attained 330 °C s−1. The direct heating of rice straw by the concentrated 
electromagnetic field was effective for enhancing their pyrolysis. We have also tracked the 
degree of carbonization of rice straw using a resonance frequency. The formation of 
carbon materials by pyrolysis resulted in a decrease in the resonance frequency. Therefore, 
the resonance frequency can be used to track the degree of progress in pyrolysis.  

Fig. 1. Rapid pyrolysis of rice straw by 915 MHz microwave.1 
References 
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FIELD ASSISTED PROCESSING OF NANOSTRUCTURED CERAMICS 
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Abstract 

The processing of  nanocrystalline ceramic powders and suspensions into useful 
engineering components has been investigated via a series of research projects each 
focusing on a different stage of the manufacturing route viz., (i) the ability to control the 
agglomerates present in the powder resulting in the production of a free-flowing and 
crushable powder for die pressing, (ii) the formation of a low viscosity but high solids 
content nano suspensions suitable for slip casting, additive manufacturing (AM: 3D 
printing) and (iii) the use of novel field assisted sintering techniques. 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 advanced ceramic 
components whilst restricting the grain growth to a minimum.  

The methodology has been employed to develop various nanostructured zirconia based 
ceramic components exhibiting vastly superior hydrothermal ageing resistance and 
mechanical performance suitable for use in biomedical implants (eg., hip/knee prosthesis, 
finger joints, dental and jaw repairs), surgical tools, petro-chemical valve parts as well as 
for ballistic armour applications. Significant advantages were noted with AM compared to 
conventional subtractive manufacturing methods and the 3D printing of hydrothermally 
immune nanostructured dental implants was considered as one of the six best modern 
technological developments in materials science by a recent BBC documentary (Materials 
for the Modern Age: The Secret Story of Stuff). These novel advancements are covered by 
a series of patents and papers and this talk will provide an overview of some of these 
developments.  

*Presenting Author: Email: B.Vaidhyanathan@lboro.ac.uk ; PH: 44 1509 223152
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Introduction: 
There is a current need for environmentally friendly and efficient methods to 

produce hydrogen and acetylene as part of combatting climate change. While current 
technologies exist for the production of both products, established technologies are either 
expensive, inefficient, or generate large quantities of carbon dioxide and harmful waste 
products. For instance, the calcium carbide process, a leading process for the production of 
acetylene, emits 15kg of carbon dioxide for every 1kg of acetylene produced [2,3,4,5,6]. Natural 
gas is a cheap and abundant fuel gas that is also energetically stable. Current processes to 
convert natural gas into hydrogen or acetylene either utilize combustion or steam reforming, 
both of which generate copious carbon dioxide. In some cases, unreacted hydrocarbons are 
simply vented or flared, contributing to greenhouse gas emissions. 

This paper focuses on a microwave plasma reactor, designed by Transform 
Materials, that utilizes a non-thermal plasma to efficiently convert methane and other light 
hydrocarbons into hydrogen and acetylene without the production of carbon dioxide. Key 
performance metrics of the reactor will be covered, including process energy efficiency, 
reactant conversion, product selectivity, and reactor durability. Additionally, the scale-up of 
the microwave reactor to pilot plant and full commercial (100 kW) scale will be highlighted. 

Technology Description: 

The Transform Materials (TM) reactor utilizes a non-thermal microwave plasma to 
convert natural gas and other light hydrocarbon feeds, such as LPG, into hydrogen and 
acetylene. Recycled hydrogen is co-fed into the reactor to improve product selectivity.  
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Fig. 1. Microwave Module Schematic 

The microwave sub-system consists of a 100 kW 915 MHz magnetron, an isolator 
with water load, a quartz window, an automated insertable 3-stub impedance tuner 
(autotuner), and a downstream source with integrated sliding short (Muegge MA100KD-
013BF). All waveguide components use WR975 standard waveguide. A 1.8m long, 50mm 
diameter quartz tube (reactor tube) inserted through the downstream source contains the 
process gas and isolates gas contact from the waveguide while not interfering with the 
microwave and electric field distribution. Incident microwave power is limited to 100 kW 
per plasma reactor due to the inherent limitations of magnetron sources and the difficulties 
of coherent power combination in non-phase matched applications. The 915 MHz frequency 
band was chosen due to the widespread availability of industrial sources and equipment. 

The gas sub-system consists of mass flow controllers, a proprietary gas injector, the 
reactor tube, and an associated vacuum pump to maintain the vacuum pressure of the plasma. 
Natural gas and hydrogen are fed through separate channels in the gas injector and mixed in 
the reactor tube, where they interact with the microwaves to form the plasma. The plasma is 
confined within the reactor tube by the complex flow geometry formed by the injector. 

On a set cycle time on the order of daily, the reactor can be changed to a lower 
power air plasma to clean the reactor tube of fouling that accumulates gradually over time. 
Transitioning to and from this cleaning plasma is fast and does not require opening the 
system. The reactor tube is fully regenerated by the plasma within an hour, and the fouling 
does not accumulate over multiple process/cleaning cycles. 

Gas stream compositions are measured by use of gas chromatography (GC). Two 
Agilent 7890B Gas Chromatographers were used, each with flame ionization detectors (FID) 
and thermal conductivity detectors (TCD).  Both FIDs use CP-sil 5 columns while the GCs 
differ in their TCD columns.  One uses a HayeSep N and the other a ShinCarbon ST column. 

While not a focus of this paper, the reactor effluent goes through several 
purification and separation steps before being separated into purified 99.7% acetylene and 
99.97% hydrogen product streams.  
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Fig. 2. Process Flow Diagram 

Discussion/Data: 
The microwave plasma and associated system have been optimized for longevity, 

selectivity, conversion, and efficiency. Parameters for the plasma reactor have been chosen 
to select for those characteristics.  

Table 1. Example Reactor Input Parameters 

Parameter Value Unit 
Feed natural gas flow 12 kg/hr 

Hydrogen-rich recycle flow 5.2 kg/hr 
Microwave forward power 100 kW 
Microwave reflected power <0.1 kW 

Reactor pressure 120 mbara 

Conversion, X, is defined as the amount of carbon from the feed gas that is present 
in reaction products. This can be calculated from the molar fraction, n, of each compound 
the product stream, taking into account the number of carbon atoms, C, in each molecule.  
In practice, methane is the only hydrocarbon present in natural gas that is also present in the 
product stream which simplifies the calculation of conversion as follows: 

𝑋 = 1 −
𝑛𝐶𝐻4

∑ 𝑛𝑖𝑖 ⋅ 𝐶𝑖

Similarly, the selectivity of product i, Si, is defined based on the C2+ carbon-
containing products, j such that, 

𝑆𝑖 =
𝑛𝑖

∑ 𝑛𝑗𝑗

A portion of the hydrogen product is recycled back to the reactor to flow through 
the plasma. Unreacted hydrocarbons can be recycled back into the reactor from different 
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points in the separation and purification processes, increasing the overall carbon efficiency 
of the system to >99%.  

Table 2. Reactor Output Characteristics 

Parameter Value 
Reactor single-pass conversion 95% 

Molar hydrocarbon selectivity to C2H2 93% 
C2H2 Production Rate 9.2 kg/hr 

H2 Production Rate 2.2 kg/hr 

The Transform process creates significantly fewer impurities and byproducts 
compared to leading acetylene production technologies. No carbon dioxide or carbon 
monoxide is produced in the reaction process, as no oxygen is present in the stream to 
combust. Only hydrocarbon feed gases are used, so no inorganic contaminants are present 
in the final product such as the phosphorus and arsenic from the carbide process. Fewer 
impurities in the raw reactor effluent also simplifies the necessary downstream processing, 
reducing the overall capital and operating costs of the plant and product.  Finally, only a 
small fraction of a percent of the carbon entering the system is converted to carbon solids, 
in stark contrast to the electric arc process. 

Table 3. Untreated Reaction Effluent Composition in Vol % Compared to Competing 
Acetylene Production Technologies 

Compound Transform 
Materials† 

Partial 
Oxidation[7] 

Electric 
Arc[7] 

Hydrogen 71% 57% 57.6% 
Acetylene 23% 7.5% 15.5% 
Methane 3.2% 5.2% 13.8% 
Nitrogen 2.5% 0% 0.4% 
Ethylene 0.21% 0.3% 6.9% 

Higher order 
impurities 0.62% 0.5% 4.6% 

Carbon solids <0.2% 1% Significant 
Carbon 

monoxide 0% 26% 0.6% 

Carbon dioxide 0% 3.2% 0% 
Oxygen 0% 0.2% 0% 

†Adjusted for removal of additional influent hydrogen 

Table 4. Power Consumption per kg Product Stream After Purification/Separation 

Product kWhr/kg†† 
Hydrogen 34 
Acetylene 12 

†† Power consumption is allocated according to product higher heating value 

When compared to similar plasma processing techniques, the Transform reactor has 
better conversion, efficiency, and selectivity while operating at higher throughput. Many of 
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the experiments performed in literature were carried out on benchtop/laboratory scales and 
were not scaled up to commercially viable flows.  

Fig. 3. Methane Conversion vs. Specific Energy Input; Comparison to Literature [8] 

Fig. 4. Acetylene Selectivity vs. Specific Energy Input; Comparison to Literature [8] 

State of the Technology: 

In August of 2020, Transform completed an optimization milestone on their 
commercial research system. This milestone comprised of running the 100kW reactor for 16 
hours continuously while operating at 96% natural gas conversion and over 96% acetylene 
selectivity, surpassing the milestone goals of 95% natural gas conversion and 93% acetylene 
selectivity. In-situ reactor plasma cleaning was demonstrated during this milestone 
completion. 

In February of 2021, Transform completed a 30-day longevity test of their Pilot 
system with 99% plant uptime. The Pilot system comprises of two 30kW magnetrons and 
the necessary purification and separation systems to provide streams of purified hydrogen 
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and acetylene. The reactors were cycled through process and cleaning plasmas such that 
there was a continuous, uninterrupted flow of reactor effluent to the downstream systems. 

Transform is engaging commercial partners and is designing plants to be installed 
around the world in 2022. 
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Introduction 

    As a high-efficiency and low-burden energy utilization method for reducing the burden 
on the global environment, the use of microwave energy for chemical reactions is 
attracting attention.  In recent year, in addition to microwave effect on chemical reactions, 
many biological effects under microwave irradiation, including changes in microbial 
growth rate [1], maximum cellular mass [2], metabolic rate [1], genetic effects [3], [4], and 
morphological changes [5], [6] have been reported.  Because the biological function, 
including metabolism, genetic function, and biological information transmission made 
happen by biomolecular interactions, namely chemical interaction, it is expected that 
biological effect under microwave irradiation made happen by microwave-enhanced 
chemistry.  However, a clear conclusion has not yet been obtained.  In any case, it can be 
said that these biological effects suggest the usefulness of microwaves for biotechnology 
such as high expression technology. 
    Our group has examined the microwave effects on microbial growth by some 
microorganism cultivation under microwave irradiation.  For example, Escherichia coli, a 
representative model bacterium as gram-negative bacteria, and Bacillus subtilis, a 
representative model bacterium as gram-positive bacteria, were cultivated under 
microwave irradiation by using multi-mode microwave irradiator [2].  Each Bacterium 
were cultivated in cultivation fluid on optimum temperature (respectively, 37°C and 50°C) 
by heat transmission with n-Hexane, a small permittivity liquid, using double-tube vessel. 
As a result, it was confirmed that the maximum cellular mass of each bacterium depends 
on the microwave irradiation power.  Additionally, it was found that the maximum cellular 
mass of each bacterium showed a convex upward curve against the microwave irradiation 
power.  It can be said that this result suggests the existence of “optimum microwave 
power”.  This means that there are conditions of microwave power that are favorable for 
bacterial growth.  Moreover, it is expected that the existence of dependence on other 
bacterial growth parameter toward some microwave conditions, such as irradiation power, 
spatial distribution, and frequency.  Therefore, in this study, our group researched the 
microwave effects on microbial growth rate, maximum cellular mass, and morphological 
changes, using linearly traveling microwave. 

Material & Methods 

    Bacillus natto (Bacillus subtilis subsp. subtilis NBRC16449), which is used for the 
production of natto (a traditional Japanese fermented food), was cultivated in LB broth 
(Luria – Bertani liquid cultivation medium (Miller)) at its optimum temperature (30°C) 
under microwave irradiation.  Bacillus subtilis has the ability to change morphology, 
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forming a certain percentage of spores that are resistant to various environmental stresses 
and hunger. 
    TE10-mode traveling microwave (2.45 GHz) irradiator (GM Ic, J-SCIENCE LAB Co., 
Ltd.) was used to irradiate microwave toward cultivation fluid.  This equipment can adjust 
the microwave irradiation power in the range of 0-300 W.  In this experiment, microwave 
heating efficiency (ratio of absorbed power to irradiation power) was approximately 6.73%. 
Sheath thermocouple thermometer (YC520-33K, MC3000, CHINO Corporation) was used 
to measure the cultivation temperature.  The cultivation temperature was maintained at the 
optimum temperature of Bacillus natto by heat transmission with n-Hexane, a small 
permittivity liquid, using double-tube vessel (Fig. 1).  Absorptiometer (Ultrospec 3000 pro, 
amersham pharmacia biotech inc.) was used to measure optical density of cultivation fluid 
by 600 nm visible light (OD600nm).  Optical microscope (CKX53, Olympus Corporation) 
was used to observe normal (vegetative) cells in cultivating and spore cells after 
cultivating. 

Fig. 1. Cultivation temperature-controlled microwave cultivation system. 

    As the experimental operation, melted 15 vol% glycerol stock fluid of Bacillus natto 
(OD600nm = 1.1, log-phase) 100 µL was inoculated to LB broth 9.9 mL in double-tube 
vessel.  Stirring by magnetic stirrer, Bacillus natto was cultivated under 0 (non-irradiation), 
40, 120, 160 W microwave irradiation.  During cultivating, for temporal observing, 
OD600nm of cultivation fluid and number of colonies (NOC) of 104 times diluted culture 
fluid (37°C, 48 hours incubation) were measured.  After cultivation, for obtaining spore 
forming ratio, Wirtz-stained 10 times diluted cultivation fluid was observed. 
    As the analysis method for experimental data, in this study, the growth rate and 
maximum cellular mass were defined by using Gompertz curve’s parameter (Respectively, 
k values and Gmax values in the following Eq. 1). 

G(t) = Gmax exp (– A0 / k exp (– k (t – t0))) (Eq. 1) 
where t is cultivation time, G(t) is bacterial amount (in this case, OD600nm or NOC), t0 is 
initial time of bacterial growth, and Gmax, k, A0 are Gompertz parameters, respectively.  It 
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is known that Gompertz curve can be used for fitting of microbial growth curve [7].  
Additionally, for quantifying the spore forming ratio, self-made image analysis software 
was used.  This software distinguishes between Wirtz-stained spore cells and vegetative 
cells using the HSV color space, and calculates the spore forming ratio from the occupied 
area of each cells by the following Eq.2. 

Rs = 100 Ps / (Pv + Ps) (Eq. 2) 
where Rs is the spore forming ratio, Pv, Ps is the summation of the number of pixels 
identified as vegetative or spore cells by the software, respectively.  Moreover, following 
results of previous research [2], plots of k, Gmax, and Rs against microwave power were 
fitted by Gaussian curve, respectively. 

Results & Discussion 

    The cultivation temperature of Bacillus natto and refrigerant temperature under 
microwave irradiation of each irradiation power are shown in following Fig. 2.  From Fig. 
2, it was confirmed that Bacillus natto were cultivated at approximately 30°C, their 
optimum temperature, during cultivating under microwave irradiation of each irradiation 
power. 

Fig. 2. The cultivation temperature of Bacillus natto and refrigerant temperature under 
microwave irradiation of each irradiation power. 

    The growth curve of Bacillus natto and the logarithmic plot of the bacterial amount of 
Bacillus natto under microwave irradiation of each irradiation power are shown in 
following Fig. 3 and Fig. 4, respectively.  From Fig. 4, regarding the plots related to 
OD600nm, the plots related to the initial stage of cultivation are significantly deviated from 
the others.  It is expected that this deviation of plot was caused from the amplified error 
due to the mathematical nature of the logarithmic function and the error in the initial 
concentration of bacterial cells.  Therefore, for the 0, 40, 120 W data, k and Gmax were 
calculated using 4 plots excluding the first plot, and as t0 = 6 [hours].  For the 160 W data, 
k and Gmax were calculated using 3 plots excluding the first 2 plots, and as t0 = 12 [hours]. 
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Fig. 3. The growth curve of Bacillus natto under microwave irradiation of each irradiation 
power. 

Fig. 4. The logarithmic plot of the bacterial amount of Bacillus natto under microwave 
irradiation of each irradiation power. 

under 0 W microwave irradiation under 40 W microwave irradiation 

under 120 W microwave irradiation under 160 W microwave irradiation 

under 0 W microwave irradiation under 40 W microwave irradiation 

under 120 W microwave irradiation under 160 W microwave irradiation 
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According to above data, the k and Gmax were calculated as shown in following Table 1 
and Fig. 5.  In Table 1 and Fig. 5, where R is gas constant (= 8.314 J K-1 mol-1). 

Table 1. k and Gmax of Bacillus natto under microwave irradiation of each power. 

Fig. 5. k and Gmax plot of Bacillus natto against microwave absorption power. 

From Fig. 5, regarding OD600nm data, it was confirmed that the k and Gmax depends on the 
microwave power.  Additionally, these show a convex upward curve against the 
microwave power.  Because definition of k and Gmax, it can be said that this result suggests 
the existence of “optimum microwave power” with respect to microbial growth rate and 
maximum cellular mass.  Moreover, with compared to previous research [2] where using 
multi-mode microwave irradiator, this result suggests that the special distribution of 
microwaves does not affect bacterial growth.  However, a clear conclusion related to the 
special distribution of microwaves has not yet been obtained.  Regarding NOC data, k 
shows a convex upward curve against the microwave power too, but experimental data of 
Gmax does not show convex curves clearly.  It is expected that this result was caused from 
the difficulty of colony counting due to the colonies shape of Bacillus subtilis. 
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    For bacterial cellular morphology, a clear change regarding vegetative cells of Bacillus 
natto was not observed during cultivation under microwave irradiation of each irradiation 
power.  With regard to the spore forming ratio of Bacillus natto after cultivation under 
microwave irradiation of each irradiation power, a clear change was also not observed (Fig. 
6).  However, according to Gaussian fitting for experimental data, the spore forming ratio 
shows a convex downward curve against the microwave power.  This result can also be 
said to mean that there is a condition of microwave power that minimizes the stress felt by 
Bacillus natto.  Therefore, the existence of “optimum microwave power” for bacterial 
morphological changes is suggested, but a clear conclusion has not yet been obtained. 

Fig. 6. The spore forming ratio of Bacillus natto after microwave cultivation against 
microwave absorption power. 

    For Bacillus subtilis, it is known that the spore forming ability and the cellular density 
regulation were controlled by quorum sensing [8].  According to results in this study, it 
was suggested that the spore forming ratio and the maximum cellular mass of Bacillus 
natto were affected by microwave.  Therefore, regarding microbial biological function, it is 
considered that microwave affects to the quorum sensing as microwave effect.  This result 
suggested that biological microwave effect made happen by microwave-enhanced 
chemistry. 
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Abstract 

Coal can be considered as an ancient biomass factory that has a massive energy content 
stored within its atomic bonds. Fossil fuels always have played a critical role in 
accelerating worldwide industrial development. Coal has played a pivotal role in shaping 
the steel industry. Coke is a derivative product from coal that is necessary for producing the 
final steel product from hot metal production through blast furnace route. Dielectric 
properties of different rank of coals have been measured by cavity perturbation method. 
Effect on change in di-electric behaviour of coals, mixed with susceptors is also studied 
with this technique. Samples were heated in a furnace and tests were conducted in high 
purity Argon atmosphere. Six different microwave frequencies from 400 MHz to 3 GHz 
and temperatures up to 1000°C in steps were used for each sample. An attempt is made to 
correlate coals’ physical and chemical properties with microwave related properties such as 
dielectric constant, loss tangent and microwave transparency. Microwave heating of coals 
was found to increase with evolution of semi soft phases in coal up to 650°C. Beyond this 
temperature, heating decreased with coke formation, when microwave reflecting phases 
were present. Dielectric loss tangent was higher for coals with higher ranks. 

1. Introduction

Microwaves (MW) are electromagnetic radiation with frequency ranging from 0.3 to 300 
GHz[1]. Coals are important industrial materials primarily used in power generation and 
hot metal production. Use of microwaves in drying of coals before taking them in to 
industrial use has been explored by many researchers[2-4]. Coals used in steel making 
industry goes through the process of carbonization in which coal is converted in to hard 
porous mass called coke[5, 6]. Coke is then used as fuel in blast furnaces for iron making 
process[7, 8]. When coal goes through the carbonization process, its chemical and physical 
structure changes. It can be an interesting study to explore the variations in its dielectric 
properties during this process. 

On application of microwave radiation, some energy gets stored in material and some 
energy is lost in form of heat. The ratio of lost to stored energy is known as loss tangent 
(tan δ). 

… (1) 
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Microwave susceptors are materials with high microwave absorbing capacity. After 
absorbing microwaves, these materials can emit heat due to their high dielectric losses [10, 
11]. For mixing with coals, susceptors with high loss tangents are preferred so that they can 
contribute in carbonization process by providing heat. Loss tangent alone comprises much 
dielectric information, including the energy storing and losing tendencies of a material. 
Thus, studying loss tangents with varying temperature for coals, susceptors and their 
mixtures is primary focus of this study. 

2. Experiments

2.1 Materials 

Chemical compositions of coal (C) and susceptor (S) used for dielectric measurements are 
given in Table-1. 

Table-1 Chemical properties (weight %) of coals and susceptors used for dielectric 
measurement reported on dry basis 

Sample Ash VM1 C H N S Fe(T) SiO2 CaO Al2O3 K2O 

C 16.55 23.53 74.67 4.08 1.66 0.71 1.23 9.63 0.30 3.92 0.20 

S 6.2 49.4 86.11 7.92 0.48 2.02 - - - - - 

1 Volatile matter 

2.2 Sample preparation 

Each material was crushed and screened to achieve the size of 72 mesh (260 microns) or 
less. 20 g of each crushed material was weighed. This material was charged in a mould and 
pressed with the load of 1125 to 1475 kg/cm2 (16000 to 21000 psi) using a manual 
hydraulic press. This created cylindrical sample pellets with diameter 3.65 ± 0.05 mm and 
length 11.5 ± 0.2 mm. 

2.3 Equipment setup for dielectric measurement 

Fig. 2 shows a block diagram of the overall process and system for measurement of 
dielectric properties. Sample was put inside a sample holder tube made of high purity fused 
silica. A cylindrical copper cavity was used for dielectric measurement with a split furnace 
mounted on top of it for sample heating. The tube can be moved vertically for its insertion 
inside the cavity or in split furnace with the help of pneumatic actuator mechanism. Vector 
network analyzer (VNA) was connected with copper cavity through microwave wave 
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guides with two ports for power transmission and for receiving reflected power from 
cavity. A computer was used as data processor and controller for VNA, pneumatic actuator 
and heating/cooling cycle of split furnace. 

The external diameter of cylindrical portion of copper cavity is 600 mm with wall thickness 
of 20 mm. Top and bottom plates of cavity also have same thickness. The internal height of 
cavity is 53 mm. Sample holder’s movement is calibrated to keep the sample pellet at the 
center of cavity or furnace. All the outer surfaces of cavity (i.e. top and bottom flat surfaces 
and curved surface of cylindrical portion) are insulated to avoid any heat gain from furnace 
or heat loss to environment. 

Some of the other accessories were ultra-high purity (UHP) Argon gas cylinders (for inert 
environment in sample holder), gas transportation pipes, mass flow controller for gas and 
air (for pneumatic movement of sample holder) and copper sample for calibration before 
starting of test. 

2.4 Test conditions 

Before starting dielectric measurement of test samples, one test is run with standard copper 
sample and then with empty sample holder tube for calibration purpose. Then sample pellet 
is inserted in holder tube, which goes up in cavity with the help of vertical movement of 
pneumatic actuator. UHP Argon is purged in holder tube with velocity of 10 sccm 
(standard cubic centimeter per minute). VNA can provide microwave power and to record 
reflected power. First step of test is conducted at room temperature. Then sample is risen to 
furnace’s center and temperature is raised to 50°C. Sample is then brought back to cavity 
center and another round of VNA data collection in run. This cycle continues till readings 
are taken for temperature up to 1000°C in steps of 50°C. 

After this, dielectric measurement is done in cooling cycle. Temperature of sample is 
brought down from 1000°C to 100°C in steps of 100°C, then one reading is taken at room 
temperature. All these data are generated for six different microwave frequencies- 397, 
912, 1429, 1948, 2466 and 2986 MHz. 

2.4 Methodology to calculate dielectric properties 

The measurement of dielectric properties was done through cavity perturbation method 
[12]. VNA provides microwave power to cavity through one port and measures the 
reflected power through both ports. A sample interacts with microwave and causes 
perturbation in the frequency of microwave being reflected. Thus, there is a change in 
reflected frequency of microwave between an empty cavity and a cavity with sample. This 
difference in frequency (Δf) provides quality factor (Q) of the microwave circuit by the 
following relation: 
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… (2) 

Where, f0 is the resonance frequency of the cavity. Dielectric constant of sample can be 
calculated by the equation: 

… (3) 

And loss constant is given by: 

… (4) 

Where, fC is Resonance frequency of empty cavity (Hz), fS is Resonance frequency of 
cavity with sample (Hz), VC is Volume of empty cavity (m3), VS is Volume of sample (m3), 
QC is Quality factor of empty cavity and QS is Quality factor of cavity with sample. 

Loss tangent is finally calculated by eq. (1). The equations provided in this section (2.4) are 
based on the studies of Hutcheon et. al. [13-15], who have developed many equations 
related to dielectric measurement method. Since sample pellets are cylindrical in shape, 
shape correction factors are incorporated while calculating dielectric properties [16]. 

3. Results and discussion

The loss tangents curves of coal, susceptor and mixture are shown from Fig. 1 to Fig. 3 
respectively. Legend of these curves for different frequencies are – Red diamond-solid line 
for 397 MHz, Blue square-solid line for 912 MHz, Black cross-solid line for 1429 MHz, 
Blue circle-dotted line for 1948 MHz, Red cross-dotted line for 2466 MHz and Black 
diamond-dotted line for 2986 MHz. 

In the process of carbonization of coal, it is heated in absence of oxygen or air. From room 
temperature to approximately 350°C, there are no major changes in physical and chemical 
structures of coal. Only moisture of coal gets evaporated from the coal mass. The 
hydrocarbon based volatile materials (VM) of coal vaporizes in the temperature range of 
350°C to 650°C, leaving behind pores in coal as the gases vent out. In approximately the 
same temperature range, free radicals are generated and coal starts fusing and becomes 
semi-soft. Thus, in this temperature range, as shown in Fig. 1, microwave absorption and 
heat generation of coal increases due to the presence of metaplast, enriched with free 
radicals. 

After 650°C, resolidification of coal starts and it turns into a hard, porous mass called 
semi-coke. During the resolidification, atomic/molecular structure of coal becomes more 
arranged. In coke, there is slightly more carbon in form of graphite, as compared to large 
amorphous structure of coal. Since graphite is a conducting material, coke is more 
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microwave reflective as compared to coal. Thus, after 650°C, microwave absorption and 
heat generation reduces and the loss tangent shows a decline in curve. 

Around 700-750°C, coke formation is complete and now there are larger amounts of 
conductive graphitic content in material. This causes more reflection of microwaves and 
trends of loss tangent curves are unreliable from this point onwards. During the cooling 
cycle, coke retains its chemical and physical structure, causing its loss tangent curve to stay 
almost constant.  

The temperature ranges mentioned above to explain coal’s dielectric behavior may differ 
slightly for different coals, based on their chemical and physical properties or origin. At 
any given temperature, coal shows highest loss tangent for lowest frequency. This is 
because as the frequency increases, the penetration depth of microwave decreases. This 
reduces the microwave absorption and heat generation by coals and hence, the loss tangent 
decreases. 

Loss tangent of susceptor is shown in Fig. 2. This susceptor has large amount of 
hydrocarbon based VM. This VM composition is different from coal, hence it evaporates at 
different temperature range. Initially, moisture evaporation happens, then from 150 to 
250°C, VM gets evaporated showing sharp decrease in loss tangent. After which, Material 
gets heated at a steady rate. It can be seen that this susceptor gets heated at lower 
temperatures with higher loss tangents than coal. 

The result for mixture of coals and susceptors is shown in Fig. 3. Here, coal is still getting 
heated with a similar trend as the pure coal. But due to the presence of susceptor, heating is 
fast as denoted by higher loss tangents at any given temperture compared to pure coal. The 
dip of susceptor at 250°C is not observed in mixture, because mixing of these materials 
causes interaction or exchange of VM during heating, causing an steady VM evaporation 
rate in place of sudden evaporation. The peak of pure coal at 650°C is also not visible, as 
the coke making is happening more staedily and faster due to presence of susceptor. 
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Fig. 1 Loss tangent curves at different temperatures and frequencies for coal 

Fig. 2 Loss tangent curves at different temperatures and frequencies for susceptor 
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Fig. 3 Loss tangent curves at different temperatures and frequencies for mixture 

4. Conclusions

With the dielectric study of coal, it can be concluded that coal shows significant change in 
dielectric properties during the process of carbonization. Their heating by microwave 
increases in the softening temperature range. After coke formation, microwave heating 
decreases due to increase in the amount of microwave reflecting graphitic structure. Loss 
tangent of coke is unreliable at temperatures higher than 700-750°C due to this reason. 
During cooling, coke’s loss tangents remained almost constant, with only a slight decrease 
because of no change in the structural framework of coke. 

Susceptor shows higher loss tangents than coal at all temperatures. This is mainly because 
of their chemical composition which help them in absorbing microwaves and producing 
heat. Adding susceptor in coal showed increase in their low temperature loss tangent. 
These patterns of change in dielectric properties make coals and susceptors suitable 
candidates for microwave heating studies. 
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ABSTRACT 

This work deals with influence of ceramic processes parameters like moisture, compaction 
pressure and heating source (electric resistance and hybrid microwave) on dielectric 
properties of a sintered translucent porcelain. Several porcelain samples were prepared 
with two levels of moisture (3% and 6%) during the pressing process and two levels of 
hydraulic pressure (100 and 174 MPa) before drying; porcelain composition was kaolin 
(43%), potassic feldspar (36%), quartz (17%), bentonite (1%) and wollastonite (3%). 
Dielectric properties of the green porcelain were measured, and the results induced the use 
of a hybrid microwave furnace. Dried porcelain samples were sintered at 1200 oC with an 
electric furnace (7000 W) and with a microwave hybrid furnace (1600 W of microwave 
with silicon carbide as a susceptor). The dielectric properties of the sintered porcelain were 
measured. The results were statistically analyzed with Yates’ method and variance 
analysis; it was proved that sintering with microwaves has a significative influence on the 
dielectric constant and loss tangent with 99.9% of confidence. Compaction pressure level 
impacted loss tangent value with 99% of confidence and moisture level (at pressing) 
impacted dielectric constant with 90% of confidence. Multivariate regressions for the 
green porcelain dielectric constant and loss tangent were determined.  

INTRODUCTION 

Porcelains can be prepared by a reaction sintering between the raw materials, such as 
quartz - SiO2, kaolinite - Al2(OH)4Si2O5 and potassium feldspar – KAlSi3O8, which results 
in a microstructure of crystalline phases, mainly mullite – Al6Si2O13 and quartz – SiO2, 
dispersed in an alkali aluminosilicate vitreous phase. Usually, the raw materials with fine 
granulometry is mixed with water to produce a plastic mass, which is formed in different 
pieces. These pieces are dried and then fired at temperatures of 1200 to 1400 oC. 

There are different types of sintering kilns. Traditionally, wood is used as fuel, but 
modernly natural gas, fuel oil and electric energy are used for sintering. Also, the 
microwave has potential to be used in sintering. Advantages as short dwell time and lower 
consumption of energy are predicted by several authors [1-5].  
Exploring the concept of microwave effect, well known for microwave chemistry [6-10],  
now applied to sintering reactions, this paper aim to show the occurrence of microwave 
effect during a hybrid microwave sintering process, based on measurements of dielectric 
constant and loss tangent of a sintered porcelain. The effects of operational variables such 
as pressing moisture and compaction pressure are also studied. A series of tests planed in 
23 and 22 factorial designs [11] was used to investigate the microwave effect 
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Complementarily, the technical viability of an autogenous microwave sintering of 
porcelain was analyzed [12]. 

EXPERIMENTAL 

Microwave sintering furnace 

The experiment of microwave sintering was done in a 26 L multimodal cavity, with two 
2M319J magnetrons  of nominal power of 800 W each, at 2.45 GHz, equipped with an 
infrared sensor for temperature measurement from 800 oC up to 2200 oC (Micro Epsilon 
CT4800354), and a thermally isolated rotating chamber for sintering; the applied power 
was adjusted by electronic control,  of the magnetron long term duty-cycle (Figure 1). The 
sintering chamber had a three-part body of refractory ceramic fiber, as shown in Figure 2. 
The middle body had an internal coating of silicon carbide, as a microwave susceptor 
(Figure 2a). Figure 2b shows the chamber opened after a sintering cycle. The rotation 
chamber produced a good temperature distribution after a short period of exposure to 
microwave irradiation (2 minutes at 800 W microwave), as shown in Figure 3. 

Figure 1: Microwave 
furnace. 

Figure 2: Sintering chamber: (a) at room temperature, (b) at 
the end of sintering test. 

Figure 3: Temperature distribution after short heating time 
of the sintering chamber. 

Ceramic processing 

Raw powder (< 325#) mixture [13] with 43% of white kaolin, 36% of potassium feldspar, 
17% of quartz, 1% of bentonite and 3% of wollastonite was homogenized in a ball mill 
with water and sodium silicate as dispersant for 1 hour, oven dried, and sieved with 80 
mesh sieve. This powder was mixed with water at two moisture contents, 3% and 6%. 
Then, the powder was uniaxially pressed in a hydraulic press at 100 and 174 MPa, 
producing disc shaped specimens with a mean thickness of 1.0 mm, diameter of 25 mm, 
and 2.0 g of weight. These four sets of pressed green porcelain specimens were sintered in 
an electric furnace of 7000 W, with a heating rate of 4 oC/min and 30 minutes of holding 
time at 1200 oC, and also, in the hybrid microwave sintering furnace, at a heating rate of 
176 oC/min with 12 minutes of dwell time at 1200 oC.  
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At this point, there are eight types of sintered porcelain, just making possible a 23-factorial 
design [11] to test the effects of pressing moisture (A), compaction pressure (B) and 
heating mode (C). Table 1 shows this experimental design, where all tests were done with 
three replications. 

Table 1: Experimental conditions for a 23-factorial design. 

test Pressing moisture (%) Compaction pressure (MPa) Heating mode 
A a B b C c 

1 3 - 100 - electric - 
2 6 + 100 - electric - 
3 3 - 174 + electric - 
4 6 + 174 + electric - 
5 3 - 100 - microwave + 
6 6 + 100 - microwave + 
7 3 - 174 + microwave + 
8 6 + 174 + microwave + 

a, b, c: are reduced values of variables A, B and C, respectively. 

Measurement of dielectric properties 

The dielectric constant and the loss tangent for green state and sintered porcelain were 
determined with a semi-rigid coaxial probe (RG-402/U) coupled to a vector network 
analyzer (VNA) (Keysight E5063A, 100 kHz to 8.5 GHz). Each sample was measured five 
times to determine the mean value. Dielectric constant and loss tangent values were 
calculated with proper modeling of the lossy coaxial transmission line, VNA calibration 
and correction of the measurement plane. Figure 4 shows the measurement set-up. 

Figure 4: Experimental determination of dielectric properties. 

RESULTS AND DISCUSSION 

Experimental average values for dielectric constant and loss tangent are shown in Table 2, 
for the six sets tested. Despite the good values of loss tangent obtained for the dry green 
state porcelain specimens, their dielectric constants were not high enough to promote a 
microwave autogenous heating to a sintering temperature of 1200 oC. This was the reason 
to make a hybrid microwave sintering using silicon carbide as a susceptor. 
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Table 2: Experimental values of dielectric properties for green and sintered porcelain. 

Sample 
Dielectric constant Loss tangent 

Green 
state 

Sintered Green 
state 

Sintered 
a b Electric Microwave Electric Microwave 

1 - - 2.309 2.354 2.975 0.663 0.583 0.088 
2 + - 1.388 2.459 3.289 0.283 0.520 0.112 
3 - + 2.362 2.212 3.238 0.311 0.214 0.117 
4 + + 2.525 2.901 3.391 0.386 0.290 0.107 

An analysis of variance (ANOVA) [11] with the eight values from 23-factorial design was 
done to check if the microwave sintering affected the values of porcelain’s dielectric 
properties. The effects and square sums were calculated by the Yates’ method [14]. Table 
3 shows the results of ANOVA for constant dielectric and loss tangent for sintered 
porcelains. With these data it is possible to state that, with 99.9% of confidence, the 
microwave irradiation influenced the values of both dielectric properties. Also, the 
moisture had a significant (99%) effect on loss tangent and the compaction pressure had an 
incipient (90%) effect on dielectric constant. 

Table 3: Microwave sintering effect and their significance on dielectric properties of 
sintered porcelain. 

Source of 
variation 

Dielectric constant Loss tangent 
Effect Significance (%) Effect Significance (%) 

A 0.166 -0.144 99 
B 0.316 90 0.006
C 0.742 99.9 -0.296 99.9 

AB 0.106 0.026
AC 0.117 0.003
BC -0.082 0.000

ABC -0.187 -0.043

A better view of pressing moisture and compaction pressure effects on the dielectric 
constant was obtained analyzing these operational variables, independently of sintering 
method, for each set of data from Table 2. Six times the Yates’ method and ANOVA were 
applied, and the results are shown in Table 4.  

Table 4:  Pressing moisture (A) and compaction pressure (B) effects and their significances 
on dielectric properties of green state and sintered porcelain. 

Variable 

Dilectric constant Loss tangent 

Green state Sintered Green state Sintered 
Electric Microwave Electric Microwave 

Effect 
P 

(%) Effect 
P 

(%) Effect 
P 

(%) Effect 
P 

(%)  Effect 
P 

(%) Effect 
P 

(%) 
A 0.55 0.15 0.18 -0.13 99 -0.30 99 0.012 99 
B 0.043 90 0.40 0.23 95 -0.15 99 0.0066 0.007 90 

AB 0.52 0.29 -0.081 0.28 99 0.069 -0.017 99.9
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Table 4 data shows that loss tangent achieved a higher number of significant results than 
dielectric constant; and electric furnace sintered porcelain achieved the smallest number of 
significant results with significance than microwave sintered porcelain. The interaction AB 
(pressing moisture and compaction pressure) achieved high significance results for loss 
tangent of green state and microwave sintered porcelain. 

Green state porcelain’s dielectric properties data were submitted to a multiple linear 
regression [15] and their empirical relation with pressing moisture and compaction 
pressure were determined, as shown in Equation 1 and 2. 

DK = 608.11 – 0.80A – 0,014B + 618.11AB (1) 

tan δ = 2.13 – 0.33A – 0.011B + 0.0021AB  (2) 

where DK is dielectric constant, tan δ is loss tangent, A is pressing moisture (%), and B 
compaction pressure (MPa). These equations may be represented in tridimensional 
graphics as shown in Figure 5. Both equations passed the test of lack of fit [11].  

Figure 5: Dielectric constant (a) and loss tangent (b) at 2.45 GHz and room temperature as 
a function of pressing moisture and compaction pressure. 

CONCLUSION 

Microwave sintering induces, with 99.9% of confidence under the conditions of this study, 
an effect on dielectric properties of porcelain. Specifically, microwave irradiation increases 
the value of dielectric constant and decreases the value of loss tangent of sintered 
porcelain, in relation to electric furnace sintered porcelain. 

The highest value of loss tangent observed for dry green state porcelain was 0.663. This is 
a good value for microwave autogenous heating. However, the dielectric constant value, in 
this specific porcelain sample, was 2.309 and it is not high enough to absorb sufficient 
microwave energy to achieve sintering temperature of 1200 oC. Then, for this porcelain 
formulation, only a hybrid microwave sintering, with the aid of a susceptor, is possible. 
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Abstract. The success of a Ground-Tire Rubber (GTR) devulcanization process relies on 
the elimination of the sulphur atoms that are crosslinking the rubber polymer. From the 
chemical point of view, this requires providing enough energy to break the sulphur bonds 
while preserving the carbon bonds, to ensure a high quality devulcanized GTR for being of 
interest to the rubber manufacturing industry. GTR is very responsive to microwaves due 
to the presence of Carbon Black (CB) in its composition, so the radiant energy is absorbed 
quickly in the form of thermal energy. When its temperature reaches 140°C, the breakage 
of sulphur bonds may happen under an exothermic reaction, but also some new links might 
be built under that condition. Therefore, from the physical point of view, the released 
sulphur in the gaseous form of SO2, H2S, and/or CS2 must be promoted to abandon the 
reactor to avoid its recombination. In this work, microwave devulcanization is monitored 
by detecting the concentration of sulphurous gases at the exhaust of the reactor. These 
sensors are very effective especially when pyrometer readings are degraded because of the 
gaseous layer on the GTR during the process. 

Keywords: Microwave, Industrial applications, Measurement technology, Processing, 
Residue/Side-stream, Material interaction 

1. Introduction

The management of the disposal of end-of-life tires (ELTs), also known as GTR, is a 
today’s environmental worldwide challenge. Therefore, searching for new and pro-
ecological reutilization methods of used tires and other waste rubbers is one of the biggest 
challenges of the 21st century waste management [1]. Regarding environmental impact, 
the energy recovering from landfill accumulation or combustion processes is a much worse 
solution than the recycling process, due to the toxic gas emissions and the residue powder, 
which pollutes the soil [2]. 

Nevertheless, the consideration of GTR as a valuable rubber feedstock for the 
manufacturing industry, relies on its ability of being processed to produce thermoplastic 
elastomers and blends in composite materials, and the most suitable way is through its 
devulcanization [1]. This process consists of a selective crosslink cleaving i.e., the 
elimination of the sulphur from the crosslinked rubber polymer while preventing the 
damage of the elastomeric chain. Thereby, it is necessary to apply enough energy to break 
up the sulphur bonds [3] formed during vulcanization while preserving the carbon bonds in 
order to ensure a high quality devulcanized GTR. 

The devulcanization process is related to the transformation of waste tire rubber using a 
physical (thermal, mechanical, microwave, ultrasonic), biological, or chemical energy. In 
terms of devulcanization uniformity, it should be considered that only the microwave and 
ultrasonic methods act in the GTR particle’s core, while the others do it on the surface. In 
addition, microwave devulcanization also offers the possibility of high productivity [4], 
and the regulation of microwave energy density (kJ/kg) acting on GTR, by controlling 
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power and time settings, thereby allowing selective breakage of the cross-linking bonds 
with minimum degradation of the main polymeric chains [5]. 

It is true that some types of rubber do not perform a good dielectric heating when 
exposed to microwaves. However, GTR heats adequately given the presence of CB in its 
composition [6], which absorbs the microwave energy that is turned into thermal energy 
[5]. This energy transduction may increase with the rising of the temperature, which could 
lead to a thermal runaway breaking the sulphur bonds but also the carbon ones that should 
be preserved. Consequently, parameters involved are to be thoroughly controlled to avoid 
degradation of the material due to excessive processing temperatures or uneven 
devulcanization degrees. 

The ultimate temperature reached by the material is the primary parameter responsible 
of the success of the devulcanization process, according to [7]. Depending on the final 
temperature, different types of sulphur bonds can be broken. The amount of energy needed 
to break the poly-sulphur bonds is smaller than that required to break the di-sulphur ones. 
Hence energy required to break the di-sulphur links, in turn, is smaller than that required to 
break the mono-sulphur ones [8]. Thus, the structure of the rubber changes to be composed 
by mono-sulphur bonds. When breaking such bonds, some main chains can be also broken, 
leading to the formation of hydrogen sulphide (H2S), sulphur dioxide (SO2) and carbon 
disulphide (CS2) [9]. These gases may blind the temperature monitoring system when 
pyrometers are employed. 

Since some difficulties are found to make an adequate temperature monitoring and 
control subsystem on a laboratory scale [10], the gaseous products formed during 
devulcanization can be considered as parameters to control the process. Song et al. [11] 
deduced that the proportion of H2S, which comes from the sulphur links in the vulcanized 
rubber structure, is useful to know the sulphur migrating degree to gaseous products. 
Hence gaseous products can be useful to control the microwave exposure time, which is 
mandatory in order to obtain a regenerated material with suitable properties [12]. 

In this work, funded by the 870000 VALUE RUBBER UE project, the H2S, SO2 and 
CS2 concentration evolution are monitored during microwave devulcanization, and this is 
compared to the GTR surface temperature by using an infrared pyrometer. The gases 
concentration evolution can be useful to control the process, specially when certain gases 
are present, since they can cause temperature measurement errors, as stated in [13]. 

2. Materials and Methods

2.1 Materials 

The material was crumb rubber from ELTs (GTR) kindly provided by Synthelast 
(Spain). The GTR had a granulate size range of [0.5, 1] mm, and an average density of 
400 kg/m3. The holder used for the samples was a quartz dish. The dish had a cylindrical 
shape with an inner diameter of 18.5 mm (outer 19.1 mm), and a height of 88 mm. The 
samples had 300 g of GTR and a volume around 750 cm3. 

2.2 Methods 

The configuration schema is depicted in figure 1. Three 1.6-cm diameter hollow metal 
tubes on the top of the microwave oven act as cut-off cylindrical waveguides and allow the 
usage of several devices inside the microwave cavity without leakage. The leftmost tube is 
used to introduce nitrogen inside the cavity, thus producing an inert atmosphere. To 
achieve a GTR temperature as homogeneous as possible, a PTFE stirrer is used, whose 
axis is introduced through the central cut-off waveguide. The motor gear of the microwave 
oven was extracted and placed above the central tube. In this way, it forced the rotational 
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movement of the PTFE stirrer. A pyrometer was placed on the far-right tube. A fan on the 
left wall of the oven extracted the gases from the cavity pushing them through a pipeline, 
so that the sulphur gas concentration values were measured at the end of the pipeline. 

Fig. 1. Scheme of a microwave devulcanizing reactor with temperature and gas sensors 

The sample mass was 300 grams, and the microwave power for heating the GTR was 
adjusted using a Dipolar Magdrive power source. The surface temperature of the GTR was 
monitored using an Optris LT CF2 infrared thermometer, with an accuracy of ±1 °C (for 
temperatures up to 100 °C) or ±1 % (for temperatures over 100 °C). To monitor the 
sulphur gases concentration during the process, three electrochemical sensors from 
Membrapor were used. Their resolution for measuring H2S, SO2 and CS2, in parts per 
million (ppm), was 1, 0.5 and 0.5 ppm, respectively. Figure 2 shows the implemented 
configuration based on the scheme introduced in figure 1. 

Fig. 2. Microwave devulcanizing reactor on a laboratory scale 

Two different kind of power profiles were implemented in order to analyse the gases 
concentration evolution. First, a PID was used to control the power delivered so that a 
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constant temperature was kept at 120 °C. In the second test, a constant microwave power 
was continuously delivered to the cavity (270 W). 

3. Results

Figure 3 shows the GTR surface temperature and the power profiles for the two tests. It 
must be remarked that temperature and power curves have been smoothed to enhance their 
visual quality. Given that power profiles were quite similar during the first twenty minutes, 
temperature profiles were similar as well. However, temperature value for the test using a 
PID increases at the 23rd minute and so the power was decreased in order to keep the 
desired temperature. From that point, that temperature value was near the desired value 
(120°C). 

On the other hand, temperature values for test delivering a constant power value were 
smaller than those for the test using a PID, from the 23rd to the 41st minute. This fact is 
explained later, once sulphur gases have been shown. In the minutes thereafter, 
temperature values when using a constant power were quite higher. 

Fig. 3. Surface temperature and power profiles during the devulcanization tests 

The concentration of the three sulphur gases monitored during the tests can be observed 
in Figure 4. Gases are detected at the 23rd and the 28th minutes, for the test using a PID and 
the test delivering a constant power, respectively. After the 28th minute, gases 
concentration was considerably higher for the test delivering a constant power. As a 
general trend, the gases behaviour is quite similar to each other’s. Nevertheless, some 
differences are found for CS2 during the test delivering a constant power i.e., its 
concentration value increases gradually from the 35th minute to the end, whereas those of 
the H2S and SO2 are diminishing in that period. 
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Fig. 4. H2S, SO2 and CS2 gases concentration during the devulcanization tests 

4. Discussion

The comparison between the temperatures for both tests was shown in figure 3. It is 
noticeable that the GTR temperature values when devulcanizing process starts (95~100°C) 
are smaller than expected ones (140°C) for both tests. The reason for this is that pyrometer 
is measuring the surface temperature of the GTR, which is constantly cooled because of 
the nitrogen. Moreover, figure 3 also emphasizes the pyrometer readings degradation as a 
consequence of the gaseous layer on the GTR during the process. Such degradation can be 
easily noted at the time the sulphur gases are released. 

Figure 5 shows the temperature curves and the SO2 gas concentration for both tests. 
The pyrometer was more obstructed for the test delivering a constant power, as higher 
gases concentration values are registered for that test. 

Fig. 5. SO2 gas concentration and temperature profiles during the devulcanization tests 

During the tests, it became clear that the higher the gases concentration values, the 
more blinded the pyrometer. In spite of the pyrometer was obstructed, higher temperature 
values are shown from the 42nd minute to the end for the test delivering a constant power. 
This fact can be explained by considering that the pyrometer is partially obstructed i.e., it 
is registering temperature values of the gases and the GTR surface. For the test delivering a 
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constant power, GTR seems to be have a much higher surface temperature value. This fits 
perfectly with the delivered power shown in figure 3. The more delivered power, the more 
energy is absorbed by the GTR, that is, the GTR heats more. 

Hence, it is advisable to extract the gases when devulcanizing, thus avoiding the gases 
obstruct the temperature monitoring and the recombination of the released sulphur or 
acquiring indirect temperature readings on the quartz container surface.  

The comparison between the three gas concentration values for both tests shown in 
Figure 4 indicates that the sulphur gases are very useful to determine the beginning of the 
devulcanization process. Furthermore, they might be also useful to establish the end of the 
process, since the gases concentration behaviour is related to the amount of sulphur 
released from the GTR. 

The relationship between the CS2 gas concentration behaviour and temperature is 
shown in figures 6 and 7, for the test using a PID and the test delivering a constant power, 
respectively. 

Figure 6 shows that temperature barely increases from the beginning of the 
devulcanization process (23rd minute) to the end. CS2 concentration values are near zero 
throughout the whole test, entailing that the polymer was not degraded. In fact, there is 
potential for CS2 concentration values were due to some kind of cross-interference with the 
SO2 as they show very similar behaviours. 

Fig. 6. CS2 gas concentration and temperature profiles during the test using a PID 

Figure 7 shows that temperature strongly increases from the beginning of the 
devulcanization process (28th minute) to the end. As a consequence, CS2 gas concentration 
values not only are quite higher than those shown in figure 6 but also are higher at the end 
of the process, entailing that the polymer was degraded. In spite of CS2 concentration 
values might be due to some kind of interference with the SO2, its behaviour is different 
from that of the SO2 for this test. Hence, one can conclude that some main chains were also 
broken, leading to the formation of the CS2. 
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Fig. 7. CS2 gas concentration and temperature profiles during the test delivering a constant 
microwave power 

To sum up, CS2 makes it possible to approach the polymer degradation, given that it is 
formed by the cleavage of the C-C bonds. Consequently, special attention must be paid to 
CS2 in order to avoid the destruction of polymeric chains during microwave 
devulcanization. 
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A key challenge in the food industry is the maintenance of the nutritional value of harvested 
vegetables over transport and long storage times. Freezing has long been considered the most 
simple and important available method to retain product quality. Although freezing 
successfully slows down deteriorative reactions such as senescence, chemical decay and 
microbial growth, it cannot prevent odour, flavour, colour and texture deterioration. The 
reason is the existence of enzyme systems that remain active regardless of the foodstuff 
temperature. Numerous enzymes such as peroxidase, lipoxygenase, polyphenololoxidase, 
polygalacturonase, and chlorophyllase are directly or indirectly associated with these losses 
in quality and nutritional properties [1]. The first two are the most commonly studied; 
peroxidase (POD) is one of the more thermally stable enzymes in vegetables and can serve 
as a general indicator of enzymatic deactivation. On the other hand, lipoxygenase (LOX) 
has been found responsible of undesirable changes in colour, flavour, texture and nutritional 
value of food products. A substantial minimisation of these enzymatic reactions comes from 
blanching the vegetables by applying steam or hot water (usually 100 oC) between a few 
minutes up to 1 h. These conditions are to be precisely applied, otherwise a more severe or 
prolonged blanching may reduce the nutritional value of the vegetable and lead to starch 
damage, i.e. gelatinisation. An alternative to the use of water in the blanching of vegetables 
is the utilisation of microwave energy.  
The aim of this research was to investigate whether whole yellow peas, with a pea market 
of almost 2.5 million tonnes in 2016 only in the European Union [2] can be blanched using 
microwave energy whilst minimising starch gelatinisation. 
Heating trials at 2450 MHz assessed that POD is the more temperature resistant enzyme, 
and below 80 oC its activity is not nearly halved. Nevertheless, beyond this point its thermal 
stability sharply weakens, reaching a deactivation > 90 % for 5 min at 90 oC and 100 oC. 
LOX is always less stable than POD, reaching a total deactivation at 100 oC. Regarding the 
starch gelatinisation, the enzyme kill vs. starch kill ratio appeared particularly favourable at 
two points. The first is 60 oC for 2 min, which provides a 17 % POD and 29 % LOX 
elimination for only a 3 % starch gelatinisation. The other is at 90 oC for 1 min, where 22 % 
and 7 % residual POD and LOX activities gelatinise 15 % of the starch. 
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Undoubtedly, dielectric heating using microwaves offers the potential to improve many 
industrial processes with respect to energy efficiency and process time. Nevertheless, 
microwave heating requires to overcome the major challenge in achieving a homogeneous 
heating of the work piece while being exposed to the inhomogeneous electromagnetic field 
that exists in the microwave applicator. Modern solid-state amplifiers allow to control the 
electromagnetic field that is radiated by the microwave antennas and that is finally 
dissipated into the work piece. That is possible by frequency tuning over a wide frequency 
range, a precise control of the phase and the output power.  
The aim of this work is to investigate the achievable temperature homogeneity by making 
use of frequency, phase and amplitude tunability of the microwave sources in the available 
ISM frequency band. Various cavities with distributed microwave sources are assumed. An 
optimization-based superposition of modes is investigated based on 2D electromagnetic 
simulations using COMSOL Multiphysics. Furthermore, the results that are model based 
are verified with experiments on an industrial scale microwave system. Particularly a 
modified microwave oven of company Vötsch Industrietechnik GmbH with a hexagonal 
cross section and a circumferential diameter of 1 m and a depth of 1 m is used. Up to 10 
novel solid-state-based microwave generators of company HBH Microwave GmbH with 
1 kW microwave power each can be considered. The power is coupled into the cavity via 
cross-polarized slotted waveguide antennas. The recording of the evolving temperature 
profiles in various work pieces is performed using an infrared camera analogous to the 
experiments described in [1]. 

a)                                          b)                                              c) 
Fig. 1. a) 2D simulation model in COMSOL Multiphysics – rectangular. b) 2D simulation 

model in COMSOL Multiphysics – hexagonal. c) Real measurement setup. 
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Cold atmospheric pressure plasma (CAPP) is widely used in the field of biomedicine, such
as inducing cancer cell apoptosis, sterilization, tooth whitening, skin regeneration, rapid
blood clotting, and so on. Studies have shown that the types and concentrations of reactive
oxygen species (ROS) in cold plasma, such as oxygen atoms (O) and hydroxyl radicals
(OH), have significant effects on plasma treatment1. Our previous researches showed that
both the H2O content and microwave frequency play critical roles in the ROS species and
their densities2-3. Therefore, this paper conducted experiments to investigate the influence
of microwave frequencies (2450 MHz and 5800 MHz) and the water content in the Ar-
H2O mixed gas (1%, 2%, 3%, 4%, 6%, and 8%) in vitro coagulation. Blood droplets were
placed on quartz plates and treated by the plasma jet. The exposure temperatures of all
treated blood droplets were below 55 ℃ . The spectral lines of ROS (OH, O) were
measured by a spectrometer. Experiments revealed that increasing frequency or humidity
could raise the doses of ROS. The higher the doses of ROS, the better the coagulation
effect. In addition, the experiments also showed that blood coagulation was negatively
related to the exposure distance to the plasma discharge, but positively related to the
exposure time of the droplets operated by the plasma. This paper proposes a new
alternative, which is by adjusting microwave frequency or gas humidity, to accelerate the
blood coagulation with CAPP. It may also provide a potential clinical trial for blood
coagulation in surgery.
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This paper reports on the observation of an interesting phenomenon: the length of a 
microwave plasma plume can be clearly influenced by simply placing a conductor near the 
plasma source, especially when the nearby conductor is in contact with the external 
conductor of the coaxial microwave plasma generator, accompanied by a significant 
change in microwave reflection power from the terminal. To further investigate this 
discovery, the relationships between the length of the plume and some important factors, 
such as the conductivity and length of the nearby conductor, microwave input power and 
gas flow velocity, are analyzed, and we find nonlinear rules of influence of these factors on 
the jet. Measurements of the electric potential around the jet reveal the non-uniform and 
non-neutral charge distribution inside the visible plasma plume, which plays a vital role in 
uncovering the mechanism underlying this phenomenon. The results are helpful for 
providing a deeper understanding of microwave plasma jet (MPJ) characteristics. More 
importantly, it provides guidelines to control the MPJ using simple metal structures 

Fig. 1. Optical and thermal imagery of the influence of a nearby conductor on MPJ. 
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Introduction 

Fiber reinforced composites are widely used in transport and sport industries. The major 
benefit of composites is that these materials are about 30 to 40% lighter than metal parts 
having comparable properties. Nowadays the composites consist mainly out of a thermoset 
polymer matrix, because the uncured polymers resins have a low viscosity for a good 
infiltration of the fibers and short cycle time. Nevertheless, they cannot be easily recycled. 
Now new polymer resins like Elium® are commercial available, which cure like thermoset 
resins having all advantages of thermoplastic materials recyclability, the possibility of 
subsequent shaping, etc1. The viscosity of these new resins are low enough to ensure the 
necessary good infiltration of fibers, too.  
Recotrans project aims to enhance the processing of the reactive thermoplastic composites 
for transport applications. Therefore one of our main objective is to optimize the curing 
conditions for pultrusion and resin transfer moulding (RTM), by employing advanced 
technologies such as microwave assisted curing and intelligent reaction monitoring.  

It has been shown that the electrical resistance of a resin is directly related to the resin’s 
viscosity and Tg. Based on this observation and experimenting with several resins, 
Synthesites developed a proprietary technology for the online estimation of the development 
of the Glass Transition (Tg) temperature and/or of the degree of cure valid not only in the 
laboratory but also during composites production. This technology has been already applied 
successfully to thermoset-based composites manufacturing in automotive, wind turbine 
blades, and aerospace while in reactive thermoplastics it was used only in lab-scale trials 
[12]. Following this well-established theory that has been widely proven in practice, the 
resistivity of a resin was directly related to its viscosity while the Tg temperature can be 
estimated online using Synthesites proprietary algorithms via the Online Resin State (ORS) 
module. This online estimation technique was extended successfully for the specific acrylic 
resin that is being used in the Recotrans project. The ORS module was initially developed 
for isothermal cure cycles and was further extended to deal with highly non-isothermal 
conditions i.e. high exotherms with long cooling stages. Similarly to the resistance 
correlation to the Tg in thermoset resins, for the reactive thermoplastic resin the correlation 
is with the residual of the monomer which corresponds to the degree of conversion. 
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Dielectric Characterization 

We measure the dielectric function of the Elium® resin with hardener at the frequency of 
2.45GHz as a function of temperature with the cavity perturbation method (Fig.1).  

Figure 1: Measurement equipment for measuring the dielectric function 

From the frequency shift from the empty and loaded cavity and the corresponding reduction 
of the quality factor the real and imaginary part of the dielectric can be determined. In Figure 
2 the real and imaginary part of the dielectric function of Elium® with 1.5 mass % of curing 
agent is shown at 2.45 GHz as a function of temperature.  

Figure 2: Dielectric function for Elium® with 1.5% curing agent at 2.45 GHz 

Elium® shows a high real part and a medium imaginary part of the dielectric function at 
room temperature. With increasing temperature both parts of the dielectric function of the 
Elium® resin drops because it starts to polymerize in these conditions until 100°C where it 
is completely polymerized. 
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Microwave assisted pultrusion 

Pultrusion is the only continuous process for production of composite structural components 
with constant cross-sectional area. The curing time of the resin limits the pultrusion speed, 
which significantly influences the cost of production. The pulling speed of the reactive 
thermoplastic Elium® resin can be improved by microwave-assisted pultrusion (MAP) for 
resulting in more profitable pultrusion profiles. In microwave assisted pultrusion a 
microwave-transparent die or insert mostly made of ceramic is added before the classical 
metal die 2 3 4.  
In Figure.3 a sketch of the microwave assisted pultrusion die is shown for a rod of diameter 
16 mm. The die consists of a ceramic part, which is placed at the end of a tapered waveguide. 
The geometry and the dimensions of the ceramic part were designed that the electric field 
along the cross section of the rod is homogenous. The length of the microwave die is about 
10 cm. The microwave die was mounted in front of a conventional heated pultrusion die 
(Figure 3). 

Figure 3: Sketch of the microwave pultrusion die 

To provide better understanding of the microwave assisted pultrusion process for Elium® 
we investigate the temperature development and the curing in the pultrusion die with and 
without microwave assistance for different process parameters. For these investigations, a 
fiber optical temperature sensor was fed together with the glass fibers in the pultrusion die 
(Fiure.4) and the temperature was measured in the pultruded rod. The fiber optical 
temperature sensor had a length of about 150 cm. When the optical fiber was completely 
drawn in it was cut off. 
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Figure 4: Entrance of the pultrusion die with fiber optical temperature sensor 

In Figure 5, the temperature development of the curing rod is shown with and without 
microwaves as it is pultruded in the pultrusion die. 
The comparison of the both graphs shows the microwave effect. In case of a pultrusion 
without microwave the temperature increases uniformly to maximum of about 152°C after 
118 cm in the pultrusion die. The additional microwave energy causes a sharp increase of 
the temperature from room temperature to about 70°C in the first 10 cm of the die, following 
a moderate increase in the conventional heated die to a maximum of 162°C already after 100 
cm. These effects lead to an improvement of the pulling speed by about 50% and reduction
of the pulling force of about 50%.

Figure 5: Temperature distribution of the rod during pultrusion 
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Microwave assisted resin transfer moulding (RTM) 

RTM process have been selected in many cases to produce structural composite parts with 
complex geometries often in metal moulds. Prolonged cycle time are an obstacle to high 
volume RTM. Cycle time is dictated by thermal quench near the injection gate from cold 
resin entering the hot mould. Heat recovery by the mould, and coincident heating of the 
resin to initiate cure is necessary to complete the cycle. Microwave preheating of the resin 
before injection reduces thermal quench. Since microwave heating is volumetric, low 
conductivity resins can be heated uniformly and efficiently. In-line resin preheating has 
been developed and tested for its compatibility with high volume RTM5 6.  

The mould was made of aluminum with dimensions 280 mm wide and 380 mm long 
(Fehler! Verweisquelle konnte nicht gefunden werden.). As prescribed by the automotive 
use case, carbon fiber mats of density 400 g/cm2 and Elium resin with benzoyl peroxide 
hardener were used. Two mats were inserted into the mould (pre-heated either at 80°C or 
90°C) and the mould was closed except for a small gap of about 5 mm. Through this gap the 
microwaves are radiated and the resin during injection is heated. This slit is covered with a 
ceramic plate to prevent resin entering into the waveguide. As soon as the mould is filled, 
the microwave is switched off and the mould is closed, and pressure is raised to 8 bar for the 
curing of the composite part. 

In the top tool, a durable sensor (DC sensor in Fehler! Verweisquelle konnte nicht 
gefunden werden., Right) was installed, flush mounted in the cavity to measure online the 
electrical resistance and temperature. The sensor was connected to the Optimold cure 
monitoring system as provided by Synthesites and the measurements were recorded in a PC 
through the Optiview data acquisition software.  

Figure 6: Lab-scale unit for RTM with pre-heater 

We developed a lab-scale press with a pre-heater to investigate the effects of pre-heating to 
the curing time of the Elium® resin (fig.6). The Elium® resin is heated in a cylindrical 
microwave cavity to a given temperature below the onset curing temperature. The pre-
heated resin is pumped in a heated flat metal mould for curing. 
To support the use of this reactive thermoplastic resin in composites, microwave heating 
and an intelligent process monitoring system have been introduced in a compression RTM 
lab-scale facility. Through a durable sensor installed at the lower tool the Optimold cure 
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monitoring system measures the electrical resistivity and temperature of the resin which 
are directly correlated to viscosity, degree of conversion and the glass transition 
temperature. As can be seen in Figure 7 four trials at two mould temperatures (80°C and 
90°C) with or without MW heating were executed.  

Figure 7: Resistance (R) and Temperature (T) of the injections 6 and 7 with 
(mw6 and mw7) and without (ref6 and ref7) MW resin preheating 

Figure 8: Resistance rate (dR) and Temperature (T) of the injections 6 and 7 with (mw6 
and mw7) and without (ref6 and ref7) MW preheating. 
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The resistance rate can be used to define the end of the reaction so if this threshold is set to 
0.2 as denoted by the yellow dashed line in the fig.8 the required curing times are shown 
for each case. The clear advantage of using the MW preheating is shown with a speed-up 
of 25% with respect to the specific temperature and 41% overall has been achieved. 

Conclusion 

A microwave system for pultrusion and RTM were developed and tested successfully for 
the acceleration of the reaction using a liquid reactive thermoplastic resin. For the pultrusion 
a microwave pultrusion die was integrated in a conventional heated pultrusion die. The trials 
show that the microwave assistance speed up the curing resulting in a 50% faster pulling 
speed and a reduction of the pulling force of about 50%. Therefore with microwave 
assistance it is possible to run the pultrusion machine with an additional die and with higher 
speed, which reduces significantly the production costs. 
Pre-heating the resin before injection in the RTM-mould reduces the curing time of about 
25% at the same mould temperature. The pre-heater is easy to implement in the production 
of real parts  
The DC-based cure monitoring system can provide in real-time the evolution of the reaction 
and as a result it allows for real-time quality and process control purposes during 
manufacturing. Its combination with microwave curing proved efficient and without any 
effect of microwaves in the electric field of the sensor.  
The next challenge in the Recotrans project is to extent, and demonstrate these advantages 
in the manufacturing of an automotive and train door panel that is currently under 
construction.  
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Many catalytic reactions use iron-based particles to initiate the catalytic process [1-4]. In 
recent years, and in an increasing number of applications in catalysis, these particles have 
been heated using microwaves due to the selective nature of microwave heating and high 
efficiency when compared to conventional heating techniques [5-7]. Until now, research in 
this area has primarily focused on heating using the electric field in single mode, or multi-
mode cavities, whilst little focus has been upon using the magnetic field [8, 9]. Using 
magnetic field heating can present advantages over electric field heating in some cases as 
the selectivity of microwave absorption becomes dramatically different because of the 
complex interaction mechanisms with different materials in the magnetic field and the 
electric field. 

The interaction of materials and microwaves can be understood by considering the 
complex permittivity, ε*, and the complex permeability, μ*. The complex permittivity is 
key to understanding a material’s interaction with the electric field, E, and can be 
expressed as follows: 

ε* = ε1 -  jε2   (1) 

where ε1 (real) quantifies the polarisation of the material within an applied electric field 
and ε2 (imaginary) is the dielectric loss of the material. Similarly the complex permeability 
can be used to understand a material’s behaviour within an applied magnetic field, H, and 
can be expressed as: 

μ* = μ1 -  jμ2   (2) 

where μ1 (real) indicates the amount of magnetic energy that can be stored by the material 
and μ2 (imaginary) represents the material’s ability to lose that energy as thermal energy. 
More selective heating of catalysts may take place in microwave magnetic fields since in 
many reaction mixtures there are fewer materials with a high imaginary permeability in the 
catalysts and feedstock. This can lead to higher heating efficiencies and may influence 
product distributions and catalytic efficacies. Here we explore several iron-based catalysts 
to determine their suitability for magnetic field heating.  

Experimental 

Samples were placed in a 6mm inner diameter quartz tube and then held on a vibrating 
stage to reduce gaps between powder particles. Heating was supplied by placing this 
sample in a TM010 cavity resonator and applying nominally 30W of power at 2.495GHz 
using a bespoke microwave power applicator. Active monitoring of the power delivery 
showed that less than 30W was actually absorbed by the samples with the maximum 
absorbed power ranging from 4.2W - 20.4W depending on the sample present.  
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Fig. 1. Experimental setup – A 
2.495GHz, 30W signal is generated 
and delivered to a TM010 cavity 
resonator. Sample held within a 
quartz tube. Colour gradient 
represents the magnetic field (red = 
high magnetic field). Temperature 
measurements taken using thermal 
imaging camera and IR pyrometer. 
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Fig. 2. Maximum temperature reached 
by different ferrous catalytic compounds 
when excited by a 30W electromagnetic 
field. 

Measurements of temperature were taken using a Micro-Epsilon CT-SF22-C1 IR 
pyrometer in parallel with a Micro Epsilon TIM640 thermal imaging camera. 

Magnetic field heating was performed by placing the sample to be heated into a hole near 
the outer edge of the resonator, where the magnetic field is high. To compare to the heating 
in the electric field the catalysts were also placed in the centre of the resonator where the 
electric field is highest (and conversely the magnetic field is low). 

The samples were supplied and produced by the Inorganic Chemistry Lab at the University 
of Oxford, UK. The following sample materials were used FeAlOx, Fe3O4, Fe2O3 and Fe. 
A range of Fe particle sizes were used: ~25nm, 35-45nm, 60-80nm, 200 mesh (~74μm), 70 
mesh (~210μm) and 20 mesh (~840μm). Mesh refers to the filter size and corresponds to 
the size shown in brackets. 

Magnetic Field vs Electric Field 

Figure 2 shows the maximum temperature achieved when the metallic powders were 
placed in the electric and magnetic field maxima respectively. It is clear that the magnetic 
field is heating in a more selective manner, with over 350°C variation between FeAlOx and 
Fe2O3 in contrast to less than 25°C range across all 3 catalysts in the electric field. Fe2O3 is 
a non-magnetic ferrous oxide so the poor heating in the magnetic field is to be expected. 
The apparent consistency in the electric field heating is due to different heating 
mechanisms instigating the temperature rise in the respective field maximas. In the electric 
field, highly conductive particles do not heat effectively via field absorption due to 
screening of the field within the particle. Instead, the heating that is observed is due to the 
reconfiguration of the field around the edge of the particle. This reconfiguration causes 
focused regions of high field at the surface of the catalyst due to interfacial polarization, 
which in turn causes hot spots to occur at sites with close contact between particles. In 
contrast, a metallic particle placed in a magnetic field can experience significant heating 
via magnetic absorption if the material is magnetically lossy (high μ2) [10]. It is also worth 
noting that whilst the maximum temperature reached in the magnetic field by FeAlOx and 
Fe3O4 are relatively similar, the heating rates for these catalysts were dramatically different 
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with FeAlOx taking over 6 minutes to reach its peak whilst Fe3O4 reached maximum 
temperature in just over a minute.  

It can also be seen that the maximum temperature achievable was greater with the 
magnetic field. A significant factor in this was the loss of coupling that would occur when 
heating reached approximately 250°C causing a dramatic drop in the Q factor. This is not 
the case in the magnetic field as can be seen in figure 3. The loss of coupling is likely due 
to a shift in permittivity as a result of the increasing temperature. This in turn leads to a 
shift in resonant frequency and a loss of coupling. 

Particle Size 

A range of Fe particle sizes (~0.8mm - ~25nm) were heated in the magnetic field to 
explore the impact of size on the heating of metallic catalysts in the magnetic field. The 
samples can be split into two groups; the large skin depth regime, where the particle 
radius, a, is much less than the skin depth, δ, at 2.495GHz (~25nm, 35-45nm, 60-80nm 
samples), and the small skin depth regime, where the radius is larger (Mesh 20, 70 and 200 
samples). 

As can be seen in figure 4, the samples tested here are split evenly between the two heating 
regimes. Where a « δ the particle size does not appear to have a significant impact on the 
heating but in the regime where a > δ we can see that particle size does have a significant 
impact on the maximum temperature. These results confirm the previous theoretical work 
by Porch et al. who calculated that magnetic dipole absorption would remain constant 
where a « δ if magnetic loss is considered assuming μ2 « μ1 [10].  
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Fig. 3. Temperature (Black) and Q 
Factor (Red) during heating of AlFeOx 
in the magnetic (solid) and electric 
(dashed) field. Sudden drop in Q factor 
causes the powder to stop heating in the 
electric field. 
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Fig. 4. Magnetic Field heating of Fe 
particles of differing sizes. Large skin 
depth particles are shown in red. Small 
skin depth particles are shown in black. 

Conclusion 

In this work it has been shown that heating of metallic particles is material dependent in 
the magnetic field unlike in the electric field. Being able to heat selectively based on 
magnetic loss opens a range of possibilities to improve efficacy and efficiency. Among the 
many potential applications of this, one could consider use in biological tissue where the 
particles could be heated without the tissue being heated directly, or in catalysis where the 
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catalysts could be heated without also heating a suspending medium leading to significant 
efficiency improvements. 

Magnetic field heating has also been shown to be size dependent only as particles move 
beyond the nanoscale, this is important information to better understand and control the 
catalytic heating process. 
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Large scale/high density plasma surfaces generated by distributed elementary plasma sources 

powered by solid state microwave generators.  
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To meet the new requirements, in terms of plasma surface and ion density, of the new nanotechnology 

industries such as microelectronic components fabrication, novel self-matched plasma sources using 

micro-wave solid state generators have been developed. Thanks to the patented automatic frequency 

tuning, the impedance matching system was eliminated and the use of the sources has become very 

simple and precise [1]. To respond to the requirements of different applications, two sources were 

developed to cover a wide working pressure range, the Aura-Wave source working between 10-2 Pa 

and a few Pa, and the Hi-Wave source covering the range between 1 Pa and a few 10 Pa [2–4]. 

Multisource configurations were studied. Each source is powered by its own microwave solid state 

generator allowing an individual control of the transmitted power with 1 watt increment. A Langmuir 

probe was used to investigate the plasma density. An in-home simulation software was developed 

allowing to optimize the surface uniformity by optimizing the sources distribution and the transmitted 

power to every source and expect the resulting density for a given configuration. The probe 

measurements allowed to validate the simulations. The effect of plasma parameters such as plasma 

gas, working pressure, microwave power in addition to the distance between the probe and the 

sources plane was investigated. A nitrogen plasma at 1 Pa obtained with a matrix distribution of 16 

Aura-Wave sources with a lattice parameter of 110 cm generates a high-density plasma of 1.2 × 1011 

cm-3 with 5 % uniformity on 410 mm diameter measured at 10 cm from the sources plane [5]. The

same matrix configuration with 16 Hi-Wave sources for an argon plasma at 0.5 Pa gives a plasma

density around 1.2 × 1012 cm-3 with a 5 % uniformity at 440 mm of diameter.
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New materials play very important role in industrial, scientific and medical sectors. 
Accurate knowledge of their mechanical, electrical and thermal properties is a prerequisite 
for the development of novel and original applications. Many techniques were developed 
for the determination of these parameters, often under conditions of use of these materials 
[1-2]. In applications involving the use of microwave energy, the strong interaction 
between electromagnetic waves and materials provided a new means of investigation in 
addition to conventional techniques. The use of multiphysics simulation software based on 
the numerical resolution of coupled partial differential equations offers the possibility of 
simulating the dynamic system more or less close to real conditions [3-4]. Combining well-
controlled and mastered experimental means, simulation tools allow us to go back to the 
physical properties of the system studied, including the thermal properties of the materials 
under test. 
In this article we propose to characterize the thermal properties of new materials by an 
inverse modeling technique. It consists in minimizing an objective function built from 
experimental measurements and multi-physical simulations and then in extracting the 
desired thermal parameters. 

1. Principe

In our study we are interested in candidate materials for microwave chemistry or 
microwave materials processing applications. As a result, these materials will first play the 
role of receptor of microwave energy, transforming it into thermal energy, before returning 
it to a "load", the final destination of this energy. The important thermal properties for this 
kind of application are the thermal conductivity and the specific heat of the material to be 
characterized. 
We design an experiment setup using a microwave generator. For a chosen microwave 
power, a target temperature is given for the material to be heated. The generator is stopped 
when the target temperature is reached. The cooling phase begins until thermal equilibrium. 
The temperature evolution in specific point inside the material will be recorded using 
optical temperature probes for the heating and the cooling steps. The modeling of the entire 
experimental system with a commercial software COMSOL Multiphysics coupling the heat 
equation to Maxwell's equations provides an estimate of this same evolution as a function 
of the trial values of thermal conductivity and specific heat, on the two phases of the 
process: heating and cooling. 
The use of an optimization algorithm allows the extraction of thermal properties as a 
function of temperature. 

2. Direct analysis

2.1 Physical laws
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The physics laws which govern the thermal exchanges between a microwave source and a 
thermal system are the Maxwell equations and the heat transfer equation: 
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                                   (2)

with E the local electric field, r the relative permeability, r the relative permittivity, 
k0

2=(/c)2rr, =2f the angular frequency, f the working frequency, and c the light 
velocity in free space. 
For the thermal study, the heat source Q results from absorbed electromagnetic power by 
material under test and locally proportional to |E|2. , Cp, and k correspond respectively to 
the density, specific heat under constant pressure and thermal conductivity of material. T is 
the local temperature. At a convective boundary the convective heat condition is 
determined locally by using Text the external ambient temperature and h the thermal 
exchange coefficient. 
The axisymmetric 2D approximation will allow a simplification in the formulation as in the 
numerical simulation for a geometry presenting symmetry of revolution as shown in Fig. 1. 
For microwave feeding system only the TEM mode will propagate for the given working 
frequency. Therefore, a small disturbance of the symmetry does not fundamentally change 
the distribution of electromagnetic fields, and subsequently the absorption of 
electromagnetic energy by the material. On the thermal side, insofar as the radial variation 
is predominant, the error introduced by the assumption of symmetry of revolution will 
remain negligible. This is especially true if the whole structure can be considered thin 
thermally. 
By choosing cylindrical coordinates (Fig.1) all physical quantities vary with r, z and t, 
respectively the radial and axial coordinates, as well as the time for a transient study. 
Note that equation (1) is in sinusoidal steady state. This is not really contradictory because 
the microwave time constant is quite negligible compared to that of the heat transfer of the 
system studied. 

     (a)                                                                     (b)   
Fig. 1. Photos of axisymmetric system. (a) Ceramic tube around a bronze rod. (b) Coaxial 

structure with material under test inside. 

2.2 Numerical modeling 

To start the description of the geometry (Fig. 1) was in axisymmetric 2D version as shown 
in Fig. 2 (a). The sample material was made in a cylindrical ring shape, inserted into a 
coaxial structure that also serves as feeding component for microwave TEM waves. 
Between the central conductor of the coaxial structure and the inner wall of the ring there is 
a distance of 1mm filled with thermal insulation fiber material. The outer conductor of the 
coaxial structure is a stainless steel of 5mm thick and has an internal diameter of 40mm. 
For the purpose of limiting the simulation volume, convective boundary conditions are 
applied at the external of stainless steel cylinder. For the electromagnetic simulation the 
electrical conductors were considered perfect. This assumption remains valid as the 
dielectric losses in the material under test dominate other losses for a heating application. 
The finite element method is used here to effectuate transient study of the coupled 
electromagnetic / heat transfer problem. For an axisymmetric 2D model like that of Fig. 2 
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the triangular elements were chosen, followed by an automatic mesh refinement leading to 
convergent results. 

(a)                                            (b)    

Fig. 2. (a) Cutter view of structured under study. (b) Reconstituted 3D view. 

2.3 Analytical modeling for effective approximate structure 

A one-dimensional theoretical model is developed, leading to a quasi-analytical solution of 
the effective thermal parameters.  
When only one space variable l is needed to describe space temperature variation, the heat 
transfer equation is reduced in the following form 
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If the radiation losses can be neglected, a more compact equation can be obtained 
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D being the thermal diffusivity and p the heat source. A dimensionless equation is deduced 
for zero heat source case 
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with time, temperature and length normalized by corresponding reference quantities 
(structure time constant tc, infinite location temperature Tinf and maximum structure size L).  
The advantage of this model is the negligible computation time compared to the use of a 
three-dimensional or 2D axisymmetric computational code based on the finite element 
method.  

Numerical studies were carried out on a structure similar to the experimental model. It is a 
solid copper cylinder (4cm diameter and 20cm height). The temperature was raised to 
200°C before the power was turned off. With a heat exchange coefficient of 10W/m2.K, the 
analytical solution of (5) is plotted in Fig. 3, compared to the numerical results. In Fig. 3 
(b) the entire surface of the cylinder participates in the heat exchange while in Fig. 3 (a) the
ends are considered as thermally insulated. In both cases one notes a very good agreement
between the analytical solution (blue line) and the numerical results ('+').

It should be noted that the temperature gradient is not taken into account in the analytical 
solution, whereas it is present in the digital simulation. The good agreement between the 
two results confirms the hypothesis of a thermally thin structure. 
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(a)                                                                        (b) 
Fig. 3. Comparison between analytical (blue line) and numerical (+) coupling procedure. 

(a) Extremity disks isolated. (b) Convective condition at all sides.

3. Inverse modeling

3.1 Comparison between experimental data and numerical results

Fig. 4. Simulated coupling phase with specific heat varying from 600 to 1200J/kg.K. 
Comparison with measured data with error crosses ('+') 

We will focus on the cooling phase. Different couples of trial values allow the simulation 
of transient temperature variation. Fig. 4 plots these different temperature variations with 
the assumption of a constant exchange coefficient and constant specific heat compared to 
the measurement data. 
It can be seen that the assumption of a constant specific heat value is not valid. The 
extraction by inverse modeling must be done for each moment of measurement, 
corresponding to different temperatures. 

3.2 Extraction of specific heat of material under test 

From the simulation results, we have extracted the specific heat value by comparing it with 
the measured data by considering +/-0.8°C uncertainty of our thermal probe. Fig. 5 shows 
the estimation of these parameters as a function of temperature. 
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Fig. 5. Extracted specific heat of material under test with different scenarios. 

Several situations give different results. When using the 7mm nominal internal radius of the 
ceramic tube, the highest specific heat curve is obtained ('* green'); if we consider the slight 
offset of the ceramic tube by using a small 0.1mm reduction of this radius, lower curve ('o' 
black) is obtained but divergent results appear above 80°C. By further reducing this radius 
by 0.15mm the specific heat curve becomes the blue line. Now adding the temperature 
uncertainty to the measured temperatures the extracted specific heat will be limited for each 
temperature by red and blue crosses. 
The variation trend corresponds to that expected for this type of material. However, the 
strong influence of both the mechanical precision of the sample and the uncertainty of the 
probe, which is of good quality, can be observed. 

4. Conclusion

A method of extraction of thermal properties of a material used for microwave heating is 
presented by inverse modeling based on numerical simulation and temperature 
measurement in the material cooling phase. The results obtained show a great sensibility to 
both geometry accuracy of the experiment setup and the uncertainty of used thermal probe. 

An analytical solution is presented for a simplified scenario and verified by numerical 
investigation. This solution will be of great utility to the future sensitivity study of 
proposed inverse modeling method. 
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intensification): Metal bulks, unlike powders or thin sheets of metals, are usually 
considered as insusceptible to microwave heating (due to their micrometric skin-depth, 
which limits the microwave penetration into the bulk). Here we introduce a synergic 
localized microwave-heating (LMH1) effect combined with a direct current (DC), which 
enables melting and cutting of metals2. This effect is demonstrated in this study on iron 
rebars of 8-mmØ made of carbon-steel, which are locally melted and cut by a relatively low 
total power of < 0.4 kW, without using any susceptors or additives. The experimental setup 
and results are described in this presentation, along with our proposed explanation for this 
DC-LMH effect, and its verification by a theoretical analysis. The manipulated ejection of
dusty plasma from the melted metal is also discussed. These new findings may advance
microwave potential applications for metal thermal processing, including melting, cutting,
joining, sintering, casting, and 3D printing. Another application conceived for this DC-
LMH cutting technique is the extension of the microwave drilling3 and cutting4 of plain
concrete to reinforced concrete as well. Therefore, recent experimental results of concrete
cutting by an LMH applicator, fed by a ~0.25-kW solid-state microwave generator, are
also introduced. The silent and clean operation of the LMH-based cutting tools developed
for reinforced concrete (with no vibration or dust effusion) may offer an environmental-
friendly microwave-based technology for construction works in populated areas.

Fig. 1. Melting and cutting of iron rebar by the LMH-based effect: (a) The hotspot 
formation; (b) melting and deeper penetration at >1,200 C˚, and (c) a cut performed by the 

LMH-based technique in the iron rebar (the joint was intentionally remained). 
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The heat sterilization technique is also carried out by microwave heating.  These are 
physical sterilizations under high temperature conditions.  On the other hand, there is a 
chemical sterilization method using chemicals.  The purpose of this study is to develop a 
technique that applies microwave-assisted chemistry to sterilization and dyeing among the 
operations of microbial technology.  Both operations depend on the chemical reaction 
between microbial cells and compounds such as antibacterial agents and dyeing agents.  In 
general, microwave irradiation shortens the reaction time of various chemical reactions. 
Therefore, it is considered that the microwave assisted method can reduce the time and the 
amount of compounds for sterilization and staining.   
In this sterilization experiment, ethanol, m-cresol, phenol, and hydrogen peroxide were 
used as sterilizing agents, and the sterilizing effect on Escherichia coli.  As the usual 
chemical sterilization method, the temperature of the medium was controlled at 37°C using 
a water bath.  In the microwave sterilization method, 560 W of microwave was pulsed.  At 
this time, the temperature was controlled at 37°C by placing the experimental device in the 
cold room (4°C) and constantly dissipating the heat generated by microwave irradiation. 
After that, the cells were inoculated on LB medium, and 24 hours later, colonies were 
counted and the number of viable cells was counted.  In addition to E. coli, a sterilization 
experiment was tried on several bacteria, Staphylococcus epidermidis, Pseudomonas 
putida, Bacillus subtilis.  And the microwave sensitivity of each bacterial species was 
investigated.   
In the bacterial staining experiment, we examined the effect of microwave irradiation on 
the spore staining of Bacillus subtilis used when distinguishing spore-forming type and 
vegetative type of spore-forming bacteria.  Spore-forming type are formed when placed in 
an unsuitable environment for survive, show the resistance against heat and drying 
conditions, and have the property of being difficult to stain by a usual staining method. 
For spore staining, we experimented with the widely used Wiltz method.  In the Wirtz 
method, malachite green as the chemical dye is stained by a specific chemical reaction at 
the spore site.  As a result, in this experiment, the chemical reaction was assisted by 
microwave irradiation, and the staining efficiency was improved 5 times compared to the 
conventional method.   
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Anaerobic digestion (AD) is used widely to produce energy from biomass in the form of 
biomethane. However, there is a large amount residual solid waste known as ‘digestate’. 
This residue can be spread on land if it meets very strict regulations for this practice, 
otherwise it ends up being incinerated. 

The aim of this research is to investigate Microwave Pyrolysis as a potential alternative 
treatment for this waste and to evaluate if it can be converted into valuable chemical 
products rather than be used exclusively for energy generation, and to understand how the 
products differ from conventional pyrolysis techniques.  

Experiments were carried out with a single-mode cavity with a maximum power input of 2 
kW. The liquid obtained from microwave pyrolysis was analysed by Gas Chromatography 
Mass Spectrometry and compared with the liquid produced using conventional processes. 

It is shown that the product quality arising from microwave pyrolysis is significantly 
different from that produced using conventional methods. Other factors such as the ash 
content are also shown to affect product quality. Established kinetic schemes for pyrolysis 
were found not to fit the microwave-derived product spectrum, indicating that different 
pyrolysis mechanisms are evident with microwave processes compared to conventional 
pyrolysis. 

Figure 1. Example of formation of some compounds in pyrolysis liquid derived from 
Cellulose content in digestate (ash-free and dry basis) at two heat rates: 2 oC/s and 4oC/s. 
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Ultrasound (US) and Microwaves (MW) are effective methods for processes 
intensification. The combined use of MW and US in the same reactor is very visible in 
heterogeneous environments. In these environments, although microwaves provide rapid 
heating of the reaction mixture, mass transfer limits the overall rate of the process. On the 
other hand ultrasound, although capable of greatly increasing mass transfer at the interface, 
does not ensure sufficient temperature rise to increase the rate of chemical reactions as 
well [1]. For this reason, the idea of combining the two techniques of process 
intensification appeared in the literature [2]. 
Since both types of processes increase the reaction temperature, it is very important to 
design an installation in which the thermal energy is continuously removed from the 
system making possible the use of high power ultrasonic and microwave densities 
throughout the process. For this purpose, two combined installations were designed and 
built.  
The first is a laboratory installation in which US energy is transferred to the reactor using a 
coupling liquid that also ensures the transfer of thermal energy to the outside. 
The second installation contains a metal reactor connected to the US converter, in which 
the microwave energy is introduced by means of an INTLI antenna. 
US converters with different frequencies (16, 20, 24, 580, 864 or 1146 kHz) can be used in 
both installations, which greatly increases the flexibility of the installations and the fields 
of application. 
The installations were tested to assess the influence of US and MW both in a homogeneous 
environment (the conversion of p-nitrophenol into 4-nitrocatechol as a chemical dosimeter) 
and in heterogeneous environments (extraction of active principle from vegetal material).  
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Abstract 

As a primary waste by-product (ca. 70-75% of total weight of cacao fruit), ten tonnes of 
wet cacao pod husks (CPH) are discarded to produce a tonne of dry cacao beans [1]. 
Although a major environmental issue in the cacao industry, CPH contains phenolic 
compounds that have garnered much interest due to their antioxidant activities and 
resulting beneficial health properties. Therefore, this study has investigated valorisation of 
CPH by comparing the extraction of phenolic compounds using microwave-assisted 
extraction (MAE) with conventional solvent extraction (CSE). Extraction time, 
temperature, ethanol concentration, and solvent to feed (S/F) ratio were investigated to 
obtain the maximum yield. The extract quality was presented as total phenolic content 
(TPC) which was measured by using a UV/Vis Spectrophotometer. The results showed 
that 50% ethanol was the most appropriate solvent for extracting total phenolics from 
CPH. This was attributed to the solubility, with both  MAE and CSE requiring the same 
extraction time and solvent consumption. However, at a lower temperature (60 °C), MAE 
could produce higher TPC (107.3±1.4 mg GAE/g dw) than CSE at 70 °C (105.4±0.9 mg 
GAE/g dw) even when the same heating rate was applied. It can be believed that the high 
extraction yield on MAE is due to the selective heating effect. Results of this study suggest 
that MAE has potential to valorise CPH waste into valuable ingredients based on phenolic 
compounds. A future research study is proposed to investigate the potential of CPH extract 
as an antioxidant and food colourant.  

1. Introduction
Theobroma cacao, known as food of Gods, is one of the most important tropical

plants that produce various products of chocolate and its derivates. In the cacao industry, 
fresh cacao beans are processed into products whilst cacao pod husks (CPH) are generally 
discarded as waste. Indonesia generates over four thousand tonnes of CPH yearly, creating 
waste and environmental problems. However, CPH contains valuable phenolic compounds 
which have many health benefits. The primary phenolic compounds found in CPH are 
gallic acid, catechin, (-)-epicatechin, quercetin, p-coumaric acid and photocatechuic acid 
which are promising as natural antioxidants and could be used as ingredients in functional 
foods [2]. The phenolic compounds in pods were reported with a value of 150.9 mg gallic 
acid equivalent of phenolic per gram dry CPH, which had antioxidant potential of 97.6% 
radical scavenging. This value has proved to delay lipid oxidation in palm olein during 
storage [3]. Therefore, the recovery of phenolic compounds from CPH is one way to 
valorise CPH into more valuable products while reducing the amount of bio-waste 
produced during cacao production.   
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The most common extraction methods to extract phenolic compounds from plants 
or biomass are maceration, Soxhlet, reflux or other conventional solvent extraction (CSE) 
methods. Because of their low cost and ease of use, those conventional methods are widely 
used. However, they were revealed to have environmental issues and were inefficient due 
to the huge amounts of organic solvent required and time [4]. Therefore, several novel 
extraction methods, such as supercritical fluid extraction (SFE) [5], ultrasound-assisted 
extraction (UAE) [6], [7] and microwave-assisted extraction (MAE) [6], [8]–[10] have 
been developed to overcome these limitations. By using supercritical fluids as the 
extracting solvent, SFE could produce higher phenolic yield with lower solvent and time 
consumptions compared with CSE [5]. UAE has also been reported to have twice higher 
yield than that of CSE in faster extraction time on potato peels extraction [7]. While Huma 
et al [6] investigated the phenolic extraction from carob kibble using MAE, UAE and CSE 
and reported that the high extraction yield obtained by MAE in 4.5 min were comparable 
to those from UAE and CSE for 30 and 120 min, respectively. MAE offers the main 
benefits of volumetric and selective heating effect, leading an increase in phenolic yield. 
Volumetric heating allows the electromagnetic energy to be transferred directly inside the 
system resulted in rapid heating [11], so it can significantly reduce the processing time. 
This direct interaction between the mixture system and microwave energy leads in the 
quick release of target compounds from plant matrix into the surrounding solvent [12]. On 
the other hand, the direct comparison of MAE and CSE studied by Galan et al [8] proved 
that the extraction of phenolic from sea buckthorn leaves was selectively heated above 50 
°C offering an increased yield at and above 60 °C.  

Based on those studies, it is clear that MAE can provide a high extraction yield in a 
shorter extraction time. Therefore, this work examined the phenolic extraction from CPH 
by using MAE and compared with CSE. The objectives of this study are to (1) compare the 
MAE and CSE using the same bulk heating rate to understand the advantages of MAE 
over CSE, (2) maximise the total phenolic content (TPC) yield of CPH extract under 
several extraction parameters: extraction time and temperature, solvent concentration, and 
solvent to feed (S/F) ratio.  

2. Material and Methods
2.1 Materials

Cacao was harvested from Malang, Indonesia. The cacao pod husk (CPH) was cut, 
sliced into small size (± 2-4 cm) and dried in a forced-air dryer at 50 oC to a final moisture 
content of 9.25%. The dehydrated CPH chips were ground into powder and sieved through 
a 38-micron screen to get CPH with uniform particle size distribution. CPH powder (≤38-
micron) was brown in colour and was stored at room temperature until use.  
2.2 Microwave-assisted extraction 

Phenolic extraction from CPH was carried out using a Miniflow 200SS (Sairem) 
batch reactor at 2.45 kHz and 120 W power. CPH powder (± 1 g) was extracted using 
ethanol/water mixture in a Pyrex reactor (inner dia. 39 mL, height 70 mm) which was then 
covered with a rubber stopper. The bulk temperature inside the reactor was monitored and 
controlled using a temperature optical fibre at the desired temperature. An external 
magnetic stirrer (IKA magnetic stirrer) was placed at the bottom of the microwave reactor 
to stir the sample mixture and set it at 1200 rpm. The effect of extraction time and 
temperature, various ethanol/water concentrations, and solvent to feed (S/F) ratio were 
investigated. Details of experimental conditions can be seen in Table 1. The extract was 
then separated using centrifuge. All extractions and their total phenolic content (TPC) 
analysis were carried out in triplicate. 
2.3 Reference procedure: Conventional solvent extraction (CSE) 

CSE experiments were designed to replicate the MAE conditions. It was processed at 
the same parameter treatments (extraction time and temperature, solvent concentration, S/F 
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ratio) as shown in Table 1. To achieve the same heating rate as MAE, the sample was 
immersed in 120 oC ethylene glycol bath (EgB) until reached the set temperature before 
being transferred to a water bath (WB). This method was found to achieve a very similar 
bulk heating profile to the MAE experiment, as shown in Fig 1B. Each mixture of CPH 
and solvent was stirred at 1200 rpm, and the temperature of the sample inside the reactor 
was measured using an alcohol thermometer. The extract was then separated using a 
centrifuge. All extractions and their total phenolic content (TPC) analysis were carried out 
in triplicate. 

Table 1. Experimental conditions for phenolic extraction 
Extraction 
parameter 

Extraction 
method Solvent Temperature (°C) Time 

(min) 
Extraction time 
and temperature 

MAE 50%(v/v) aqueous-ethanol 
S/F ratio of 40:1 mL/g 50, 60, 70 °C 1, 5, 10, 

15, 30 CSE 

Ethanol 
concentration 

MAE Deionised water, 10, 30, 
40, 50, 60, 70, 90, and 
100%ethanol/water 
S/F ratio of 40:1 mL/g 

60 °C 

5 
CSE 70 °C 

Solvent to feed 
(S/F) ratio 

MAE 50%(v/v) aqueous-ethanol 
S/F ratio of 20:1; 30:1; 
35:1; 40:1; 50:1 mL/g 

60 °C 
5 

CSE 70 °C 

2.4 Quantification of total phenolic content (TPC) of CPH extract 
TPC of CPH extracts was determined using the Folin-Ciocalteu method based on 

Galan et al [8] procedure. CPH extract (0.5 mL) was mixed with 0.5 mL Folin-Ciocalteu 
1N (Sigma-Aldrich) and 7.5 mL deionised water and stirred for 3 min. Thereafter, 1.5 mL 
of Na2CO3 20%(w/v) (Sigma-Aldrich) was added to the mixture and incubated for 1h. The 
mixture absorbance was read at 760 nm using a UV/Vis Spectrophotometer (Cecil 
CE1020S, United Kingdom). A blank solution was made by changing the extract with 
deionised water. A standard curve was set up using gallic acid standard (Sigma-Aldrich) 
ranging from 0 to 200 mg/L. The TPC is expressed as mg of gallic acid equivalent per 
gram dry weight of sample (mg GAE/g dw).  
2.5 Dielectric properties measurements 

Dielectric properties were measured using an Agilent 85070E Dielectric Probe Kit. 
The experimental setup consisted of a high performance probe equipped with an electronic 
calibration (Ecal) module. The performance probe was connected to an Agilent N5232A 
PNA-L (Purpose Network Analyser) operating at 500 kHz-10 GHz via a high-quality 
coaxial cable. To measure the dielectric properties of the solvent, 40 mL of each solvent 
was placed in 100 mL beaker. To measure the dielectric properties of mixture of CPH and 
solvent, CPH powder (1 g) was placed in 100 mL beaker and added by 40 mL solvent. 
Each mixture was then heated at a temperature range of 20-70 oC and the dielectric 
properties were measured immediately after taking the sample out of heating by immersing 
the probe in the test solvent.  

3. Results and Discussion
During microwave heating, absorbed power and bulk temperature profile were

measured (Fig 1A). From the graph in Fig. 1A, the set temperature (60 °C) was reached for 
75s, (heating phase). Energy absorbed by the system during heating phase and holding 
phase were 8.97 and 1.15 kJ, respectively, totalling 10.12 kJ. Temperature measured 
during the process is bulk temperature; the specific temperature of plant material or solvent 
could be hotter or cooler than bulk temperature, depending on their dielectric properties 
[8].  
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Fig. 1. Comparison of MAE and CSE experiments at 60 °C set-point temperature, 5 min extraction 
time, 50% (v/v) ethanol (40:1 v/w), stirring rate 1200 rpm: (A) Absorbed power and temperature 
profiles for MAE experiments; (B) Bulk temperature profile for MAE and CSE 

3.1 Effect of extraction time and temperature 
The extraction yields are dependent on temperature and extraction time, so 

investigating the extraction time and temperature is critical to maximising extraction of 
TPC as well as prevent the degradation of phenolic compounds. Firstly, the combination of 
extraction temperature of 50, 60 and 70 °C and extraction time of 1, 5, 10, 15, and 30 min 
were investigated, and the results were shown in Fig. 2. The TPC values ranged from 
86.01 to 107.32 mg GAE/g dw which the maximum yields on both MAE and CSE were 
obtained at 5 min extraction time. This finding (Fig. 2) indicated that the best time for 
extracting phenolic from CPH was 5 min, and the TPC yields tended to decrease when the 
extraction time was extended up to 30 min. This might be because of the degradation of 
extracted phenolic by longer exposure to heating. On the other hand, the effect of 
extraction temperature on MAE and CSE showed a different trend. The TPC obtained by 
CSE increased by the increase of temperature, while on MAE, the TPC yield increased 
from 50 to 60 °C then decreased at 70 °C. The decrease in TPC yield at 70 °C presumably 
due to the degradation of extracted phenolic at a higher temperature. Volf et al. [13] stated 
that natural phenolics from grape seed such as gallic acid, experienced thermal degradation 
when heated at temperature of 60, 80 and 100 °C. The degradation rate of gallic acid 
presented 12% and 20% of degradation rate at 60 and 100 °C, respectively.  

0 5 10 15 20 25 30
70

80

90

100

110

120

0 5 10 15 20 25 30
70

80

90

100

110

120

0 5 10 15 20 25 30
70

80

90

100

110

120
CB

 

T
PC

 (m
g 

G
A

E
/g

 d
w

)

Extraction time (min)
 MAE  CSE 

A

 

T
PC

 (m
g 

G
A

E
/g

 d
w

)

Extraction time (min)

T
PC

 (m
g 

G
A

E
/g

 d
w

)

Extraction time (min)

Fig. 2. Effect of extraction time and temperature on TPC yields (CPH with particle size ≤38micron, 
50% (v/v) ethanol (40/1 v/w), stirring rate 1200 rpm): (A) extraction temperature of 50 °C; (B) 
extraction temperature of 60 °C; (C) extraction temperature of 70 °C, mean±S.D. (n=9, triplicate 
extraction and triplicate analysis) 

182



In general, comparing both methods at 5 min extraction time, MAE showed 5% 
higher TPC value than CSE at 60 °C, even both have the same heating rate. It indicates 
that a higher TPC on MAE may be attributed to a  selective heating effect. This finding is 
supported by Galan et al [8] who found that MAE produced 8% higher TPC yield instead 
of CSE due to the selective heating effect. They suggested that MAE offered an increased 
yield at and above 60 °C in the extraction of sea buckthorn leaves. Therefore, according to 
the maximum TPC yields, further MAE experiments were conducted at 60 °C while CSE 
at 70 °C for 5 min extraction time. The performance of both methods were then compared 
at their maximum conditions. 
3.2 Effect of ethanol concentration 

The selection of extraction solvent depends on the solubility of the target compound 
in the solvent. Particularly in MAE, the dielectric properties of solvents are an important 
point, as different solvents exhibit different dielectric properties and therefore different 
heating rates. Solvent with high dielectric loss tangent (tan δ) have a high capacity to 
absorb and dissipate microwave energy into heat [14]. Solvent selection for MAE should 
therefore consider both dielectric properties and solubility/polarity. In this research, 
ethanol/water mixtures were used as extraction solvents because they are polar solvents 
dissolving phenolic compounds and good microwave absorbers. The loss tangent of those 
various solvents can be seen in Fig. 3B. Comparing the MAE at 60 °C and CSE at 70 °C 
results (Fig. 3A), it can be seen both methods have similar trends and closed yields. 
According to Fig. 3A, the TPC contents for both methods increased rapidly and reaching 
maximum extraction at 50% ethanol before reducing with increasing ethanol percentage. It 
is clear that CSE could produce the same yield as MAE but required a higher temperatures. 
The experimental result was in accordance with the previous study reported by Gharekhani 
et al [12] and Galan et al [8] that the maximum ethanol concentration for phenolic 
extraction from plant materials was 50% ethanol. Chew et al [15] also showed that binary-
solvent of ethanol and water was more useful and favourable than mono-solvent system 
(deionised water or absolute ethanol) in the extraction of phenolic compounds from 
Orthosiphon stamineus extracts. 
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Fig. 3. (A) Effect of ethanol concentration on TPC yields (CPH with particle size ≤38-micron, 5 min 
extraction time, S/F ratio 40:1 v/w, stirring rate 1200 rpm, temperature 60 °C for MAE and 70 °C for 
CSE), mean±S.D. (n=9, triplicate extraction and triplicate analysis); (B) Loss tangent of extraction 
solvents at 60 °C and 2.45 kHz 

Based on Fig. 3B, increasing ethanol percentage increases the  loss tangent of both 
solvent and solvent-CPH mixture. Theoretically, a solvent with a high loss tangent is a 
suitable solvent for MAE because they are good microwave absorbers. However, the 
experimental results (Fig. 3A) presented that the TPC decreased above 50%(v/v) ethanol 
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solvents. There was no correlation between dielectric loss tangent and extraction yield. 
Moreover, the trend of TPC yields on MAE was the same as CSE. Hence, it is clear that 
the solubility of phenolic compounds in solvents might be more affected by solvent 
properties than dielectric properties. The general principle in solvent extraction is “like 
dissolve like”, which is substances with similar chemical characteristics will dissolve in 
each other. The results proved that 50%(v/v) ethanol is the most extracted solvent for total 
phenolics, which means that phenolic compounds have similar properties to 50%(v/v) 
ethanol than others, and therefore, 50%(v/v) ethanol was chosen as the best extraction 
solvent for subsequent experiment.  
3.3 Effect of solvent to feed (S/F) ratio 

S/F ratio is also important in extraction processes; to maximise extraction,  solvent 
volume must be sufficient to immerse the entire sample and extract the phenolic. 
Insufficient solvent volume causes lower extraction yield because of non-uniform 
distribution of solvent into the plant matrix, so not all phenolics in CPH can be extracted, 
and yet the excessive solvent volume requires much energy and time to heat the solvent 
and extract the phenolic [14], and also high operating cost [9]. In this study, several S/F 
ratios (20:1, 30:1, 35:1, 40:1, and 50:1 v/w) were investigated to understand the influence 
of solvent volume on extraction yields. The results (Fig. 4) showed that, in general, the 
TPC yield of MAE and CSE increased with an increment in the S/F ratio from 20:1 to 
50:1(v/w). Kaderides et al. [9] stated that a higher S/F ratio resulted in a larger 
concentration gradient between plant material and solvent. It also led to swelling of the 
plant material, enhancing the contact surface area between solvent and plant material, and 
yielded higher phenolic yield. However, a large solvent volume loading would need much 
energy and extraction time. Considering the consumption of less energy and observing the 
TPC of S/F ratio 40:1(v/w) had no high significant difference with 50:1(v/w), we proposed 
the S/F ratio 40:1(v/w) as the appropriate ratio to attain a high extraction yields.  
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Fig. 4 Effect of solvent to feed (S/F) ratio on TPC yields (CPH with particle size ≤38-micron, 5 min 
extraction time, 50%(v/v) ethanol solvent, stirring rate 1200 rpm, temperature 60 °C for MAE and 70 
°C for CSE), mean±S.D. (n=9, triplicate extraction and triplicate analysis) 

3.4 Comparison of MAE and CSE 
Microwaves heat volumetrically and selectively; volumetric heating enables the 

mixture to be heated instantaneously throughout, while selective heating allows the 
material to heat more rapidly, leading to potentially increased yields at shorter extraction 
times. This study, volumetric heating effect on MAE was neglected by designing the CSE 
experiment as MAE to have the same bulk heating profile (Fig. 1B). As a result, the 
extraction time for MAE and CSE were similar that was 5 min. Comparing the MAE at 60 
°C and CSE at 70 °C for ethanol concentration and S/F ratio (Fig. 3A and Fig. 4), it is 
observed that TPC yields have no significant difference between both methods when 
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volumetric heating is neglected. However, MAE can produce a high TPC at lower 
extraction temperature, so energy requirements can be reduced. This may be caused by the 
selective heating effect on MAE process which leads to an increase in TPC yield. Fig. 3B 
showed that the presence of CPH in solvent increased the loss tangent of system which 
indicated that the CPH was selectively heated during microwave heating. Overall, high 
extraction yields were reached using 50%(v/v) ethanol (40/1 v/w) for 5 min at 60 °C for 
MAE (107.3±1.4 mg GAE/g dw) and 70 °C for CSE (105.4±0.9 mg GAE/g dw). Our 
result showed higher TPC compared to that of CPH extract from previous studies reported 
using CSE by Valadez-Carmona et al.[2] (18.9 mg GAE/ g dw), Yapo et al.[16] (68.9 mg 
GAE/ g dw), Vriesmann et al.[17] (98.0 mg GAE/g dw), Nguyen et al [18] (12.22 mg 
GAE/g dw), and MAE by Nguyen et al [10] (10.97 mg GAE/g dw).  

4. Conclusion
This study demonstrates the comparison of MAE and CSE based on extraction 

parameters (extraction time and temperature, ethanol concentration, and S/F ratio) in terms 
of CPH valorisation. MAE was compared with CSE at the same bulk heating profile, 
stirrer speed, and solvent composition. The CSE experiments were designed by using a 
120 °C ethylene glycol bath to achieve the same heating rate as MAE. It was found that by 
neglecting the volumetric heating, the maximum TPC for MAE and CSE can be achieved 
at the same time, which was 5 min. Meanwhile, the maximum conditions to reach 
maximum yield were using 50%ethanol at 60 °C for MAE with value 107.3±1.4 mg 
GAE/g dw and 60 °C for CSE with value 105.4±0.9 mg GAE/g dw. The extraction yield of 
TPC using MAE was similar to CSE at lower extraction temperature and 5% higher than 
CSE (102.6±0.9 mg GAE/g dw) at the same temperature (60 °C). It can be believed that 
this is due to the selective heating effect. This study suggests that MAE has potential to 
valorise CPH waste into valuable products through extraction of phenolic compounds. In 
future study, the activity of antioxidant and other valuable compounds such as anthocyanin 
content of CPH extract needs to be investigated.  
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Abstract 
Microwave (MW) assisted chloride leaching was studied to extract platinum group metals 
(PGMs) from waste and intermediate materials. Recently, we have shown that MW assisted 
leaching of spent ceramic car catalysts in 6 M HCl at 150 °C extracted PGMs without the 
need to add an oxidation agent at very fast leaching times (3-25 min). We present a similar 
approach to recover PGMs from three other materials: spent metallic foil car catalysts, 
capacitors from waste printed circuit board assemblies (PCBAs) and an industrial 
intermediate anode slime. These three materials contained elevated concentrations of 
metallic impurities, which dissolved during MW leaching in 6 M HCl at 150 °C. This 
caused consumption of the acid and a decrease in oxidation potential, which lowered the 
PGM leachability. Thus, for each material a two-step (MW) leaching process was 
developed. In the first leaching step, metal impurities were removed, and the reducing 
potential of the material was decreased. Whereas, in the second MW leaching step in 6 M 
HCl and 10 vol% H2O2 (30% (w/v)), the PGMs leached efficiently (>90% Pd, >97% Pt, 
>73% Rh). This approach increased the overall PGM extraction and their concentration in
the final leachates, which is advantageous for downstream processing.

Introduction 
Recent studies have shown the feasibility to apply microwave (MW) assisted processes to 
improve the extraction of platinum group metals (PGMs) from spent ceramic automotive 
catalysts. By applying a MW assisted leaching process in 6 M HCl at 150 °C a high PGM 
leachability (i.e. 94% Pd, 98% Pt and 71% Rh) could be reached for milled spent ceramic 
catalysts in short leaching times (15 min ramp to + 10 min dwell at set temperature) and 
without the need to add an oxidation agent [1]. Furthermore, by exploiting the possibility to 
heat ionic solutions, such as 6 M HCl, very fast by microwaves, the PGM extraction for 
non-milled catalysts could be further improved to reach a leachability of 99% Pt and 95% 
Rh in just 3 min (i.e. heating + dwelling time) at 220 °C [2].  
Aside from ceramic catalytic converters, 5-10% of the automotive catalyst market is 
represented by metal carrier catalytic converters. These catalysts contain higher PGM loads 
than ceramic catalysts and are used in race and luxury cars due to their better performance 
[3]. However, in hydrometallurgical processes the metallic support dissolves preferentially, 
leading to inefficient PGM dissolution in most mineral acids in a single leaching stage [4]. 
Even the use of concentrated HCl solutions, whereby PGMs dissolve as chloro-complexes, 
achieved unsatisfactory PGM leaching efficiencies, unless a strong oxidant was used [5].   
Monolithic ceramic capacitors, present on printed circuit board assemblies (PCBAs), are 
known to contain palladium. Earlier studies claimed that Pd leaching from monolithic 
ceramic capacitors require extremely harsh conditions, whereby Pd leached quantitatively 
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after 24 h in a pure aqua regia solution as no Pd leaching was observed in fuming (12 M) 
HCl solution [6]. Under these leaching conditions, large quantities of Ba (142 mM), Ni 
(141 mM) and other base metals co-dissolved along with Pd (1 mM). Such large quantities 
of impurities made subsequent Pd recovery (83%) and refining (98.8% purity) difficult [6]. 
Another secondary source of PGMs, as well as Ag and Au, are anode slimes [7]. In the case 
of copper anode slimes, the presence of metalloids, such as Te, Sb, Se and As, strongly 
influence the recovery of the noble metals. Therefore, several hydrometallurgical pre-
treatment methods, ranging from acid to alkaline leaching, have been tested to remove such 
base metals prior to the extraction of the noble metals. Furthermore, it is generally assumed 
that in the case of HCl leaching the presence of an oxidation agent, such as NaClO, 
NaClO3, H2O2, HNO3 or Cl2, is necessary to dissolve Au and PGMs from anode slimes. 
For PGMs, H2O2 is the preferred oxidation agent [7]. 
As shown above, spent metallic carrier catalysts, monolithic ceramic capacitors and copper 
anode slime are all potential secondary PGM sources, but have challenging compositions to 
obtain PGM extraction in simple HCl lixiviants. This study proposes to extract PGMs from 
these three materials by means of two-step leaching processes, whereby in a first step base 
metals are removed and the second PGM extraction step occurs through microwave-
assisted HCl leaching. 

Materials and Methods 
In this work three PGM containing materials were tested as input material for microwave 
assisted leaching, namely (i) a representative milled sample of spent metallic foil catalysts, 
provided by Monolithos ltd. (Greece), (ii) milled monolith ceramic capacitors from end-of-
life printed circuit board assemblies, (iii) a copper refinery intermediate from which Se and 
Te were removed, provided by an industrial operator. During the experiments, following 
chemicals were used: HCl (Merck, 37%, for analysis), H2O2 (Merck, 30% (w/v), for 
analysis), H2SO4 (Merck, 95-97%, for analysis), KOH (pellets, AnalR NORMAPUR, 
purity >85 wt%), NaOH (pellets, Merck, technical grade). During all the experiments 
Milli-Q water was used. 
Explorative MW leaching experiments were carried out in a Milestone FlexiWave digestor 
equipped with a spinning carousel, holding 15 pressure-sealed Teflon® lined reactors 
(pmax=100 bar, Tmax= 250 °C, Vmax = 100 mL). The reactor vessels were typically loaded 
with 3-5 g of solid sample and 30-50 mL of lixiviant to obtain a liquid to solid ratio (L/S) 
of 10. The cavity is irradiated in multimode by a dual magnetron system (950 W each) 
working at 2.45 GHz. The heating program used during all MW assisted leaching 
experiments was 15 min. ramp to the selected temperature (100 or 150 °C) and 10 min. 
dwelling at the set temperature. After cooling down to room temperature, the slurry was 
vacuum filtrated and the solid residue was washed with a predetermined amount of Milli-Q 
water. Larger scale MW leaching experiments were performed using a 1 liter single 
reaction chamber microwave reactor (hybrid SynthWave-UltraWave configuration with 
monomode microwave irradiation at 2.45 GHz, Milestone) that enables to control the 
leaching atmosphere (e.g. N2 flushing) and is equipped with a mechanical stirring system. 
This reactor was typically loaded with 50 g of solid sample and 500 mL of lixiviant. The 
applied heating program also consisted of 15 min heating ramp and 10 min dwell time at 
150 °C. In the case of copper anode slide intermediate a first step leaching was performed 
in an alkaline solution of either NaOH or KOH at an L/S = 20. A weighted amount of 
sample was brought in a plastic beaker and the correct volume of leaching solution was 
added. The beaker was placed in a shaking water bath at 25 °C and shaken at 250 rpm for a 
set time. All experiments were performed in duplicate. 
After the leaching reaction, the reacted slurries were vacuum filtrated and the solid residue 
was washed over the filter with a known volume of Milli-Q water, which was also collected 

188



for analysis. Subsequently the solid residue was dried at 40 °C. The leachates and solid 
residues were analyzed by ICP-OES. The elemental composition of the as-obtained solid 
samples was essayed by an optimized microwave digestion (100 mg, 3 mL H2O2, 4 mL 
HNO3, 5 mL HCl, 3 mL HBF4) followed by ICP-OES analyses (Perkin Elmer, Optima 
3000 DV, Avio 500). Leachates were also analyzed by ICP-OES. Energy dispersive XRF 
(X-LAB 2000, Spectro) was employed for determination of Ce and Si in the solids.  

Results and Discussion 
The PGM and main elemental composition of the three studied materials is given in Table 
1. The metallic carrier catalyst was rich in Al, Fe and Cr from the carrier material and Ce,
Al and Zr from the wash coating. The monolithic ceramic capacitor material was very rich
in Ba, Ti and Ni and contained also elevated concentrations of Cu, Fe, Pb, Sn and Zr.
Whereas the copper anode slide was particularly rich in As, Ba, Cu, Ni, Pb, Sb and Sn. For
all materials the PGM concentrations were relatively low in comparison to those of other
base metals, hence it can be expected that many of these metals will dissolve in an acid
leaching system. Furthermore, metallic base metals will react with oxidation agents before
more noble metals. Therefore, it can be expected that in the case of metallic carrier catalyst
the oxidizing power of any lixiviant will be neutralized by metallic base metals before
reaction with PGMs is possible.

Table 1. Elemental composition of the three tested secondary PGM sources. 

Element Spent metallic 
carrier catalyst 

Monolithic ceramic 
capacitors  

Copper anode 
slime intermediate 

PGMs (mg/kg) 
Pd 6145 ±21 1947 ±23 2730 ±40 
Pt 1265 ±7 <20 953 ±110 
Rh 626 ±4 <20 50 ±33 
Ru <20 <20 114 ±76 

Main elements (mg/kg) 
Al 139000 ±18000 1140 ±270 1660 ±170 
As <10 <10 46300 ±300 
Ba 17000 ±141 404000 ±6100 53100 ±13000 
Ca 12700 ±70 3160 ±75 192 ±2 
Ce 49700 140 ±8 <10 
Cr 41300 ±1130 620 ±34 20 ±3 
Cu 698 ±2 27000 ±3400 46300 ±600 
Fe 178000 ±4950 10600 ±490 3010 ±160 
Ni 6040 ±64 130000 ±5500 13400 ±1300 
Pb 627 ±4 16000 ±870 97200 ±700 
Sb <20 <20 24700 ±9200 
Si 25300 - 15400 
Sn <20 37300 ±1700 13800 ±600 
Ti 2680 ±92 151000 ±6500 42 ±2 
Zn 12000 ±71 3600 ±140 934 ±28 
Zr 60600 ±140 20600 ±305 <20 

For the spent metallic carrier catalyst it is important to remove the base metals Al, Fe and 
Cr before the PGM extraction. On the one hand it is important to remove such metals as 
they are present in their metallic state and reduce the oxidative power of the lixiviant and 
on the other hand particularly Fe is a difficult to remove impurity in subsequent split anion 
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solvent extraction refining steps [8]. Therefore, MW-assisted leaching in 2 M HCl solution 
was tested as a pre-treatment step to remove base metals. Two leaching temperatures, 100 
and 150 °C, were tested in the FlexiWave MW digestor. After filtration, the solid residues 
on the filter were washed with Milli-Q water to remove the retained leachate. At 150 °C 
MW-assisted leaching for 10 min in 2 M HCl more base metals were removed then at 100 
°C (Fig. 1). At both temperatures no PGMs were dissolved. Therefore, 150 °C was selected 
as the most suitable reaction temperature for the first leaching step. 

Al Ba Ca Ce Cr Cu Fe Ni Pb Pd Pt Rh Si Ti Zn Zr

0

20

40

60

80

100

L
e
a
c
h
a
b
ili

ty
 (

%
)

 washing water

 leachate

T = 100 °C

Al Ba Ca Ce Cr Cu Fe Ni Pb Pd Pt Rh Si Ti Zn Zr

0

20

40

60

80

100

L
e
a
c
h
a
b
ili

ty
 (

%
)

 washing water

 leachate

T = 150 °C

Fig. 1. Leachability of elements from spent metallic carrier catalyst in a first MW-assisted 
leaching step in 2 M HCl for 15 min ramp and 10 min dwell at 100 °C (left) and 150 °C 

(right). 

The selected first leaching step process was repeated in the SynthWave MW reactor on a 
larger amount of spent metallic carrier catalyst sample. Due to better stirring in the 
SynthWave system with respect to the FlexiWave (i.e. mechanical vs. magnetic, 
respectively) the dissolution of base metals in the first leaching step was even better than 
previously tested (Fig. 2). The first leaching step removed about 49 wt% of the matrix 
material, leading to a concentration of PGMs in the leaching residue (i.e. to 11500 mg/kg 
Pd, 2480 mg/kg Pt and 1010 mg/kg Rh from 6145 mg/kg Pd, 1265 mg/kg Pt and 626 
mg/kg Rh in the original sample). It needs to be noted that during the first leaching step 
about 13% of Pt was leached.  
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Fig. 2. Leachability of elements from spent metallic carrier catalyst in a first leaching step 
in 2 M HCl and a second leaching step in 6 M HCl, 10 vol% H2O2. Both leaching steps 

were executed in a MW system for 15 min ramp and 10 min dwell at 150 °C. 
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The second leaching step was performed on the obtained residue in 6 M HCl at L/S = 10 
and 10 vol% H2O2 addition, giving an overall L/S = 1. MW-assisted leaching was 
performed for 15 min ramp and 10 min dwell at 150 °C. In the second leaching step 90 
±1% Pd, 91 ±3% Pt and 73.2 ±0.8% Rh leached. 
In case of monolithic ceramic capacitors, a similar two-step leaching approach was 
investigated as for metallic foil catalyst sample, with the aim to remove base metals, such 
as Cu, Fe, Ni, Pb, Sn and Zn (see Table 1) prior to leaching PGMs. During the first MW-
assisted leaching step in 2 M HCl the base metals Fe, Ni, Pb, Sn and Zn were largely 
removed (Fig. 3 left). Whereas, also the mostly abundant BaTiO3 phase dissolved for about 
35-40% (based on the Ba and Ti leachabilities). A total mass loss of 49.2 ±0.7 wt% was
achieved after the first leaching step, leading to an up-concentration of Pd from 1947
mg/kg in the original material to 4070 mg/kg in the leaching residue. During the
subsequent MW-assisted leaching step in 6 M HCl and 10 vol% H2O2 89.3 ±0.7% of Pd
was recovered in the pregnant leach solution and a further 6.3 ±0.4% of Pd was recovered
by washing the residue over the filter with Milli-Q water. With respect to the pregnant
leaching solution in the first leaching step, the concentrations of Ba, Fe, Ni, Pb, Sn and Zn
were strongly reduced in the pregnant leaching solution of the second leaching step.
However, with respect to the Pd concentration in the leachate of the second step, the Ba,
Cu, Ni, Ti and Zr concentrations are still high and will need to be removed in a subsequent
refining step.
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Fig. 3. Leachability (left) and concentrations in the leachates (right) of elements from 
monolithic ceramic capacitors in a first leaching step in 2 M HCl and a second leaching 

step in 6 M HCl, 10 vol% H2O2. Both leaching steps were executed in a MW system for 15 
min ramp and 10 min dwell at 150 °C. 

In case of the intermediate copper anode slime, also a two-step leaching approach was 
investigated. The anode slime sample contains high As content (4.6%) which might present 
a risk of formation highly toxic arsine gas during acidic treatment. Furthermore, the 
presence of base metals, such as As and Sb, are known to negatively influence PGM 
extraction [7]. Therefore, in order to reduce the content of base metals, in particular As, in 
the material, alkaline leaching at atmospheric conditions was applied as a first leaching 
step. First, the influence of alkaline source was tested by leaching the copper anode slime 
in 4 M NaOH or KOH at an L/S = 20 for 4 h at 25 °C. Leaching results showed that the 
most prominent base metals As, Cu, Pb and Pb leached better in NaOH (Fig. 4 left). 
Therefore, NaOH was chosen as an alkaline source and the influence of the NaOH 
concentration on the base metal leachability was further investigated at L/S = 20 for 4 h at 
25 °C. Results showed that an optimal removal of base metals at 25 °C required a high 
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NaOH concentration of 4 M (Fig. 4 right). Finally, by increasing the leaching time from 4 h 
to 24 h, the As and Sn leachability further increased to 91 ±2% and 63 ±2%, respectively, 
whereas the leachabilities of Cu (42 ±5%) and Pb (49 ±5%) did not further increase with 
respect to 4 h leaching. A mass loss of 38 ±5 wt% was obtained and a slight up-
concentration of noble metals in the residue with respect to the original material took place 
(Fig. 5) 
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Fig. 4. Leachability of elements from the anode slime intermediate material in a first 
leaching step in 4 M NaOH and KOH (left) and concentrations of the same elements in the 

pregnant leach solutions after leaching in different NaOH concentrations. All leaching 
reactions were performed for 4 h at 25 °C in L/S = 20. 
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Fig. 5. Concentration of noble metals in the anode slime and the solid residue after 
leaching in 4 M NaOH at L/S = 20 for 24 h at 25 °C. 

Subsequently, the anode slime treated by the first alkaline leaching step was subjected to 
MW-assisted leaching at 150 °C in 6 M HCl in the presence and absence of 10 vol% H2O2 
addition in the FlexiWave MW digestor. Remarkably, the PGM leachability did not 
improve significantly upon H2O2 addition, as the concentration of most noble metals in the 
leachates was similar (Table 2). 
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Table 2. Average concentrations of noble metals in the pregnant leaching solutions after 
the second step MW-assisted leaching of anode slime in 6 M HCl and 6 M HCl + 10 vol% 
H2O2. 

Element 6 M HCl 6 M HCl + 10 vol% H2O2 
Ag (µg/L) 21000 ±790 19000 ±5700 
Au (µg/L) 481000 ±4800 495000 ±101000 
Ru (µg/L) 2270 ±14 2170 ±300 
Pd (µg/L) 305000 ±2800 302000 ±42000 
Ir (µg/L) 868 ±8 854 ±140 
Pt (µg/L) 91500 ±2400 80600 ±14000 
Rh (µg/L) 1340 ±42 1200 ±130 

Based on the above results a final two-step leaching process for copper anode slime 
intermediate was tested whereby initially the sample was leached in 4 M NaOH at L/S = 20 
for 24 h at 25 °C and subsequently the obtained residue was leached in the SynthWave 
reactor system in 6 M HCl, L/S = 10 for 15 min heating and 10 min dwell at 150 °C. Fig. 6 
gives and overview of the overall extraction of base metals and noble metals from the 
starting material. It can be noted that a considerable amount of As (94%) was extracted in 
the first alkaline leaching step, as well as 42% Cu, 50% Pb and 65% Sn. In the second 
MW-assisted leaching step in the presence of solely 6 M HCl 51% Au, 84% Pd, 73% Pt 
and 19% Ru were extracted. 
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Fig. 5. Overall extraction of base and noble metals from copper anode slime intermediated 
according to a two-step leaching system.  

Conclusions 
In the current study MW-assisted hydrochloric acid leaching routes were explored to 
extract platinum group metals from three secondary raw materials, namely spent metallic 
carrier autocatalysts, monolithic ceramic capacitors and copper anode slime intermediate. 
All three materials contain base metals that are known to impede or hinder PGM extraction 
and refining. Therefore, dedicated two-step leaching systems were developed, whereby in a 
first leaching step undesired elements were removed, leading to an up-concentration of the 
valuable PGMs and a second MW-assisted leaching step in 6 M HCl at 150 °C in which 
PGMs were extracted. The spent metallic carrier catalyst and capacitor materials required 
the addition of an oxidation agent (H2O2) during the second leaching step to enhance PGM 
leachability, whereas for the anode slime no addition of oxidation agent for PGM 
extraction was required. MW-assisted leaching lead to high PGM extraction yields for the 
spent metallic carrier catalysts (90% Pd, 91% Pt and 73% Rh) and the monolithic ceramic 
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capacitors (96% Pd), whereas for the anode slime (84% Pd, 73% Pt and 19% Ru) the PGM 
extraction could be further improved by exploring harsher MW-assisted leaching 
conditions, such as the increase of leaching temperature, in future work. 
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Introduction 

Microwave (MW) radiation is electromagnetic radiation and induces dielectric heating in 
materials via, for example, the interaction between the polar molecules and constantly 
oscillating electric field (f = 2.45 109 Hz). Due to volumetric heating and the instant transfer 
of radiation energy to heat by dipole rotation (material itself as the source of heat), 
microwave heating is in most cases more efficient and faster than conventional heating 
methods.  

Since many studies has shown advantages in the use of microwave energy in metallurgical 
applications, selective recovery of chromium (Cr) from stainless steel (SS) slag by 
microwave assisted alkaline roasting followed by water leaching was investigated within an 
EU funded project named CHROMIC. By roasting with alkali (KOH or NaOH), the 
chromium present in different spinel phases was oxidized and converted to a form that was 
leachable by water.  

As heating by microwave energy is material specific, and the obtained results depend on the 
used MW equipment and the applied conditions, the upscaling of the roasting process was 
performed in several steps. In this paper, the main results of the performed experiments will 
be presented and the variables affecting the MW heating will be discussed. 

Materials and methods 

Materials 

The studied SS slag was provided by a slag treatment facility located in Belgium. As the 
material was pre-processed, it was in a form of fine powder (d90 = 150 µm) and had an 
initial moisture content around 18-20 wt.%. In laboratory scale testing, the material was 
sieved and fraction <125 µm was used (representing 93 wt.% of the initial sample). In pilot-
scale roasting the SS slag was processed at its initial grain size. In all experiments the 
material was pre-dried before roasting. 

In preliminary roasting experiments, NaOH (pellets for analysis EMSURE®, Merck) and 
KOH (powder for synthesis, Merck) were used. In some tests, NaNO3 (BAKER 
ANALYZED™ ACS Reagent) was added as an oxidizing agent. Milli-Q water was used in 
all experiments that required water as a solvent.  

In upscaled laboratory scale roasting the used chemicals were KOH (pellets, AnalR 
NORMAPUR, purity >85 wt.%) and NaOH (pellets, Merck, technical grade). Before use, 
the pellets were grinded with mortar and pestle. In pilot scale roasting, granulated NaOH 
(EMPLURA®, purity >98 wt.%) was used. 
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Analytical methods 

The chemical composition of the initial SS slag sample was analyzed by high-performance 
energy dispersive X-ray fluorescence spectrometer (EDXRF), HE XEPOS XRF 
Spectrometer. The mineralogy of the material was determined by X-ray diffraction (XRD), 
PANalytical Empyrean diffractometer. The Cr content of the obtained leachates was 
analyzed by Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES), 
Perkin-Elmer AVIO 500. 

Preliminary testing of conventional and microwave assisted alkaline roasting 

The experimental conditions were selected based on VITO’s earlier study published by Kim 
et. al (2015). The roasting was carried out in porcelain crucibles, where 3 g of SS slag sample 
was mixed with predetermined amount of alkali and oxidizing agent. To homogenize the 
mixture, up to 1.3 g of water per 1 g of SS slag was added. 
Conventional roasting was performed in a laboratory muffle furnace (Nabertherm) (Figure 
1a) with a heating rate of 120°C/h from room temperature to 400 °C and with dwelling time 
of 2 hours. The temperature was measured with a thermocouple located just above the 
porcelain crucibles. In MW assisted roasting, laboratory MW muffle oven (PyroWave, 
Milestone) (Figure 1b) was used. 

Fig. 1. Conventional (a) and MW (b) ovens in preliminary roasting experiments. 

The heating program consisted of ramp up to the roasting temperature and dwelling time of 
0 - 30 min. The maximum applied MW power was 1.8 kW, and the heating was performed 
as a combination of direct MW heating (absorption of MW energy by the samples) and 
indirect convective heating promoted by a silicon carbide plate at the top of the oven. The 
temperature was measured with a ceramic coated thermocouple, placed in the cavity. 

Upscaled MW assisted alkaline roasting 

The upscaling consisted of two parts: further optimization of the process conditions and the 
actual MW roasting at pilot scale. The used equipment (Figure 2) was the MEAM Explorer 
VP 2, that is a multimode laboratory scale test unit with adjustable MW power up to 2 kW 
(2.45 GHz) and the MEAM MP 6, that is a cylindrical multimode pilot scale MW applicator 
with adjustable power up to 6 kW (2.45 GHz). During heating, the product temperature was 
constantly monitored from the top by an infrared sensor (Optris LT15) or camera (Optris 
PI). 
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Fig. 2. The used MW equipment and set-ups in upscaled roasting experiments: MEAM 
Explorer VP 2 (left) and MEAM MP 6 (right). 

Roasting in the MEAM Explorer VP 2 was performed at MW power of 1.25 kW, in a 
porcelain crucible placed in a thermally insulating casing. The used amount of slag in one 
test was 45 g, that was mixed, depending on the tested alkali-slag-water ratio, with 15 or 30 
g of alkali (KOH or NaOH) and 0-60 g of deionized water. The applied roasting conditions 
were 30 minutes at 400°C with KOH or heating to 800°C without dwelling with NaOH.  

In pilot scale roasting with the MEAM MP 6, a ceramic tray made of sintered cordierite was 
used. Unlike earlier experiments the slag was pre-dried, but not sieved. One batch of roasting 
mixture consisted of 2250 g of dry slag, 750 g of NaOH and 350-500 g of deionized water 
(liquid content adjusted according to texture). The mixture was heated to 800°C, starting 
with 4 kW and then, gradually, increasing the power to the maximum 6 kW. To equalize the 
distribution of heat, the tray was closed with a lid. 

Water leaching 

The roasted samples were leached with water in a shaking water bath (300 rpm) at 50 °C 
and liquid-solid (L/S) ratio of 10 for 1 hour. After leaching, the solid residue was removed 
by vacuum filtration with a filter paper (pore size 0.45 µm). The chromium content in the 
final leachates was analyzed by ICP-OES. 

Results and discussion 

Characterization of the stainless steel slag 

The chemical composition of the investigated SS slag, measured by EDXRF, is shown in 
Table 1.  

Based on XRD analysis, the main components of the slag were Ca-Mg silicates (merwinite, 
bredigite, akermanite, larnite and cuspidine), representing more than 80 wt.%. The rest 
consisted of calcite, periclase and Cr containing spinel phases.  

Table 1.  Main components of the studied SS slag by EDXRF (average amounts). 

Component Al2O3 CaO Fetot MgO MnO SiO2 V2O5 Cr 

[wt.%] 4.2 45.1 0.6 11.0 1.1 30.8 0.09 2.3 
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Preliminary roasting experiments at laboratory scale 

The preliminary roasting experiments (Fig. ) showed that MW assisted roasting had clearly 
a potential in Cr extraction from stainless steel slag and lead without oxidation agent to 
considerable higher Cr recovery (~65%) than conventional roasting (~50%). When adding 
oxidizing agent (NaNO3), the obtained Cr extraction in both cases was higher than 90%, but 
the required time in MW assisted roasting was significantly shorter.  

Fig. 3. Comparison between conventional and MW roasting in preliminary testing 
(including obtained results by Kim et al., 2015). 

Influence of the roasting temperature and type of alkali in preliminary testing 

400°C was initially selected as roasting temperature, because it is above the melting points 
of both alkalis (Tm, NaOH = 318°C, Tm, KOH= 360 °C) and, therefore, ensures their molten state 
and better contact with the Cr containing phases of the slag. To prove this, roasting 
experiments at 200 and 300°C were also carried out. Figure 4 shows that chromium 
extraction was clearly depending on the roasting temperature and that the obtained Cr 
extraction was very different depending on the used alkali. Roasting by NaOH at 400°C 
resulted in Cr extraction comparable with KOH only when oxidizing agent was added. 

Fig. 4. Effect of roasting temperature on Cr extraction with NaOH and KOH (dose of 
reagents: 0.67g of alkali and 0.07g of oxidant (NaNO3) per 1g of SS slag). 

Although, experimental results favored the use of KOH in MW roasting, subsequent life 
cycle assessment (LCA), carried out as a part of the project, showed that climate change and 
economic impacts were much higher with KOH than with NaOH. Therefore, additional 
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experiments with higher roasting temperatures (600 and 800°C) were performed. To reduce 
the associated impacts with reagents, the amount of alkali was halved (0.33g of alkali per 1g 
of SS slag).  

Fig. shows that by roasting at 800°C there is almost no difference in Cr extraction between 
KOH or NaOH as source of alkali or between NaOH with or without oxidizing agent. 

Fig. 5. The effect of roasting temperature on Cr extraction with NaOH and KOH (dose of 

reagents: 0.33g of alkali and 0.07g of oxidant (NaNO3) per 1g of SS slag). 

Based on preliminary testing, the following MW roasting conditions for up-scaling were 
selected: MW roasting with NaOH at 800 °C without dwelling time followed by water 
leaching at L/S = 10 at 50 °C. 

Further optimization of roasting conditions in laboratory scale 

Alkali-slag-water mixtures with different amounts and source of water were roasted and the 
following parameters were evaluated: structure and uniformity of the mixture, heating time 
to the roasting temperature, appearance and hardness of the roasted product, and the obtained 
Cr recovery in aqueous leaching. The monitored MW heating times to 400°C (KOH) or 
800°C (NaOH) and the obtained Cr recoveries of alkali-slag-water mixtures (A:S:W) with 
different water contents are presented in Table 2. In Tests 4 and 7, the SS slag was roasted 
at its initial moisture content (no water added) and in Test 5, the roasting was performed 
“dry”. 

Table 2. MW heating times (PMW= 1.25 kW) and Cr recoveries in MW roasting of alkali-SS 
slag-water mixtures with different water content. 

No. A:S:W Alkali Water content 
[wt.%] 

Source Heating time 
[min] 

Cr recovery 
[%] 

1 2:3:4 KOH 44.4 Added 38 59.7 
2 2:3:1 KOH 16.6 Added >45 86.7 
3 2:3:0.7 KOH 10.8 Added 13.9 93.6 
4 2:3:0 KOH 9.1 Mi=15.1% 9.5 91.0 
5 2:3:0 KOH 0.0 No water 18.2 83.6 
6 2:3:0.7 NaOH 10.8 Added 44.0 98.6 
7 2:3:0 NaOH 8.4 Mi=14.0% 25.0 70.2 

Based on experimental results, some water needs to be present in the roasting mixture when 
MW energy is applied. The role of water seems to be related to the texture and homogeneity 
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of the material (distribution of alkali). By adding just, the amount of liquid, that was required 
for wetting the solids (water content 10.8 wt.%), the texture became granular, and the 
material heated readily by MW energy. After roasting, the product was breakable with spoon 
and, therefore, easier to remove from the crucible. At higher roasting temperature, the 
material became harder, but was still workable. With the optimized amount of water, the 
obtained Cr recoveries were 91-99%, depending on the roasting procedure (used alkali) and 
the total MW heating time (heating and dwelling). It was also shown that, naturally bonded 
water (moisture content) in the slag can be used as direct source of liquid in roasting if the 
moisture content is at “correct” level (around 15-16%). 

Regardless the roasting temperature, the required total MW heating time (heating to the 
roasting temperature and dwelling) for higher extraction of chromium was, according to 
these tests, at minimum 40 minutes. 

Pilot scale MW roasting 

The selected roasting conditions for upscaling were NaOH and MW heating at alkali-slag-
water ratio 1:3:0.7 to 800°C without dwelling. The material was processed batch-wisely to 
produce around 20 kg of roasted product for pilot-scale aqueous leaching. While producing 
individual batches, further optimization of the roasting conditions took place and, for 
example, the amount of water was decreased an additional 30 % from the initially optimized 
amount, to obtain some granularity in the mixture. 

The MW heating time to 800°C was typically 60-80 minutes (PMW 4-6 kW). Despite the 
efforts to produce homogeneous mixture, to manipulate the texture and to optimize the 
roasting conditions, the produced product was not as evenly green-colored as in roasting at 
laboratory scale. In addition, the roasted product was very hard and difficult to remove from 
the reaction vessel. To assess the relationship between the color and the roasting result, small 
samples from the differently colored areas were collected (Figure 6) for water leaching and 
analysis. The studied batch of roasted SS slag and the locations of the collected samples are 
shown in Figure 6. 

Fig. 6. One batch of roasted SS slag and the locations of the collected samples for water 
leaching and analysis (samples = 1 – 4, point of cross-sectional view = C). 

As expected, the leaching results of the brown and green fractions were slightly different 
and the measured chromium concentrations of the leachates from, for example, sample 1 
(mostly brown) and 3 (mostly green), were 1211 and 1531 ppm, respectively. 

200



The obtained Cr extraction in pilot scale leaching was only 44.4% (an average of two 
leaching batches). This indicates that a significant part of the Cr(III) present in spinel 
structures was not oxidized to water-soluble Cr(VI). The reasons for low conversion rate 
may be related to the total efficiency of the used MW system and the homogeneity of heating 
(homogeneity of the mixture). One cause may also be connected to the reaction kinetics. In 
parallel studies on conventional roasting, it was observed that the roasting result was 
depending on the geometry of the reaction vessel (In high and narrow reaction vessel the 
oxidation mostly limited to the outer-most surface of the layer) and the management of air 
ventilation (oxygen level in the oven). This may have been also the case in pilot scale MW 
roasting: due to dense structure, too little of oxygen was available for complete roasting 
reaction in the inner parts of the layer. 

It was concluded that to improve the supply of oxygen, the homogeneity of MW heating and 
the total energy efficiency of the system, a MW rotary kiln could be a more favorable 
alternative than a conventional “tunnel type” MW applicator. In addition, the continuous 
mixing of the material by rotational movement during roasting would most probably lead to 
more manageable end product (loose, less hard), as well. 

Conclusions 

Since many studies has shown advantages in the use of microwave energy in metallurgical 
applications, selective recovery of chromium (Cr) from stainless steel (SS) slag by 
microwave assisted alkaline roasting followed by water leaching was investigated. During 
alkaline roasting chromium present in stable Cr(III) form in various spinel structures is 
oxidized to Cr(VI) that is leachable by water.  

Both KOH and NaOH were tested as the source of alkali. Based on preliminary studies, 
KOH seemed to be superior to NaOH at lower roasting temperature (400°C). However, the 
LCA assessment showed that climate change and economical impacts were much higher 
with KOH than with NaOH. Therefore, more experiments at higher temperatures were 
performed. It was shown that by increasing the roasting temperature to 800°C, chromium 
extraction as high as 98% could be obtained with NaOH and without dwelling time. In 
addition, the used amount of alkali could be reduced to half (alkali-slag ratio 1:3 instead of 
original 2:3). 

Unlike conventional roasting, some water was needed in the roasting mixture when MW 
energy was applied. The role of the liquid seemed to be related to the texture and the 
homogeneity of the mixture. Based on upscaled roasting experiments, the optimum water 
content in the alkali-slag mixture was around 11 wt.% (alkali-slag-water ratio 1:3:0.7). It 
was also shown that, naturally bonded water (moisture content) in the slag can be used as 
direct source of the liquid in roasting if the moisture content was at “correct” level (around 
15-16% that corresponds water content 10%).

In pilot scale roasting, the aim was to produce around 20 kg of MW roasted product for pilot 
scale aqueous leaching. The SS slag was roasted with NaOH in batches of 2.25 kg at alkali-
slag-water ratio 1:3:0.5 (water content reduced from 0.7 to 0.5 to obtain better texture) and 
the MW heating time to 800°C was typically 60-80 minutes (PMW 4-6 kW). According to 
visual inspection, the treated slag was not evenly colored and large areas were merely brown 
instead of green. By small-scale water leaching tests and analysis, it was confirmed, that in 
brown areas the roasting reaction was incomplete, and less chromium could be extracted 
with water (only partial conversion of Cr to the water-soluble form). 
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The obtained Cr extraction in pilot scale leaching was only 44.4% (an average of two 
leaching batches). This indicates that a significant part of the Cr(III) present in spinel 
structures was not oxidized to water-soluble Cr(VI). The possible reasons for incomplete 
roasting reaction may be related to the total efficiency of the used MW system and the 
homogeneity of heating (homogeneity of the mixture). In addition, the obtained low degree 
of oxidation may have been partly the result of oxygen-poor conditions within the material 
layer. To improve the supply of oxygen, the homogeneity of MW heating and the total 
energy efficiency of the system, a MW rotary kiln could be a better alternative than a 
conventional “tunnel type” MW applicator. Continuous mixing of the material by rotational 
movement during roasting would most probably lead also to more manageable end product 
(less hard). 
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Due to the worldwide pandemic of the new coronavirus (COVID-19), the gene 
amplification technology, the polymerase chain reaction (PCR) has become widely known. 
A study attempting microwave heating for the PCR method was reported by Fermer, et al. 
in 2003 [1].  However, they concluded that microwave irradiation had no effect.  On the 
other hand, we had shown on that the efficiency of gene amplification is improved over 
normal heating, by irradiating DNA polymerase with microwave. [2,3]  In this study, 
several DNA polymerases were also applied microwave heating to two gene amplification 
reactions, Polymerase Chain Reaction (PCR) and Rolling Ample Circulation (RCA).  PCR 
amplifies genes by repeating the three steps, 1) heat denaturation of double-stranded DNA 
to single-stranded DNA, 2) hybridization of template DNA and primer by hybridization, 
and 3) extension of primer by DNA Polymerase.  At that time, a heating operation is 
required in the steps of thermal denaturation and extension reaction. Therefore, microwave 
heating was used for each of these steps.  As an experimental method, a cycle of mixing 
DNA Polymerase, template DNA and two kinds of primers and reacting at 94°C, 55°C and 
72°C for 1 minute was repeated 25 times.  ExTaq Polymerase, Vent DNA Polymerase, Bst 
DNA Polymerase, DNA Polymerase I were tested.  Amplification of the gene was 
confirmed by electrophoresis.  As a result, ExTaq polymerase reduced the fluorescence 
intensity by microwave irradiation.  On the other hand, Vent polymerase showed 
fluorescence intensity equivalent to that of the conventional method.  Despite the same 
temperature of ExTaq polymerase, microwave irradiation and the conventional method 
showed different phenomena.  This fact indicates the possibility of a new phenomenon 
called "microwave denaturation".  RCA is a method for amplifying genes under constant 
temperature conditions for a circular template.  The amplification efficiency is much better 
than PCR. In the RCA experiment, gene amplification was confirmed by electrophoresis 
using the same polymerase as PCR.  For ExTaq Polymerase and Vent DNA Polymerase, 
the amount of gene amplification was about the same for conventional heating as 
compared to microwave heating, but for Bst DNA Polymerase and DNA Polymerase I, the 
amount of gene amplification increased under microwave heating conditions.   
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ABSTRACT 

In the food industry, production of powdered materials enables to extend the shelf life of 
foods while preserving their intrinsic qualities. Moreover, in the case of high protein dairy 
powders, the application of a high temperature treatment (i.e. T ≥ 80°C) may modify 
proteins structure and thus their potential functionalities for further processing or 
incorporation within other food matrixes. This solution is particularly adapted in the 
context of a Clean Label approach where significant reductions of additives and other 
controversial ingredients are expected.  
In this study, a microwave heat treatment is applied to a whey proteins isolate (WPI) 
powder in a dry state. The thermophysical properties of the WPI powder (density, specific 
heat and thermal conductivity) were measured or taken from literature. A dielectric 
characterization using a resonant cavity perturbation technique is also presented and the 
measurements confirmed the low dielectric loss factor of the sample. 
A 3D numerical model, which includes a single mode microwave cavity working at 2.45 
GHz, is also developed to understand the microwave interactions with the powdered food. 
Simulation results are discussed on the one hand in terms of electromagnetic field 
propagation within the rectangular waveguide and on the other hand by considering the 
temperature distribution within the powdered food. The model is experimentally validated 
with a pilot-scaled microwave equipment (2.45 GHz solid-state microwave emitter, 
impedance tuner and optical fibers probes). This study will give significant guidelines for 
the microwave heating optimization of low-loss dielectric products such as powdered food 
materials. 

INTRODUCTION 

In the food domain, dry heat treatments of powders are increasingly studied and used in 
order to improve the functional properties of food products such as dried ingredients. 
Several applications are classically encountered for egg products or dairy ingredients [1, 
2]. Knowing that proteins are heat-sensitive components, the application of a high 
temperature treatment will allow to modify their structure and thus their functionalities. 
These modifications are of a great interest in the context of a Clean Label approach. The 
latter concept came from the desire to reduce additives and other controversial ingredients 
from the product ingredient list. 
In this framework, the study is aimed at exploring the potential of using microwave 
technology to perform dry heat treatment on dried food materials, in particular on whey 
protein isolate powder. Microwaves have the ability to provide a volumetric heating within 
the food matrix, allowing to reduce the heating time and thus the energy consumption 
comparing to a conventional heating process. 
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Determination of thermophysical and dielectric properties of the WPI powder 

The WPI powder was provided by a dairy company located in Britany (France). The 
protein content was determined by the Dumas method using a FP828P carbon/nitrogen 
analyzer (LECO, St. Joseph, USA) and was of 88.58 ± 0.01% (wet basis).  

The water activity (aw) of the native powder was measured using an Aqualab PRE aw meter 
(Meter Food, Pullman, USA) and was of around 0.2. 

The thermophysical properties of the WPI powder were either measured or taken from 
literature (table 1). 

Table 1. Thermophysical properties of WPI powder 

Properties Value Unit Source 

Relative density (ρ) 425 ± 10 kg.m-3 Experimental 

Specific heat (Cp) 1400 J.kg-1.K-1 Experimental 

Thermal conductivity (k) 0.08 W.m-1.°C-1 [3] 

The WPI powder is considered as a low moisture food (aw = 0.2) with low dielectric 
properties such as non-fat milk powder or whole milk powder [4]. 
In this paper, the measurement of dielectric properties at X-Band Frequencies is performed 
by the cavity perturbation technique at room temperature [5]. The device consists in a 
straight WR340 waveguide. In its center, where the maximum electric field occurs, is 
located a cylindrical plastic tube filled with 1.8 mL of WPI powder. The antenna of the 
waveguide transition is connected to a vector network analyzer (Model ENA5062A, 
Agilent Technology, Malaysia). Resonance conditions of the microwave cavity are 
obtained by the use of an iris (made of copper material) placed between the waveguide 
transition and the applicator. A sliding short circuit is located at the end of the waveguide 
(figure 1). 

Fig. 1: Description of the experimental apparatus to measure the dielectric properties of 
the WPI sample (left), determination of the quality factor of the loaded cavity (right) 
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In a resonant cavity, the different losses of electromagnetic energy are characterized by 
quality factors that are linked by the following expression: 

0

1 1 1

p dQ Q Q
  (1) 

Qp is the quality factor of the cavity which reflects the ohmic losses at the metal walls and 
the dielectric losses due to the presence of dielectric materials in the cavity, Q0 the quality 
factor related to the ohmic losses and Qd the quality factor which corresponds to the losses 
within the dielectric materials. 
In an empty cavity, Qd = 0 (no specific dielectric charges), hence: 0pQ Q
In practice, the resonant cavity must be coupled to an external circuit. This coupling is 
defined by a quality factor (Qext). The external circuit has the effect of lowering the quality 
factor of the whole system. 

The quality factor Q1 represents the total energy losses and is given by the following 
expression: 
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The quality factor for the loaded cavity (Q1) is determined from the S11 (dB) signal from 
the vector network analyser (VNA) connected to the cavity (figure 1, right). 
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The quality factor of the empty cavity is obtained from the reflection coefficient  
calculated from the VNA (loaded cavity). 
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Where is the coupling coefficient issued from the voltage standing wave ratio. 

The dielectric properties (dielectric constant’r and loss factor’’r) of the material under 
test are calculated depending on the electromagnetic characteristics of the empty and 
loaded microwave cavity [5]. 
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Experimental apparatus and model design 

The experimental apparatus consists in a solid-state microwave generator (SG 524, model 
AG340M3, Alter, Reggio Emilia, Italy) which supplies a monochromatic wave transmitted 
along the z-direction of a rectangular waveguide (cross-section 86 mm × 43 mm). The 
device also includes an antenna (transmission of the microwave input power until the 
waveguide transition), a 3-stub tuner for impedance matching, two quartz windows to 
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protect the upper and lower sides of the applicator, a water load and a shorting plunger 
(figure 2). 

The temperature is measured at two locations within the WPI sample (T1 near the upper 
surface and T2 near the bottom surface). Temperature measurements are performed using 
type-K sheathed thermocouples and are recorded on a data logger (AOIP datalog, 91133 
RisOrangis, France). The heat treatment is carried out with incident microwave power set 
at 180 W for 250 s. 

Fig. 2: Experimental microwave device 

The real geometry of the microwave device is modelled with the COMSOL®Multiphysics 
5.6 software package in order to predict the electromagnetic field distribution within the 
rectangular waveguide and the temperature distribution within the WPI sample. 
The antenna is excited by a microwave signal at the input port (coaxial port, TEM mode). 
The RF module from COMSOL® is used to solve numerically the classical Maxwell’s 
equations to obtain the electromagnetic field distribution within the rectangular waveguide 
(time-harmonic propagation of the electric field at 2.45 GHz). 

0122 







 EjE




 (6) 

with  '''
0''' rr jj   and ''

0 r  

207



0 is the electrical permittivity of a vacuum (8.85×10-12 F/m), ’r is the relative dielectric 
constant, ε''r the relative dielectric loss factor. σ is the electrical conductivity of the material 
under consideration (S/m). 

The generalized heat equation (with a source term due to microwaves) is solved to model 
heat transfer in a continuous medium, which depends on the thermophysical and dielectric 
properties of the WPI sample. 

absp QTkdiv
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The heat loss by convection around the sample is calculated by considering the global heat 
transfer coefficient which takes into account the heat losses at the boundaries [6]. 

RESULTS AND DISCUSSIONS 

The table 2 depicts the dielectric properties of the materials under consideration within the 
rectangular waveguide. 

Table 2. Dielectric properties of the materials at 2.45 GHz 

In this work, the dielectric properties of the WPI sample confirmed its low dielectric 
characteristics. The values found are in agreement with a previous work that compared 
different dielectric measurements as a function of frequency (open-ended coaxial probe 
method and the parallel plate method) dedicated to low-moisture foods [4]. 
Figure 3 displays the electric field distribution within the rectangular waveguide. The 
figure indicates that the standing wave propagates from the antenna to the end of the 
rectangular waveguide. Local variations of electric field strength are noticed along the 
microwave propagation direction, with a specific electric field peak near the antenna. 
Based on the experimental position of the 3-stub tuner and the sliding short, the model is 
able to predict the impedance matching condition as observed experimentally (the 
microwave reflected power is close to zero). In this configuration, both the water load and 
the WPI sample absorb the microwave input power (dielectric losses at the wall of the 
waveguide are considered as negligible). 

Materials Dielectric 
properties 

Value Source 

Air at 20 °C "r 0 
[7] 

′r 1 
Dielectric material of coaxial 
antenna 

"r 0 
[6] 

′r 2.25 

Tap water at 20 °C (water load) "r 12.12 
[8] 

′r 80.10 

Quartz "r 0 
[6] 

′r 4.2 

Teflon® (sample holder) "r 3.4·10-4 
[9] 

′r 1.7 

WPI powder "r 0.015 This work (at 20°C and 
2.49 GHz) ′r 1.8 
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Fig. 3: Electric field propagation (z-component) within the rectangular waveguide 

Figure 4 displays the temperature evolution at two different locations within the WPI 
sample. During microwave heating, uneven temperature distribution is observed as the 
bottom side clearly heats-up faster than the upper side (around 20°C of temperature 
differences between the top and bottom probes). Experimental temperature measurements 
are close to the model predicted values. Discrepancies between model and experiments are 
mainly due to the difficulty in determining the exact position of the sheathed thermocouples 
within the WPI powder. The model also considered that thermophysical and dielectric 
properties of the WPI powder are constant as a function of temperature.  

The uneven temperature distribution within the WPI sample is also characterized in figure 
5 with a temperature mapping following two cut plans located at the upper and lower sides. 
Hot spots are clearly identified at the center of the cylinder with a temperature gradient 
following the radius from the center to the external surface. 
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Fig. 4: Comparison between predicted and experimental temperatures within the WPI 
sample (t = 250 s) 

Fig. 5: Illustration of the heterogeneous temperature distribution within the WPI sample 
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CONCLUSION 

In this research work, the objective was to investigate the potential of microwaves to 
provide a dry heat treatment of food powders. This study will give guidelines for the 
microwave dry heat treatment dedicated to low-loss dielectric products such as powdered 
food materials with low moisture content. 
In terms of modelling, the microwave absorbed power is coupled to the heat transfer 
equation by considering a simple approach with constant thermophysical and dielectric 
properties. The numerical model is mainly used for the determination of the hot and cold 
spots location during the microwave dry heat treatment. This modelling approach could be 
used as a tool to control the heating process (modulation of microwave input power, 
frequency shifting of the solid-state emitter, rotation of the sample, …). 
It is now necessary to investigate the potential variation of thermophysical and dielectric 
properties of the whey protein isolate powder as a function of temperature. This work 
needs also to be extended to high temperature conditions (i.e. T ≥ 80°C) to study the 
potential modifications of proteins structures during microwave dry heat treatment. 
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In the multiphysics simulation of microwave heating, if the geometric area of the 
heated object is too small or too thin, it will cause problems such as difficulty in meshing 
the entire model, a large number of meshes, and large computational memory consumption. 
In order to solve the problem of the difficulty of meshing thin-walled containers during 
microwave heating, the large number of grids, and the use of computer memory resources, 
this paper proposes a microwave thin-walled heating model calculation optimization 
method based on transform optics algorithm. Use transform optics algorithm to expand the 
space of the thin-walled area, and perform spatial mapping with the original model by 
changing the medium parameters in the thin-walled area, so as to avoid the thin-wall 
problem in the meshing process, so that the same mesh can be meshed The number of 
grids in the entire model is reduced under sub-settings, saving calculation time and 
reducing the occupation of computer memory resources. 

First, the transformation optics derivation process of thin-wall heating is given. The 
two-dimensional simulation calculation model and mesh division are shown in Figure 1. 
Secondly, the mashed potato heating simulation model of the SiC thin-walled container is 
established, which realizes the fast calculation of the heating of the lossy thin-walled 
container. The calculation results are shown in Table 1. Finally, an experimental system 
for heating consumable containers was built, and the influence of consumable containers 
on the uniformity and efficiency of material heating was analyzed. 

Fig. 1. 2D simulation model and meshing. 

Table 1. Comparison of calculation results for thin-walled heating of a single cavity. 
Method S11 Average temperature 

of potato 
Temperature 

variation coefficient 
Calculation 

time 
Traditional 

method 
-2.57 318.09 K 0.309 73 s 

Transformation 
optics method 

-2.58 318.17 K 0.308 49 s 
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Ammonia has been commonly suggested as an energy storage vector due to its high 
gravimetric and volumetric hydrogen density [1]. Due to the toxicity of ammonia, several 
solid-state ammonia storage materials are being investigated, including metal-organic 
frameworks (MOF’s). Microwave materials characterisation can be used with 
simultaneous structural characterisation (via neutron or X-ray diffraction) to provide more 
information than the use of either technique individually. For example, it enables the 
differentiation between physisorbed and metal-coordinated species [2]. We have developed 
microwave measurement systems that can be used in existing structural characterisation 
systems for neutron and X-ray diffraction at ISIS Neutron and Muon Source, and Diamond 
Light Source, respectively. Neutron Powder Diffraction (NPD) experiments utilise a 
cylindrical cavity resonator at 2.5 GHz with thinned side walls to maximise the resolution 
of Bragg data by minimising neutrons scattered by the sample environment. X-ray Pair 
Distribution Function (XPDF) experiments utilise a hairpin resonator, also at 2.5 GHz, 
with a hole through the base to allow X-rays to pass unimpeded and allow the diffraction 
angle (2θ) to be as large as possible. Results will be presented on the absorption of polar 
species, e.g. ammonia, in various host materials. 

Fig. 1a. Schematic diagram of the simultaneous neutron diffraction and microwave 
measurement setup with variable temperature, showing neutron beam, and measurement 
apparatus. 1b. Schematic diagram of the simultaneous X-ray diffraction and microwave 

measurement setup, showing X-ray beam, and measurement apparatus. 
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Summary 
To reduce carbon dioxide (CO2) emissions while keeping up with the increasing demand 
of energy, new energy sources and new energy storage systems must be developed; 
hydrogen is expected to play an essential role in the transition to lesser CO2-footprint 
energy. Traditionally hydrogen (H2) production is based on natural gas steam reforming, 
which results in the associated CO2 emissions. Alternative sources of H2 production are 
water electrolysis and direct methane decomposition, the latter having a much smaller 
theoretical energy cost per unit of produced H2. This paper concerns the characterization of 
H2 production via methane plasmalysis in the South Beach Module prototype, a 2.45 GHz 
microwave reactor working at atmospheric pressure. The experimental protocol takes into 
consideration various gas mixture constituents and operating conditions (e.g., gas flow 
rate, microwave input power, as to optimize the decomposition of methane molecule into 
hydrogen gas and solid carbon. The economics of microwave-assisted plasma methane 
decomposition as a hydrogen source are taken into consideration. 

I. INTRODUCTION
At present the global society faces two related challenges: the depletion of easily accessed
hydrocarbon fuels aggravated by an ever-increased energy demand, and the damaging
effects of the global climate change driven by the large amounts of CO2 that were released
and are being released to the atmosphere from the use of those fossil fuels. Despite the
knowledge that these emissions are the primary cause of the greenhouse effect driving the
climate change, the amount of CO2 released to the atmosphere has still increased in recent
years, reaching a total of ~32 billion metric tons per year [1].
It is therefore essential to develop alternative ways to produce and store energy as well as
new industrial technologies that avoid the release of CO2 to the atmosphere. The main
options to produce this carbon-free energy are: decarbonization of fossil fuel energy,
renewable energy sources, and nuclear and fusion energy [2].
According to the Hydrogen Roadmap Europe [3], H2 gas will play an important role for
achieving the transition to a carbon-free energy system via its industrial and transport
usage.
H2 is one of the most common and abundant elements on Earth, being present noy only in
water but also in almost any other compound of biological origin like biomass, biogas and
fossil fuels including natural gas.
Methane (CH4), the main constituent of natural gas, has been traditionally used as the
reagent molecule for hydrogen production via steam reforming: CH4+H2O→CO+3H2
(ΔH=206 kJ/mol), usually followed by the water-shift reaction: CO+H2O→CO2+H2 (ΔH=-
41.17 kJ/mol). This process is not only highly endothermic but also results in the release of
further CO2, therefore negating its purpose for the energy transition.
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Alternative H2 sources are water electrolysis and CH4 decomposition. Water electrolysis 
decomposes water into oxygen and hydrogen gases: H20→H2+½O2 (ΔH=285.82 kJ/mol). 
Methane decomposition relies on a similar process, which is achieved via pyrolysis in 
conjunction with some sort of catalyst, and which results in H2 gas and solid carbon (C): 
CH4→C(s)+2H2 (ΔH=-74.85 kJ/mol).  From the above equations, it can be calculated that 
the theoretical energy cost per mol of H2 produced from CH4 is seven times lower than that 
of electrolysis, which indicates this reaction is a less energetically intensive alternative. 
The byproduct of CH4 decomposition is solid carbon, usually in the form of micron-sized 
particles. This carbon powder is sometimes defined as carbon black, which is mainly used 
in the manufacturing of tires, as a pigment in printing ink, or as a stabilizer of other 
mixtures. To reduce the cost of the hydrogen production, the carbon byproduct ought to be 
further valorized in more added value applications Incidentally, the industrial production 
of carbon black today is based on the partial oxidation of fossil fuels, which also releases 
CO2 to the atmosphere. Therefore, an efficient industrial method for CH4 decomposition 
would allow the removal of two current sources of CO2, while consuming less energy than 
H2 production by water electrolysis. 
At Sakowin Green Energy we are developing The South Beach Module for CH4 
plasmalysis, which consists of a 2.45 GHz microwave reactor for atmospheric pressure 
plasma decomposition of CH4 to H2 and solid carbon. The current state-of-the-art 
plasmalysis technologies and the method used in the South Beach Module are discussed in 
section II. Section III provides the details of Sakowin’s  microwave-assisted plasma alpha 
prototype, including the control and measurement methods used to assess/measure the 
various parameters of the reaction, gas flows and microwave power being the most 
important ones. 

II. METHANE PLASMALYSIS
A variety of methods have been proposed in connection with the decomposition of CH4 as
to form H2 and solid carbon. The most obvious process is by thermally heating the CH4
molecule or the pyrolysis. However, the temperatures required to obtain CH4decomposition
by pyrolysis are high. Catalysts are usually involved to reduce the required temperature for
CH4 decomposition. The main drawback of the catalytical process is the catalyst poisoning
by carbon deposition, which reduces the reaction efficiency over time, requiring either
frequent change of the catalyst or to accept reduced efficiency of the decomposition
process.
The use of plasma to promote the decomposition reaction is based on the fact that gas
molecules are ionized and broken up even when the bulk gas temperature remains
relatively low. Not only the energy is transmitted directly from the electric circuit ( in case
of microwaves directly from the electric field) to the reacting molecules, but the collisions
between the free electrons created by the ionization of the gas and the neutral gas
molecules create reactive ions and radicals that would not be created by simple heating.
Among the various plasma sources investigated are DC-spark discharge [4], gliding arc
discharges [5], plasma torch [6], and dielectric barrier discharges (DBD) [7,8].
The main advantages of the microwave excited plasmas come from the absence of
discharge electrodes, and the possibility of regulating independently the incident
microwave power/microwave energy and the gas flow in the plasma reactor. There is a
wide field of research on the methane plasmalysis using microwave plasma discharges,
usually by means of a cylindrical dielectric chamber inserted into a waveguide, or
“downstream source” [9,10,11], but also combining the microwave source with solar
concentrators [12] or with a solid phase enhancing the reaction [13].
The Sakowin South Beach Module prototype integrates a plasma reactor based on a
monomode resonant microwave cavity. This type of reactor has been previously developed
for the decomposition of oxygen-depleting gases generated in the semiconductor industry,
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including CF4, CHF3 and SF6 [14]. Since the bond energy of these molecules is higher than 
that of CH4, it is assumed that CH4 decomposition should be equal or more efficient than 
that of the previously mentioned fluorinated gases. 

III. THE SOUTH BEACH MODULE
The core of the South Beach Module is a resonant microwave cavity excited at 2.45
GHz, within which the plasma is created. The microwave power is supplied by a 2.45
GHz, 2 kW CW water-cooled magnetron and a switch mode HV power supply; the
microwave line also includes an isolator (water load + circulator) with means for the
measurement of the microwave reflected power, a manual 3-stub tuner and a manual
sliding short circuit. The ignition of the plasma is done via a pneumatic system which
is briefly introduced into the middle of the microwave cavity, at the maximum electric
field intensity point, at the microwave power ON signal. Downstream the plasma
reactor a gas-solid separation column recovers most of the formed solid carbon. In this
early alpha product development stage, the separated gas phase is then passed through
a water-cooled circuit and a series of filters to insure the removal of any carbon fines
carried over by the gas phase after which, the gas is directed to the central ATEX
exhaust line. Mass flow controllers are used to measure the flow of inert gases
(nitrogen or argon) flown through the whole system before the introduction of the
natural gas, the source of CH4 – Figure 1.

The characterization of the South Beach Module prototype was done in two main stages: 
1) In the first stage inert nitrogen plasma (Figure 2 left) was ignited and sustained to assess
the thermal and microwave behavior of the system, including the impedance matching via
the sliding short-circuit and the three-stub tuner as well as the temperature profile and the
gas sealing of the different components of the system.
2) In the second stage we look into the plasmalysis of methane (Figure 2 right), in which
the degree of CH4 dissociation and the degree of its conversion to H2 as well as the
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Figure 1: The South Beach Module – diagram; S1 & S2 : GC sampling points 

216



presence of any byproducts will be measured for different experimental conditions. A gas 
chromatograph model MicroGC Fusion was calibrated and will be used to analyze the gas 
composition at two different sampling points of the prototype: at the outlet of the dry gas-
solid separation column (S1) and immediately upstream of the injection into the central gas 
exhaust line (S2).  

Figure 2: Photos of N2 plasma (left) and CH4 plasma (right) 

IV. CONCLUSIONS
The South Beach Module prototype takes advantage of the lower energy cost of CH4
decomposition (with respect to that of H2O) to provide a low-cost H2 gas source, with solid
carbon as a byproduct that can be recovered and valorized. The use of a 2.45 GHz
microwave plasma reactor to perform the plasmalysis allows the reaction to take place at
lower temperatures than by pyrolysis, without needing to use a catalyst. The current
prototype allows to optimize the reaction with respect to the various operation parameters
(gas flow, microwave power) thanks to the precise measurement of both gas flow and
incident and reflected microwave power. The next steps will include the precise
characterization of the output gas and of the solid carbon, as well as the scale-up to 6 kW
microwave power, which will allow the processing of larger volumes of gas. Ultimately an
80 kW module working at 915 MHz will be developed to increase the production
capability even further.
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We introduce a new approach to the regeneration of spent activated carbon using microwave heating 
as opposed to traditional thermal processing methods [1] [2]. A comparative study for adsorbate 
removal from activated carbon using conventional and microwave regeneration methods presented, 
which also observe the effect of heating on the overall activated carbon structure and adsorbtivity 
post-regeneration. Imaging techniques were developed to show the location of adsorbate on the 
activated carbon pellets/granules before and after regeneration via electron probe micro analysis, 
indicating how movement and concentration of adsorbate species changes during regeneration and 
with the regeneration method. Adsorbate species were also characterised, using x-ray powder 
diffraction to identify chemical reactions and phase changes occurring because of the regeneration 
process. Microwave regeneration is shown to recover adsorption capacity in a much shorter 
timeframe than conventional methods, however there is a trade-off between adsorption capacity and 
the loss of adsorbent mass due to the heating process. 

Table 1. Experimental conditions and processing time, energy input, and adsorption 
capacity percentage of samples. 

Sample Group Processing Time, 
s 

Adsorption Capacity, % 

Base Sample - 0.58 
Thermal Regeneration 

Microwave Regeneration 
6900 
360 

36.43 
33.80 

Fig. 1. EPMA scans of thermally regenerated spent sulphurous activated carbon. 
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Abstract 
Macroporous open-celled ceramic foams finds applications in numerous technological 
fields, like particle filters, insulating coatings, porous support for catalyst and photocatalyst 
processes, and even photoelectrochemical applications. In latter two, a macroporous open 
cell structure favors photoelectrochemical and photocatalyst reactions, due to its higher 
surface area. Many methods are used for producing these types of ceramics, specially the 
replica technique. In this simple method, the samples are obtained by impregnating a 
highly porous polymeric foam with a high solid loading ceramic slurry. After thermal 
treatment, the macroporous ceramic presents the structure of the polymeric foam used as 
template. Exceptionally complex and regular geometries can also be found in nature, 
which is the case of the Luffa sp sponge, that can replace the use of synthetic polymeric 
foams. In this work, microwave sinterability of porous ceramics obtained by impregnation 
of high solid loading ceramic slurries of nanostructured zinc oxide in natural Luffa sp 
fibrous sponges. Carboxymethyl cellulose (CMC), xanthan gum (XG) and polyvinyl 
alcohol (PVA) were assessed as binder agents. Ceramic slurries were prepared by 
dispersing nanostructured zinc oxide in distilled water (70% wt. ratio) using ammonium 
polyacrilate (APA) as deflocculant, followed by mixing in a high shear mixer (IKA Ultra-
Turrax T25) for 10 minutes. After homogenization, binders were added and mixed in 
mechanical mixer for 10 minutes. The sponges (with dimensions of 2x2x1 cm) were 
carefully immersed in the ceramic slurry, squeezed to remove excess and then left to dry 
24h in air.  The dried ceramic foams were microwave heated at 550 °C during 10 minutes 
with 100 °C/min heating rate, followed by microwave sintering at 1150 and 1200 °C 
during 15 minutes with a 100 °C/min heating rate. The microwave sintered samples were 
analyzed by optical and scanning electron microscopy, photocatalysis efficiency and 
density measurements. The advantages of microwave processing are evident. The 
microwave sintering temperature was reduced by at least 150 °C in comparison to the 
conventional. 

Keywords: Microwave, Chemical applications, Processing, Characterisation. 

Introduction 
In the recent years, many methods of producing ceramic materials have been 

studied. Among these methods, for producing microporous and reticulated ceramic foams, 
the replica technique takes place as a promising way to produce these types of ceramics. 
This method is based on impregnation of ceramic slurry in a sponge (synthetic or natural) 
followed by heat treatment. It is a method employed in producing reticulated ceramic 
foams for many types of applications, including particle filters, catalysis/photocatalysis 
supports in gas-phase and liquid-phase reactions and insulating coatings. Moreover, 
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macroporous ceramic foams present a large surface area with a relatively low density, 
suitable for many other applications since it can be produced from different types of 
starting ceramic powders [1-3]. Some attention is needed for hazardous and carcinogenic 
wastes from industry that causes environment pollution, for example, rhodamine B (Rh-B), 
which is used as dye and is a common product present in effluents from textile, paper and 
leather industry, and before let-off in nature, this waste must be treated. It is well known 
that Zinc oxide function as a good material for photodegradation of Rh-B to a less toxic 
material [4]. In this work, we produced macroporous open celled zinc oxide ceramics 
prepared via replica technique using a natural sponge as template and employing 
microwave radiation for the heat treatment and sintering process of the ceramic foams.  

Experimental procedure 
The macroporous open celled zinc oxide ceramic foams presented in this work 

were produced by the replica technique using Luffa sp natural sponges as templates for 
impregnation. The preparation of the ceramic slurry used for impregnation consists in 
dispersing the 70% wt. ratio of ceramic oxide (pure ZnO, 1% and 5% molar CuO doped) in 
distilled water, deffloculated with ammonium polyacrylate (0,1% of solid weight). After 
manually mixing for about 1 minute, the suspension was mixed in a high shear mixer 
(ULTRA TURRAX T25) during 10 minutes. After homogenization, xanthan gum (XG) or 
carboxymethylcellulose (CMC) were added with polyvinyl alcohol (PVA) as binders, 
followed by mixing in a mechanical stirrer for about 10 minutes. The Luffa sp sponges 
were cut in 2x2x1 cm pieces and carefully immersed in the ceramic slurry, squeezing to 
remove excess and left to dry for 24h in air. After dried, test samples were heated at 550 
°C during 30 minutes with 5 °C/min heating rate followed by sintering at 1300 °C during 
60 minutes with 5°C/min heating rate. These sintering parameters were used for 
comparison with the microwave sintering parameters adopted in this work. In a semi-
industrial microwave (COBER ELECTRONICS MS6K), the samples were heated at 550 
°C during 10 minutes with 50 and 100 °C/min heating rates, followed by microwave 
sintering at 1150, 1200, 1250 and 1300 °C during 10 and 15 minutes with 100 °C/min 
heating rate (2,45 GHz and 2,8kW of maximum forward power). Figure 1 present the 
photographs of as-sintered ceramic foams, depicting its aspects. After sintering, a solution 
of 1M zinc acetate in water were prepared adding a small amount of PVA, under vigorous 
mixing at 40 °C. The as-sintered samples were immersed in this solution under continuous 
mixing for 15 minutes. Those samples were heat treated at 500 °C during 2 hours with 5 
ºC/min heating rate, forming zinc oxide nanoparticles deposited in the macroporous 
ceramic foams. The microwave sintered samples and zinc oxide nanoparticles deposited 
samples were analyzed by scanning electron microscopy (PHILIPS-XL30-FEG) and 
evaluated through Rh-B photocatalytic degradation under UV light. The photodegradation 
reactor was composed of four 15W UV light bulbs and a cooling system to avoid thermal 
degradation. Water was used as blank and solutions of 5mg.L-1 of Rh-B in water were 
prepared for the tests. The photocatalytic potentials of the samples were assessed after 
overnight incubation of the Rh-B solution to ensure the diffusion of the particles of the dye 
on samples. The tests were taken in dark and after 15, 30, 45, 60, 90 and 120 minutes of 
UV light exposure, scanning the UV-Vis absorbance spectrum from 400 to 800 nm range 
in an Agilent Technologies Cary 60 UV-Vis spectrophotometer. The relative density of the 
samples was measured following the ASTM C373-88 standard for whiteware fired 
products. 
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Fig. 1 – Microwave sintered samples: A) pure ZnO (with CMC); B) pure ZnO (with XG); 
C) ZnO + 1% CuO (with CMC); D) ZnO + 5% CuO (with CMC).

Results and discussion 
The production of this macroporous open celled ceramics must be evaluated in 

regard to the quality of the final product. One of the desired characteristics of this open 
celled structure lies on the fact that the reticulated structure of the natural sponge must be 
covered with ceramic while maintaining the macropores opened, to ensure the maximum 
possible specific surface area. This was achieved in most samples, with carefully 
squeezing the ceramic slurry excess from the sponge template before letting it to dry. To 
ensure that to happen, a careful control of the ceramic slurry properties (solid content and 
additives) must be done, to prevent for example, cracks in the ceramic foam after dried. It 
was noticed in dried samples, that using XG combined with PVA as binders produced 
samples with fewer cracks in comparison with samples prepared using CMC and PVA. 
This occurs because CMC can induce shear localization, which results in high shear rate 
regions along the sample. This effect might lead the sample to behave like a solid under 
shear stress, further leading to formation of cracks. In contrast, this effect occurred to a 
lesser extent with the use of XG, associated with a lower shear-thinning index (stronger 
thining behaviour) compared with CMC, leading to fewer cracks during the drying [3]. 

Fig. 2 depicts the SEM images of the ZnO and CuO-doped ceramics microwave 
sintered at 1150 °C for 10 minutes. It can be noticed that sinterability of the samples 
improved by adding CuO as dopant, increasing its relative density. This effect occurs 
because copper reduces the activation energy for grain growth of zinc oxide, promoting 
growth of grains and thus increasing the relative density [5]. The density depends both on 
grain growth and pore enclosure during sintering of the sample, and the latter also 
increased, noticed by analyzing the SEM micrographs, so it is intuitive that the density of 
CuO-doped samples would increase. It is also noticeable that as we increase the quantity of 
CuO in samples, a Cu-rich secondary phase segregates to grain boundary, depicted in the 
SEM-EDS elemental mapping of the 5% CuO-doped sample (Fig. 3). This segregation of a 
Cu-rich secondary phase was also observed in previous studies of Chiou and Chung [6] 
and Bellini, Morelli and Kiminami [7]. The increase of sintering temperature aided the 
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densification until 1250 °C, where after this temperature the relative density of samples 
decreased, as shown in Table 1. This indicates that the optimal microwave sintering 
temperature was reduced by at least 50 °C compared to conventional sintering (which is 
1300 °C) [8]. 

Table 1 – Relative density of microwave sintered samples with 10 and 15 minutes of 
soaking time. 

Relative 
Density 

(%) 

1150 °C 
(10 min) 

1200 °C 
(10 min) 

1250 °C 
(10 min) 

1250 °C 
(15 min) 

1300 °C 
(10 min) 

1300 °C 
(15 min) 

ZnO (XG) 47,45% 91,30% 75,57% 76,30% 76,91% 71,79% 

ZnO 
(CMC) 

59,98% 69,22% 77,06% 78,95% 77,25% 76,91% 

ZnO + 
1% CuO 

52,95% 51,65% 78,26% 75,94% 73,82% 73,11% 

ZnO + 
5% CuO 

78,74% 73,77% 79,23% 80,10% 78,77% 71,27% 

Fig. 2 – Samples microwave sintered at 1150 °C for 10 min: A) pure ZnO (with XG), B) 
ZnO + 1% CuO and C) ZnO + 5% CuO. 
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Fig. 3 – SEM-EDS elemental mapping of 5% CuO-doped sample microwave sintered at 
1150 °C for 15 min. 

The microwave sintered samples did not show significant efficiency of 
photodegrading the Rh-B (less than 5% after 120 minutes of UV light exposure), so it was 
tested whether if a deposition of zinc oxide nanoparticles covering the open-celled 
macroporous structures would affect positively this efficiency.  Fig. 4 depicts the zinc 
oxide nanoparticles deposited on microwave sintered samples. The efficiency of those 
samples with nanoparticles deposited increased considerably, up to almost 30% of Rh-B 
degrading after 120 minutes of UV light exposure. The efficiency on the degradation of 
dyes is directly correlated with the generation of free radicals and the non-recombination 
of electron-hole pairs, besides the exposure of the sample surface to UV light, since the 
photocatalysis occurs in the exposed surface of the material. In terms of processing, the 
material characteristics must be highly porous, favoring the photocatalytic efficiency, with 
high structural integrity, obtained through sintering. The sintering step is critical since, 
although being fundamentally necessary to increase the mechanical strength of the final 
product, could compromise the photocatalytic properties due to partial closing of pores and 
promoting grain growth. This statement presented shows that some modifications on the 
sintering steps or composition formulation must be done to correct and enhance the 
photocatalytic activity and efficiency of this material, but also open up possibilities for 
different applications where a high relative surface area is needed. 
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Fig. 4 – SEM images of zinc oxide nanoparticles deposited in samples microwave sintered 
at 1150 °C during 10 min: A) pure ZnO and B) 5% CuO-doped. 

Conclusions 
The replica technique was successfully employed utilizing Luffa sp natural sponges as 
templates for ceramic slurry impregnation, producing open celled reticulated macroporous 
pure and CuO-doped zinc oxide ceramic foams. The samples were successfully microwave 
sintered, with densities ranging roughly from 50 to 80%, depending on sintering 
parameters adopted. Mildly porous microstructures with grains of about 0,5 to 1 µm were 
obtained. This was achieved with less than 1 hour of microwave heat treatment, compared 
to approximately 6 hours of conventional sintering time, besides reducing the optimal 
soaking temperature in 50 ºC.  
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Microwave sintering of Na-b-Al2O3 was investigated by the use of single mode cavities in 
order to monitor the parameters affecting the sintering process, like the forward power, 
together with the temperature evolution, making possible to perform energy efficiency and 
specific energy consumption evaluations.    
Sintering was performed at the frequency of 2450 MHz, but preliminary results are also 
reported using the higher frequency of 5800 MHz, in order to study its effect on important 
parameters like the power density distribution as well as the penetration depth, which are 
responsible of the resulting heating rate and sintering outcome.  
Dielectric properties of loose powders were measured as a function of temperature in order 
to predict and support the understanding of their experimental heating behaviour. 
Dielectric properties also provided useful information for the multiphysics numerical 
simulation, which was performed in order to reach insights into the power density 
evolution in the specimen as sintering proceeds. 
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The free-form nature of additive layer manufacturing has opened up new and exciting 
possibilities for the manufacture of 3-D passive microwave devices. One such method is 
powder bed fusion (PBF), in which metal powders (in the size range 15 to 45 microns) are 
melted in consecutive 2D layers using a highly focused, high power laser. The high surface 
roughness that arises in as-grown PBF-manufactured parts is of particular importance for 
potential microwave applications owing to the surface confinement of current due to the 
classical skin effect; this leads to higher values of surface resistance compared with bulk 
parts made using traditional (subtractive) manufacturing methods. To investigate this from 
a fundamental perspective, we have developed two novel microwave characterisation 
techniques to study small-area metal plates, both operating in the C-band; namely, the lift-
off dielectric resonator [1],[2] and orthogonal parallel plate [3] methods. The former drives 
circular surface currents in the sample, whilst the latter drives linear currents at right 
angles to each other, according to the mode selected, and so allows the study of surface 
electrical anisotropy. We demonstrate that both of these methods yield reproducible values 
of surface resistance with very small systematic and random errors of around 1% and 
0.1%, respectively, allowing us to investigate with high confidence any small systematic 
changes associated with either the manufacturing or post-processing conditions. We 
present measurements of the surface resistance of as-grown and post-processed PBF 
manufactured sheets of the commonly-used alloys AlSi10Mg and Ti6Al4V, grown in a 
range of sample orientations within the PBF build chamber. We show that post-processing 
can optimise the surface resistance to values very close to those expected of the bulk 
metals, with negligible anisotropy as a result of the laser raster patterns. We also describe 
the extension of these measurements using a broadband test fixture for single PBF parts 
over both the X and Ku microwave bands, thus covering the important range of 
frequencies for passive microwave devices for satellite applications. 
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Tissue engineering provides an alternative to traditional transplantation when native tissues 
and organs loose their functionality. One of the most commonly body parts to be replaced 
are bones. Development of the bioactive scaffolds enables restoration of both mechanical 
and biological functions of the damaged tissue. Chitosan which is a natural polymer 
obtained from chitin constitute a great raw material for scaffolds development due to its 
biodegradability and lack of cytotoxicity. Due to the hydroxyl and amino groups it may 
undergo certain modifications. However, presence of intramolecular hydrogen bonds 
decreases its reactivity. Therefore, microwave radiation is a great alternative to traditional 
modification routes. 
The aim of the following study was to obtain novel chitosan derivatives under microwave-
assisted conditions followed by doping with hydroxyapatite nanoparticles to enhance their 
durability and biological activity and combining with PLA nanofibers. To perform 
chemical modification of the native chitosan, the polymer was crosslinked using 
dicarboxylic acid with propanodiol as high-boiling medium. The use of MW resulted in the 
formation of covalent bonds between free amino groups of chitosan and carboxyl moieties 
of  the aminoacid as well as hydroxyapatite nanoparticles incorporation into the polymeric 
matrix as a result of  hydrogen bonds formation. Ready nanocomposites were 
characterized over their chemical structure by FT-IR and XRD. Swelling degree in 
distilled water and SBF was determined. Morphology study carried out by TEM and SEM 
microscopy confirmed preparation of hybrid biomaterials with highly porous and spatial 
architecture. Further studies confirmed apatite crystals formation after incubation in 
simulated body liquids. The samples cytotoxicity was determined by XTT assay. 
Performed research confirmed a high potential of the newly-developed biomaterials in 
guided bone tissue regeneration procedures. 
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A new method of preparation of solid epoxy resins (SER) with desired epoxy-group 
content via an advanced process under microwave irradiation is presented together with the 
results of molecular weight measurements for narrow oligomeric fractions obtained from 
the chromatographic separation of SER. All the measurements were performed by using 
Gel Permeation Chromatography (GPC) and Matrix-Assisted Laser Desorption Ionization 
Spectrometry – Time of Flight (MALDI-TOF/MS). In the GPC analysis, two types of 
calibration were used: the first was a standard calibration based on polystyrene standards, 
while the second was done based on chromatograms of epoxy resins synthesized from 
bisphenol A (BPA) and diglycidyl ether of bisphenol A (EDBPA) (Fig. 1).  

Fig. 1. Synthesis of solid epoxy resins (SER) by the reaction of bisphenol A with 
low-molecular-weight epoxy resin. 

It was found that the purity of starting materials i.e. low molecular weight epoxy resin, 
clearly determined the structure of the SER. To obtain SER with linear chain structures and 
an even number of polymerization degrees, the low molecular weight epoxy needs to be 
characterized by a high content of diglycidyl ether of bisphenol A  (EDBPA) as it was 
observed for Rutapox 0162. In the case of low molecular weights epoxy resins that 
contained a higher oligomeric fraction of diglycidyl ether of bisphenol A  (EDBPA) like 
Epikote 828, one can observe an even and odd polymerization degree which resulted in the 
branching of chain structures. Eventually, the procedure of chromatographic separation of 
SER allowed a better correlation of results from MALDI-TOF/MS and the GPC. 
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High-temperature sodium ion batteries (SIBs) draw significant heed recently for large-
scale energy storage. Yet, conventional SIBs are in the depths of inferior charge/discharge 
efficiency and cyclability at elevated temperatures. Rational structure design is highly 
desirable. Hence, a three-dimensional hierarchical flower architecture self-assembled by 
carbon coated Na3V2(PO4)3 (NVP) nanosheets (NVP@C-NS-FL) is fabricated via a 
microwave-assisted glycerol-mediated hydrothermal reaction combined with a post heat-
treatment. The growth mechanism of NVP@C-NS-FL is systematically investigated, by 
forming a micro-spherical glycerol/polyglycerol-NVP complex under microwave 
irradiation initially and then converting into flower-like architecture during the subsequent 
annealing at a low temperature ramping rate. Benefiting from the integrated structure, fast 
Na+ transportation and highly effective heat transfer, the as-obtained NVP@C-NS-FL 
exhibits an excellent high-temperature SIB performance, e.g., 65 mAh g-1 (100 C) after 
1000 cycles under 60 °C. When coupled with NaTi2(PO4)3 anode, the full cell can still 
display superior power capability of 1.4 kW kg-1 and long-term cyclability (2000 cycles) 
under 60 °C. 

Fig. 1. Scheme of the microwave-enabled synthesis of flower-like NVP/C for high-
temperature Na-ion battery. 
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The CZTS (Cu2ZnSnS4) nanocrystals, due to their optical and electrical properties (e.g. 
relatively low band gap energy about 1.5 eV and high absorption coefficient about 104 cm-

1), are one of the most promising materials for the absorption layers in photovoltaic 
devices.  In this study, the CZTS nanoparticles (size about 10 nm) were obtained under 
microwave reaction by using as stabilizing agent ethylenediamine. The obtained 
nanocrystals were systematically characterized in terms of structural and optical properties 
using X-ray diffraction (XRD), transmission electron microscopy (TEM), Fourier-
transform infrared spectroscopy (FT-IR) and UV-Vis analysis. For the further formulation 
of a stable nanoparticle ink with rheological and wetting properties suitable for inkjet 
printing, a mixture of different solvent was used for ink formulation. Simultaneously, 
CZTS nanoparticles after surface modification were used for the production of active layers 
of hybrid photovoltaic devices with the maximum efficiency about 2.0 %. The distribution 
of nanocrystals in the polymer matrix was confirmed by secondary ion mass spectroscopy 
(SIMS). 

This work was financially supported by the  National Centre for Research and 
Development within the V edition LIDER program (project number LIDER/009/185/L-
5/13/NCBR/2014). 
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There is currently no recognised equation, or set of equations, that can be used to
adequately describe moisture dependant dielectrics. This study addresses this issue so that
moisture dependant dielectric properties can be directly input into drying models, where
the microwave or radio frequency source is always limited to a single frequency. This was
achieved by adapting water activity equations to describe the moisture dependant
behaviour of the loss factor and the dielectric constant of hygroscopic inhomogeneous
materials at microwave and radio frequencies. These equations were fitted to thirty
moisture dependant loss factor and dielectric constant data sets. Figure 1 shows the
imaginary part of the permittivity of an apple sample measured at 915 MHz and 2450 MHz
versus the moisture content wet basis. Two different adapted water activity equations
proposed by Guggenheim, Anderson and de Boer (GAB)1 and Chen2 were used to fit the
data. In the present study the suitability of the equations is discussed, and specific
equations are recommended for fitting to different types of moisture dependant dielectric
response

Fig. 1. Best residual sum of squares fit for apples at 60oC using loss factor measured by
Feng et al.3 at frequencies of (a) 915MHz (GAB) and (b) 2.45GHz (Chen).
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The production of carbon fibers based on Polyacrylonitrile (PAN) precursor fibers is an 
energy intensive process. The final material costs are not competitive if compared to the 
production of steel or aluminum even though the mechanical properties are superior [1]. A 
solution for a more energy efficient production might be the introduction of microwave 
heating into the production process. A theoretical model for the first production step of the 
carbon fiber production, the stabilization phase around 260 °C, is set up to get a better 
understanding on the microwave heating and the reaction kinetics. The heat generated by 
the exothermic reactions is included, as well as, the change in the absorbed microwave power 
due changes in the dielectric loss. The influence of the strong rise of the dielectric loss with 
higher temperatures [1] can be increased or reduced by the use of a hybrid mode with a 
heated air flow. For starters, an air flow of 200 °C was added to preheat the fibers. Including 
all these aspects allows the investigation of the thermal runaway effect as a function of the 
fiber speed (vfiber) and the microwave power applied (P).  
In the model, a constant electrical field strength over the length of the system is implemented 
as well as the materials properties of a 12k fiber bundle. The model calculates the 
temperature rise at every z-position along the microwave system length (see Fig. 1). It helps 
to raise awareness for the thermal runaway for unsuitable parameter combinations. As can 
be seen in Fig. 2 only a small range in combinations results in the desired fiber temperature 
of 260 °C. Further steps are to vary the electrical field distribution along the length, the 
preheated air and to compare the stability ranges of the model with the experiment.  

Fig. 1. Temperature distribution over the 
length z for an air temperature of 200 °C 

and vfiber of 4 mm/s for different 
microwave powers. 

Fig. 2. Maximum temperature due to 
different combinations of the microwave 
power P and fiber speed vfiber for an air 

temperature of 200 °C. 
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The microwave non-thermal effect is still a pendent issue. Based on this feature that the 
polarization of microwaves causes polar molecules to orient in the direction of the electric 
field, the collision orientation and energy changes of polar molecules after polarization 
deserve more research and attention. In this paper, we have studied the spatial collision 
probability and energy distribution of water molecules under microwave irradiation. 
Through molecular dynamics simulation, we found that the total collision number and 
average energy are almost unaffected by the weak microwave fields, but the polarization 
increases the anisotropy of spatial collision and change the energy distribution of molecules. 
This result can be verified by the microwave stimulates the direct formation of tertiary 
amines via N-alkylation of amines by alkyl halides，and would be helpful to understanding 
the microwave non-thermal effect at the molecular level.  
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Abstract – This paper describes the multiphysics modeling of the thawing and 
tempering process of a beef meat sample in a microwave cavity fed with patch antennas 
and solid-state power amplifiers. It comprises a temperature range between -18ºC and 
20ºC, where significant changes in both the dielectric and thermophysical parameters 
take place. Moreover, the challenge of this work is to develop a multi-frequency system, 
where the correct frequency is used in each moment of the process. For that purpose, 
a thorough study of the effect of the ISM (Industrial, Scientifical and Medical) 
frequency band for the Region 2 [1], 915 MHz , on the resulting temperature profile is 
performed. The information of the dielectric properties is obtained through the 
available data, and the thermophysical properties are obtained through approximative 
equations. 

I. INTRODUCTION.

Microwave technology and food processing have a common long history. Several 
researchers stated that microwaves will eventually become a standard tool in the food 
industry [2], however, it will be necessary to adapt microwave heating equipment to new 
processes, rather than to adapt the food or the process to the microwave oven itself. With 
that in mind, and the rise in the development of solid-state power devices, seems interesting 
to make a different approach. During the last 2 years, new solid-state power amplifiers, with 
improved efficiency and performance, readily available at the marketplace have been tested 
for high-power applications. 

Using semiconductor-based RF generators offer control perfection in terms of the properties 
of the RF signal: frequency, phase, power level, modulation, and timing of the 
electromagnetic microwave can be set and monitored for feedback at will. This is interesting 
for applications in food industry. Modelling of this kind of ovens, solutions and processes 
facilitates the development. 

These developments present an opportunity to work easily with other ISM frequencies, for 
instance lower bands like 915 MHz (896 MHz in Europe) or 433 MHz. Eliminating the old 
difficulty related to the waveguide dimensions, by the implementation of TEM antennas 
capable to handle high power, it will be possible to improve the performance of both 
commercial and industrial microwave ovens.  
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In this paper, a solid-state based oven prototype working at 915 MHz with two coherent 
feeding antennas (Microbiotech S.L., Spain) is modelled for the thawing and tempering 
process of a meat sample (Fig 1.).  

Fig 1. View of the geometry components of the model with a surface temperature plot 

II. DIELECTRIC PROPERTIES

As stated by Bengtsson and Ohlsson [2], the heat generated rises with the dielectric loss of 
the food material. The dielectric properties of foods are affected by frequency, temperature 
and composition. For some of the parameters (e.g., composition in terms of certain 
constituents) the impact of the dielectric properties is relatively moderate. Things also 
depend on type of application, e.g., if phase changes are included. Different studies have 
shown this effect, e.g., [3] studied the effect of the frequency in an ample range, while [4] 
and [5] did their studies with respect to the composition. Most data of all kind of food 
products is already available, and the new data in most cases show good agreement with the 
study by Bengtsson and Ohlsson [6], considered and referenced in many books as accurate 
reference data. 

Within the extensive data available in the literature, the study presented by Farag in [7] meets 
the temperature range of interest to the present project. These dielectric values are related to 
the following composition: 67.8% of moisture, 11.8% of fat, 17.9% of protein and a 0.8% 
of ash. This composition will be used afterwards for the mass and volume fractions needed 
in the thermophysical equations. 

The relative permittivity and loss factor are obtained from that paper. These were defined in 
the Comsol® model in piecewise format. In Fig 2. and Fig 3., it is presented how the data is 
introduced in the software. 
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Then the complex relative permittivity is defined as one of the material properties as a 
temperature dependent equation (1) 

𝑒𝑝𝑠𝑖𝑙𝑜𝑛𝑟_𝑖𝑠𝑜 =  𝑒1(𝑇) − 𝑒2(𝑇) ∗ 𝑗 (1) 

Fig 2. Assignment of the real part of the dielectric permittivity 

Fig 3. Assignment of the imaginary part of the dielectric permittivity 

III. THERMOPHYSICAL PROPERTIES

Regarding the thermophysical properties that define the sample behavior within temperature, 
a common approach is to use approximative equations, such as defined by e.g., Choi and 
Okos in 1986 [8], which are written for temperatures in ºC in [9]. The main parameters used 
are the density, thermal conductivity and specific heat; while the components of the food are 
the water, protein, fat and ash content. All these equations are shown in Table 1. 
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Table 1. Thermal Property Models for Food Components (- 40  T  150º C) 

Thermal 
Property 

Food 
Component 

Thermal Property Model 

Density, kg/m3 Water ρ𝑤 = 9.9718 × 102 + 3.1439 × 10–3𝑇– 3.7574 × 10–3𝑇2

Ice 𝜌𝑖𝑐𝑒 = 9.1689 × 102 − 1.3071 × 10–1𝑇 
Protein 𝜌𝑝𝑟𝑜𝑡 = 1.3299 × 103 − 5.1840 × 10–1𝑇

Fat 𝜌𝑓𝑎𝑡 = 9.2559 × 102 − 4.1757 × 10–1𝑇 
Ash 𝜌𝑎𝑠ℎ = 2.4238 × 103 − 2.8063 × 10–1𝑇 

Thermal 
conductivity, 

W/(m·K) 

Water 𝑘𝑤 = 5.7109 × 10−1 + 1.7625 × 10–3𝑇– 6.7036 × 10–6𝑇2

Ice 𝑘𝑖𝑐𝑒 = 2.2196 − 6.2489 × 10–3𝑇 + 1.0154 × 10–4𝑇2

Protein 𝑘𝑝𝑟𝑜𝑡 = 1.7881 × 10−1 + 1.1958 × 10–3𝑇– 2.7178 × 10–6𝑇2

Fat 𝑘𝑓𝑎𝑡 = 1.8071 × 10−1 − 2.7604 × 10–4𝑇– 1.7749 × 10–7𝑇2

Ash 𝑘𝑎𝑠ℎ = 3.2962 × 10−1 + 1.4011 × 10–3𝑇– 2.9069 × 10–6𝑇2

Specific heat, 
kJ/(kg·K) 

Water (-40 – 0ºC) 𝑐𝑤𝑢 = 4.1289 − 5.3062 × 10–3𝑇 + 9.9516 × 10–4𝑇2

Water (0 – 150ºC) 𝑐𝑤𝑜 = 4.1289 − 9.0864 × 10–5𝑇 + 5.4731 × 10–6𝑇2

Ice 𝑐𝑖𝑐𝑒 = 2.0623 + 6.0769 × 10–3𝑇 
Protein 𝑐𝑝𝑟𝑜𝑡 = 2.0082 + 1.2089 × 10–3𝑇 − 1.3129 × 10–6𝑇2

Fat 𝑐𝑓𝑎𝑡 = 1.9842 + 1.4733 × 10–3𝑇 − 4.8008 × 10–6𝑇2

Ash 𝑐𝑎𝑠ℎ = 1.0926 + 1.8896 × 10–3𝑇 − 3.6817 × 10–6𝑇2

The presented models, are combined with the mass fractions following the equations 
available in [10] and described in (2) – (6).  

The law of addition of specific volumes allows good estimation of the density of a mixture: 

1/ρ = ∑ 𝑥𝑖/ρ𝑖 (2) 

where 𝜌 is the density of the mixture, 𝑥𝑖 are the mass fractions of each component and 𝜌𝑖 
the densities of the constituents. 

The thermal conductivity of multicomponent foods lies between two limiting values. The 
lower limit is given by a perpendicular model that assumes that the constituents are disposed 
in layers perpendicular to the low of heat. The law of addition of thermal resistances in series 
leads to the equation: 

𝑘⊥ = 1/ ∑ ϵ𝑖/𝑘𝑖  (3) 

where k⊥ is the thermal conductivity of the food according to the series model, 𝜖𝑖 is the 
volume fraction of each constituent (𝑥𝑖/𝜌𝑖) and 𝑘𝑖  are the thermal conductivities of the 
constituents. 

The upper limit on the thermal conductivity comes from the parallel model, in which the 
constituents are arranged as layers parallel to the heat low: 

𝑘∥ = ∑ 𝜖𝑖  𝑘𝑖 (4) 
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A mixing model combining the two limiting values is often used as an estimate of the thermal 
conductivity, 

𝑘𝑚𝑖𝑥 = 𝑔𝑘⊥ + (1 − 𝑔)𝑘∥ (5) 

where, g = 0.5 is used to obtain the arithmetic mean of the two models. 

As the specific heat capacity is an additive property, one can use the summation formula to 
predict the specific heat capacity of a food with known composition: 

𝑐𝑝 = ∑ 𝑥𝑖𝑐𝑝𝑖 (6) 

where 𝑐𝑝 is the specific heat capacity of the mixture, the values of 𝑥𝑖 are the mass fractions 
of the various constituents, and the values of 𝑐𝑝𝑖 are the specific heat capacities of the 
constituents. 

In the case of the heat capacity, a conditional equation will be used to pick the correct 
specific heat of the water, whose equations are different when the temperature is under or 
over 0 ºC. 

Lastly, the amount of water will vary from frozen to liquid within the temperature increase. 
This change is defined by (7) 

𝑥𝑖𝑐𝑒 =
1.105𝑥𝑤

1 +
0.7138

𝑙𝑛(𝑇𝑓 − 𝑇 + 1)
(7) 

where 𝑥𝑤 is the total water fraction and 𝑇𝑓 is the freezing point temperature. In the case of 
the beef meat, this value is -1.76 ºC. 

IV. ELECTROMAGNETIC AND MULTIPHYSICS DESIGN

The electromagnetic design of the oven, on a first approach, consists of an air box with a 
definition of impedance boundary condition in every outer face, emulating the behavior of 
an air-filled metal cavity. The patch antennas tuned at 915 MHz and fed by coaxial cables 
serve as the two ports. These two ports are configured with 500 W output power, and the 
phase can be changed parametrically. The separation and rotation between the antennas are 
set to have the minimum mutual coupling effect. 

As can be seen in Fig 1., for instance, a dielectric dish is located at the bottom of the oven, 
where the beef sample is placed. 

To conclude the modelling preparation, a multiphysics three steps study is defined: a phase 
sweep, followed by a frequency domain electromagnetic study, and concluding with a time 
domain, heat transfer and multiphysics coupling study. 
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Fig 4. Example screenshot of the surface temperature of the sample after 60 seconds of 
heating process. 

Fig 5. Example screenshot of the surface temperature of the sample after 180 seconds of 
heating process. 

The phase change will show how homogeneity can be achieved by changing constantly the 
fields. In order to have a coherent phase sweep, the frequency must be the same for both 
antennas. So, a frequency sweep is performed to define the optimal frequency for both 
antennas, with the objective of reduce both mutual coupling and self-reflection, giving as a 
result frequency 910 MHz. 

The main part of the study, the time dependent, is used to evaluate the effect of the 
microwave energy source in the sample. In Fig 4. and Fig 5. can be seen the different 
temperature patterns in the sample after two different periods of time. And in Fig 6., a graph 
of the average and maximum temperature in the load volume. 

V. FUTURE STEPS

As introduced at the beginning of the paper, one of the future steps will be to perform a 
multifrequency study. This is not as simple as it sounds, because is not an implemented 
feature in Comsol. Future processes will include two or three frequencies working 
simultaneously or in times, depending on the kind of food, the objective of the process or 
the desired food finished by the consumer.  
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Fig 5. Volume temperature change during 120s of microwave heating. 

VI. CONCLUSIONS

The model presented in the paper could be used to predict the heating profile and fine-tune 
the settings with the aim to achieve a more levelled out heating distribution. This capacity is 
useful, for example, for precooked food companies to understand and adapt their recipes in 
an efficient way, i.e., without the need of destroying a high amount of food during the 
process.  
Being able to visualize the temperature pattern inside of a meat sample during the thawing 
and tempering process is another of the key features of the model. 

Fig 6. Isothermal cut with the temperature pattern. 
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the food industry, as well as other heating processes where the control is one of the main 
requirements. 
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Doped titanium dioxide nanoparticles present the double advantage of an extremely high 
surface area and the photocatalytic behaviour activated in the visible region of the 
spectrum, instead of the typical UV one [1]. Microwave processing was selected for its 
potentially better control over particle size distribution [2] and rapid heating to the 
processing temperature, in view of a process intensification approach. Hexagonal prismatic 
together with an alternative cuboidal applicator geometries have been studied to address 
the definition of the operational conditions under microwave/ultrasound (MW/US) 
irradiation in a continuous process, and in particular to evaluate the expected temperature 
distribution within the flowing load. A helix-like geometry of the load was simulated, using 
the commercial software Quickwave 3D, investigating the effect of the helix shape and 
dimensions on the heat generation homogeneity.  In an effort to couple the microwave 
synthesis with ultrasound exposure, useful to avoid agglomeration in the early stages of the 
synthesis, an alternative cubic-like slotted waveguide-fed applicator has been designed. In 
this case, the use of solid state sources, with phase shift control, was hypothesised, in order 
to further improve heat generation homogeneity. In both scenarios, the energy efficiency 
has been evaluated by integrating the power density on the load volume and the heat 
generation homogeneity evaluated taking into account the ratio between standard deviation 
(to be minimized) and average value of the power density (to be maximized) has been 
calculated. The modelled applicators have been built and tested with reference water loads, 
simulating the reactants mixture, and temperature distribution has been monitored by non-
perturbative methods. Further optimization (i.e modification of the degree of insertion of 
US emitter) will be under consideration. 

Acknowledgement 
This work was carried out in the context of a larger European project named: “Sonication 
and Microwave Processing of Material Feedstock (SIMPLIFY)” supported by the 
European Union’s Horizon 2020 research and innovation programme under grant 
agreement No 820716. 

References 
1. Baldi G. et al., Process for preparing stable suspensions of metal nanoparticles and

the stable colloidal suspensions obtained thereby, 2010, WO 2010/100107.
2. Ponzoni C., et al., Proceed.13th Intl Conf. Microwave and RF Heating-AMPERE

2011, 2011, 54-57, code 107519.

244



18th International Conference on Microwave and High Frequency Applications 
AMPERE 2021, Gothenburg, Sweden, September 13-16, 2021 

 

NEW CLASS OF CHITOSAN-DERIVED HEMOSTATIC AGENTS OBTAINED 
UNDER MICROWAVE-ASSISTED CONDITIONS 

J. Radwan-Pragłowska1, Ł. Janus1, M. Piątkowski1, A. Sierakowska1, D. Bogdał1, T.
Galek2, M. Tupaj2, E. Szajna3

1Department of Biotechnology and Physical Chemistry, Faculty of Chemical Engineering
and Technology, Cracow University of Technology, Warszawska 24 Street, 31-155
Cracow, Poland
2Faculty of Mechanics and Technology, Rzeszow University of Technology, ul.
Kwiatkowskiego, 37-450 Stalowa Wola, Poland, Poland
3Nano Prime, Metalowców 25, 39-200 Dębica, Poland
j.radwan@doktorant.pk.edu.pl

Keywords (choose minimum two): Microwave, Medical applications, Biological 
applications, Biomass/Waste, Characterisation 

Massive blood loss leads to thousands of deaths around the world and is responsible for the 
vast majority of reoperations. To prevent blood outflow from the veins, various methods 
can be applied. Very often, hemorrhages occur as a result of the traffic or domestic 
accident as well as on the battlefield. Thus, preparation of efficient biomaterials such as 
hemostatic agents restoring hemostasis for self-use is one of the crucial challenges for 
modern medicine. Such material should be hemostatic, non-toxic, biocompatible and 
biodegradable. Moreover, modern products should exhibit additional positive effects on 
wound healing process. 
Microwave radiation enables fast and effective natural extracts obtainment which are 
characterised by high bioactivity, especially in terms of antioxidant properties. The aim of 
this research was to develop a new type of an efficient hemostatic agent via chemical 
modification of hemostatic polymer – chitosan and its biological properties enhancement 
through the addition of Kalanchoe pinnata without its biodegradability rate deterioration. 
In the following studies multiple plant extracts were obtained in the field of microwave 
radiation using various solvents and extraction procedures. The products were further 
investigated over their chemical composition, spectroscopic properties and ability of free 
radicals’ removal. Providing MW-assisted conditions for chitosan chemical modification 
in purpose to prepare hydrogels with high swelling abilities enabled reduction crosslinking 
time up to few minutes and resulted in the obtainment of novel materials with high 
porosity and superior capability of blood sorption. Adjusting of microwave reactor type, 
MW irradiation time and power as well as a solvent enabled development of a method for 
innovative biomaterials preparation with high repeatability due to the limited local 
overheating points.  
Performed studies on the newly developed biomaterials confirmed their hemostatic 
efficiency, biocompatibility to L929 mouse fibroblasts and antioxidant properties thus 
proving their potential as a natural blood-clotting agent. 
This research was supported financially by The National Centre for Research and 
Development grant number LIDER/21/0120/L-10/18/NCBR/2019. 
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Abstract 
Glass melting can profit from microwave heating in terms of melting time reduction and 
throughput increase. Additionally, significant energy savings might be achieved, even when 
considering losses for microwave generation. Within this paper, we present two approaches 
for continuous microwave assisted glass melting and first experimental results.  
The first concept considers the application of microwaves in a platinum crucible with 
inductive primary heating and a microwave secondary heating. The second concept 
considers a furnace with resistive heating and microwave assistance. Both approaches have 
been realised in lab-scale systems. 
The microwave enhanced platinum crucible melter is based on a conventional induction 
furnace. A microwave applicator with low microwave leakage, optical view port and 
material feed was designed and tested. Power was supplied with a 3 kW 2.45 GHz 
magnetron and measured using a 6-port reflectometer, impedance was matched by means of 
an automated three stub tuner.  
A laboratory furnace with two zones has been developed for the second concept. The 
primary melting zone was equipped with a water-cooled microwave power inlet via 
rectangular waveguide. The microwave setup was similar to the platinum crucible.  
Both setups were tested for a wide range of power settings, throughputs and glass 
compositions. Initial tests show a significant decrease in melting time (batch to primary 
melt) for both concepts with favourable specific energy consumption. Foam formation and 
dusting problems are discussed, as well as positioning of the microwave inlet. 
Considerations for microwave interaction with primary heating systems and refractory 
materials are discussed.  
Upgrade solutions for conventional furnaces appear feasible from these results. 
Measurements regarding microwave leakage show acceptable leakage for 2.45 GHz in both 
configurations. Microwave interaction with glass and refractory materials is in accordance 
with results from previous research.  

1. Introduction
Energy intensive processes like glass melting, ceramics burning and calcining processes are
a conventionally mainly heated with fossil fuel. They are therefore a source of CO2, which
is known for its greenhouse potential. Under the Paris Agreement from 2015 and the
following national legislation companies and citizens are forced to reduce CO2 emissions
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by 90 % until the year 2050. For energy intensive processes this whether means a 
substitution of fossil fuel with so-called “green fuels” or a switch to electric heating[Source]. 
Many forms of electric heating are available, ranging from resistive heating, to inductive 
and dielectric heating. Many conventional furnaces and kilns are heated by resistive heaters 
via infrared radiation heat transfer. Heat flow is limited by the maximum temperature for the 
heating elements and approaches zero for very high temperatures. Inductive and dielectric 
heating are not limited by these constrains.  
While not all high temperature processes are suited for dielectric heating, glass melting is 
[1, 2]. Conventional glass melting furnaces vary in size and throughput from a few kilogram 
per day and several hundred tons per day. Heating with electric power only is, at current 
prices for natural gas and electricity about five times more expensive [3]. However, the use 
of electric power via electrodes is a well-known technique and widely employed [4]. 
Electrodes have well known drawbacks and are not suited for all glass compositions. 
Especially glasses with very low electric conductivity cannot easily be heated with 
electrodes [4]. These are situations were microwaves can be used as an alternative heating 
system. Furthermore, microwaves can be used as a booster system in inductive melting, 
where they increase melting capacity in platinum melting furnaces. A similar approach is 
possible for so called flatbed melters with conventional resistive heating or conventional 
burners. The following sections will detail construction and operation of a microwave 
enhanced platinum induction melting furnace and a hybrid microwave-resistive heated 
flatbed melter.  

2. State of the Art
Microwave melting of glasses has been a subject of research for at least for 25 years [5].
Experimental research has since proven that glasses can be produced with similar or better
properties using microwaves [6–11]. Laboratory scale tests using multimode furnaces with
susceptor support showed considerable energy savings compared to conventional heating
(e.g. [9, 12]) but were limited to batch processing. Continuous laboratory and demonstrator
scale [13–16] experiments with mono-mode systems without susceptor have proven the
general economic viability of microwave heated glass melting. A patent from Hajek et. al
claims a continuous melting process in a multimode cavity [17].
No information was found on hybrid heated glass melting systems. However, this approach
is well known for sintering of ceramics (e.g. [18]). Important factors to take into account for
the design of a microwave heated glass melting furnace are the changing dielectric properties
of the glass batch [19] and the increasing electric conductivity, leading to higher microwave
reflection [20]. Both should be counteracted by means of impedance matching or resonance
frequency adaption.

3. Experimental Setup and procedure
Both setups are based on a Muegge microwave generator (MH3000S Magnetron Head with
3000W maximum output at 2.45 GHz powered by MX3000D microwave power supply) and
a 6-port-reflectometer from Muegge with integrated automated three stub tuner (Tristan, 6
kW max power). The microwave setup without applicator is shown in Fig. 1. A circulator 
serves as a safeguard for the magnetron. Cooling shoes were mounted on the waveguide to 
provide cooling. A purge gas inlet was integrated, to prevent gases and dust to enter the 
waveguide. For additional safety against dust reaching critical components a microwave 
window made from fused silica was integrated. 
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3.1 Microwave-induction hybrid heated laboratory melting furnace setup 
For the first setup an induction heated laboratory melting furnace was equipped with 
microwave heating. The platinum/ rhodium crucible was inductively heated up to 1650°C, 
the available pull rate was <1500 g/h. Outlet tube and nozzle were direct electrical heated, 
nozzles were changeable. The furnace had a melting volume of about 2 liters. Fig. 2 shows 
the setup of the furnace without the microwave applicator. Fig. 3 shows the microwave  

applicator. The applicator was equipped with two ports to allow visual access and to feed 
new material and was made from high temperature resistant stainless steel. The ports had a 
diameter of 40 mm and a minimum length of 60 mm. It was paramount that applicator and 
platinum crucible do not touch. Yet, microwave leakage had to be minimal. The transition 
was therefore build to leave a minimal air gap smaller than 2 mm. Additional shielding was 
placed around the transition during operation. Bath/ batch surface temperature was measured 
using a pyrometer with a temperature range from 550 °C to 1400 °C. 

Fig. 2: Sketch of induction furnace setup. 1: 
Induction coils 2: Platinum-Rhenium crucible 
3: Refractory and insulation 4: Heated outlet 

tube and nozzle 

Fig. 3: Sketch of the applicator for the induction 
furnace. 1: Waveguide 2: Viewports 3: 

Transition to platinum crucible

Before testing, the furnace was heated up conventionally and was brought to a steady state 
operation. Afterwards, the microwave system was switched on. During operation microwave 
power, glass batch feed and glass removal were varied. Glass batch was added trough on of 
the viewports. The autotuner was set to automatic operation. The state of the glass melt 
(residual batch, bubbles) was checked visually through one of the viewports. Microwave 
input power and reflected microwave power were continuously measured by the 6-port 

Fig. 1: Sketch of microwave setup without applicator. 1: Waveguide to applicator 2: Waveguide 
water cooling 3: waveguide with purge gas inlet 4: microwave window 5: 6-port reflectometer 

and auto tuner 6: circulator 7: magnetron 
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reflectometer. Microwave leakage was measured every five minutes at several locations near 
the applicator and in the laboratory. 

3.2 Microwave-resistive hybrid heated laboratory flatbed melting furnace setup 
A small-scale flatbed furnace was purpose build for this setup and is shown in Fig. 4. The 
furnace consisted of two chambers, with a separating wall made from refractory above the 
melt. The first chamber was used for material input and microwave assisted melting, the 
second was used for fining. Three resistive heating systems were integrated, one below the 
bottom of the first chamber, one at the bottom of second chamber and one above the melt in 
the second chamber. SiC-heaters were used, temperature was controlled by thermocouples 
placed directly below the heaters. The furnace was build from fused refractory bricks and 
insulation material and completely encased with steel sheets. Necessary holes for 
thermocouple wires and electric wires were sealed with aluminum foil, to prevent 
microwave leakage. The furnace was installed in a metal frame for better stability. Molten 
glass was removed through a drain made from fused refractory bricks. The inclination of the 
furnace could be varied by several degree. Several viewports were installed, to allow visual 
inspection of the melt.  
The microwave applicator was a modified WR340 waveguide made from high temperature 
resistant stainless steel with water-cooling and radiation shielding. The waveguide was 
placed directly above the melt and batch in the first chamber of the furnace. Distance 
between waveguide and batch material could be varied. Fig. 4 also shows some details of the 
applicator. Radiation shielding was integrated by placing a silicon nitride plate over two 
support tubes made from aluminum oxide. 

1:  molten glass drain 
2: SiC heaters (top and bottom) 
3: material inlet 
4: fused refractory  
5: insulation wool 
6: Al2O3 support tubes 
7: Si3N4 cover plate 
8: waveguide water cooling 
9: waveguide 

Fig. 4: Sketch of a hybrid heated flatbed melter. Insulation and steel plating are not depicted for 
ease of understanding. 

For the experiments the furnace was heated to 1400 °C with conventional heating only. 
Afterwards glass batch was inserted to produce a first melt. This was necessary to determine 
a viable inclination for the furnace. Once this was fixed new glass batch was inserted and 
the microwave was turned on. During the experiments, the microwave had to be shut down 
in fixed intervals to allow the replacement of glass batch. For this, a door of the furnace had 
to be opened and the chute at the material inlet had to be used. Glass batch was put directly 
below the applicator outlet. Temperature was measured next to the SiC heaters by means of 
thermocouples. Molten glass was collected at the drain and weighted every two minutes. 
Microwave input power and reflected microwave power were continuously measured by the 
6-port reflectometer. Microwave leakage was measured every five minutes at several
locations near the applicator and in the laboratory.
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4. Experimental Results and Discussion
4.1 Microwave-induction hybrid heated laboratory melting furnace setup
Experiments were conducted over two days with varying microwave power between 200 W
and 1000 W and serve as a proof of concept. Data from the 6-port reflectometer show an
overall good absorption >90 % of microwave power for all tests. The data also clearly
indicates the influence of material temperature, especially the not molten glass batch above
the melt. Once the whole glass batch is molten, impedance mismatch increases until the
tuner can no longer counteract the effect and the reflection, as is shown in Fig 5.

Fig 5: Temperature and microwave absorption during a test run with 333 g glass batch and 
1000 W microwave power. 

The chart shows a test with 1000 W microwave power after charging 333 g of glass batch 
into the melting furnace. During the first five minutes, no temperature increase was 
measured, since the glass batch temperature was below the minimum detection temperature 
of the pyrometer. From visual observation foam formation and the beginning of melting was 
detectable. Notable was the formation of a hot spot in the middle of the glass batch. At 
around eight minutes, most of the glass batch was molten or sintered and microwave 
reflection increased. The fluctuation in the graph stems from changing stub positions, as the 
tuner tried to find a new solution for higher absorption. At around 11 minutes, arcing 
occurred at the applicator and the microwave was shut down.  
Compared to inductive melting only, melting time with microwave heating was reduced by 
about 30 %, however the results were not consistent over all experimental settings. 
Moreover, the limiting factor was degassing and fining of the glass. While it was possible to 
decrease time to primary melt, the fining process is not affected. From the current data, it is 
assumed that microwave hybrid heating may become more advantageous in larger 
installation, when heat transfer to the melt becomes a limiting factor (i.e. when heat transfer 
from the walls to the center of the crucible is the limiting factor).  
The experimental campaign showed that even with a rudimentary setup a microwave hybrid 
heating can be achieved and the relevant safety standards for microwave leakage can be met. 
Energy efficiency was not considered. From earlier experiments, the efficiency of the 
microwave source is known to be as low as 40 % at the chosen power settings.  
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4.2 Microwave-resistive hybrid heated laboratory flatbed melting furnace setup 
Figure 6 shows a whole measurement campaign day. Table 1 details the used materials, as 
indicated in Figure 6. During the whole process, fresh glass batch was feed into the furnace. 
Batch size and timing was chosen with regard to a constant melt level within the furnace.  
In segment 0 a generic container glass batch was used to compare the influence of 
microwave power settings. Compared to segment 2, using the same glass batch, a slight 
increase in pullrate is measured. Best results were achieved with white glass batch and cullet 
(segment 4), probably owing to reduced energy consumption.  

Fig 6: Pullrate and Glas batch input over time. Several tests have been conducted, details 
are given in Table 1. 

While melting brown glass batch, arcing appeared more frequently, notably directly after 
charging. From visual inspection, the brown glass batch did not melt as evenly as the white 
glass.  
Table 1: Used glass batches for the flatbed melter 

No. Glass batch No. Glass batch 
0 generic container glass batch 5 pelletized pure white glass batch 
1 removal of remaining glass 6 pelletized white glass batch with 

cullet 
2 generic container glass batch 7 pure brown glass batch 
3 pure white glass batch 8 brown glass batch with cullet 
4 white glass batch with cullet 9 pure C-glass batch 

Reflected microwave power was close to zero, a calculated absorption of 99,9% was 
achieved.. This is possible, since the used refractory absorbs microwaves to a certain extend. 
Microwave leakage was within safety margins, but increased when most of the batch was 
molten. Combined specific energy consumption (microwave and resistive heating) was 
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calculated to 1.3 kWh/kg. Compared to around 1.1 kWh/kg for optimized industrial 
furnaces, these results are promising for a small-scale system. Once the system was in 
thermal equilibrium, resistive heating below the microwave port could be turned off, without 
affecting the system. There were no noticeable interactions between microwaves and the 
resistive heaters. One thermocouple was damaged during the test runs, but it was not 
verifiable, whether this was a microwave related damage or not. 

5 Conclusion 
This paper highlights some novel approaches for microwave assisted glass melting. 
Microwave enhanced melting processes in an induction furnace and a resistive furnace have 
been demonstrated. Both processes could be adapted to a hybrid heating approach with 
relatively low effort. Operator safety and equipment safety was good. The produced glass 
was of similar quality as conventional glass.  
For the microwave-induction hybrid approach operational limitations stem from the finning 
process. Since the bath surface stays the same, finning rate is not increased and cannot 
compensate for the increased amounts of primary melt. The use of microwaves might be of 
greater advantage in larger systems, were heat transfer from the crucible walls limit the glass 
pull rate.  
The microwave-resistive hybrid approach worked very well and from first results, a scale-
up is feasible. Since a dedicated space for finning was foreseen, melting could be increased 
without problems.  
The hybrid approaches present a viable option for the use of microwaves in glass melting 
and can increase throughput in existing plants. 
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A common problem in microwave imaging of human body parts is the creation of unwanted 
surface waves due to permittivity mismatch between the object under test (OUT) and the 
surrounding space. These waves propagate more easily along the surface of the OUT and 
can overshadow the desired signal from an inner inhomogeneity (e.g. a tumor). Submerging 
the OUT into a matching bolus liquid has proven to reduce surface waves, yet also to 
increase the overall signal attenuation. In this paper we present a novel applicator concept 
that can be used to efficiently illuminate the human breast without the need for such a bolus 
liquid. 
Electromagnetic simulations show that the applicator creates almost no surface waves even 
if placed 1 mm away from a simplified breast model. 
An estimation of the applicator performance in a realistic measurement scenario is made 
using a detailed breast model from the UWCEM Numerical Breast Phantoms Repository in 
the simulation. 

Keywords: Microwave, Medical applications, Sensor technology, Applicator, Antenna, 
Design 

1 Introduction  
Microwave technology has been extensively used in the last two decades to detect tissue 
anomalies inside the human breast, with e.g. [1], [2] and [3] providing comprehensive 
reviews. One major difficulty in this field of research has been to effectively couple energy 
from the antenna into the object under test (OUT) in order to illuminate the region of interest 
(ROI) with electromagnetic microwave radiation. Multiple antenna types have been used in 
microwave imaging systems, the most common ones being monopole antennas [4], open-
ended waveguides [5], Vivaldi antennas [6]–[8], and other types of patch antennas [9]. 
However, these antenna types were originally designed to radiate power into free space. Due 
to the high dielectric contrast between air and tissue, reflections will occur at the outer breast 
surface, limiting the overall energy transmitted into the breast. Additionally, surface waves 
will occur due to the contrast in dielectric loss, which propagate along the outer surface of 
the breast, obscuring a potential tumor response even some distance away from the 
transmitting antenna [10], [11]. 
An efficient way to reduce reflections and surface waves has been to submerge breast and 
antennas into a coupling medium (so-called bolus liquid) [12]. This lowers the dielectric 
contrast between skin tissue and surrounding medium, reducing reflections at the breast 
surface. Losses in the coupling liquid attenuate possible surface waves but also increase the 
overall signal attenuation [13]. 
This weakening of the wanted signal can be compensated by highly sensible measurement 
equipment which increases complexity and cost of the measurement system [14]. Taking 
this into consideration, as well as for patient comfort and hygienic reasons, contactless 
measurement systems without immersion liquid are desirable. 
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However, only some investigations have been made to conduct tumor detection with the 
OUT being in air [7], [15], [16].  
In this paper, we present a novel transmitting applicator explicitly designed to couple 
electromagnetic energy into the breast without creating reflections or surface waves along 
the OUT, even if no direct contact is provided. The applicator geometry and its basic 
working principle are being presented in section 2, followed by numerical simulations of the 
applicator fields, first with a simplified, then with a realistic breast model. The simulations 
are being compared with two common measurement scenarios using other means of 
excitation. The paper is concluded with remaining design challenges and an outlook for 
future work is given. 

2 The Evanescent Mode Applicator 
In contrast to commonly used antenna types, the transmitter presented here was specifically 
designed to couple energy only into a dielectric load and not into free space. 
A similar device has been previously used for hemorrhage detection in the skull at an 
operating frequency of 1 GHz [17]. The design was adjusted to operate at 3 GHz and is 
shown in figure 1. 

Fig. 1. Left: CAD model of the evanescent mode applicator, dimensions are given in 
mm. Right: Photo of the applicator in a casing of 3D printing material VeroWhite.

The applicator comprises an inner split-ring resonator surrounded by a field-forming middle 
ring and an outer shielding ring. All rings are pressed into a base of e.g. PTFE. The applicator 
has a total diameter of 34 mm, has an overall height of 13.7 mm, and is designed in such a 
way that, without any dielectric load, the field outside the applicator will be evanescent in 
free space and no power is radiated away from the structure. Therefore, the term antenna is 
explicitly avoided in this context and the term applicator is preferred. 
The electric and magnetic fields of the applicator in air with no load were numerically 
simulated using the FDTD-based modelling software QuickWaveTM [18] and are presented 
in figure 2. Figure 2 left shows the momentary magnetic field vectors in a perpendicular 
plane cut through the center of the applicator. Figure 2 right shows the momentary electric 
field vectors in a plane parallel to the applicator 2 mm above its aperture. Both fields are 
displayed in logarithmic scale. Note that due to normalization in the modelling software, the 
displayed electric and magnetic fields are multiplied and divided by the free space 
impedance η0, respectively. 
If a dielectric OUT, e.g. the human breast, is placed in close proximity to the applicator front, 
it is exposed to a strong, time-varying magnetic field. This field will create an electric field 
and displacement currents inside the OUT, which in return create a magnetic field, ultimately 
leading to wave propagation inside the breast. Surface waves along a dielectric boundary 
can only be created by the normal component of an impinging electric field. Since any 

255



18th International Conference on Microwave and High Frequency Applications
AMPERE 2021, Online, September 13-16, 2021 

             

electric field created by the applicator is solely rotational, it will have almost no impact on 
the OUT. 

The major advantage of such design is that the propagating electromagnetic wave is 
generated directly inside the OUT. No reflections of an impinging electromagnetic wave 
will occur at the outer breast surface. As can be seen in figure 2 left, the magnetic field is 
almost constant close to the applicator opening. Therefore, the OUT will be exposed to a 
strong enough magnetic field even if placed some small distance away from the applicator. 
There is no magnetic field below the applicator. 

3 Numerical Modelling Results 
3.1 Simple Breast Model and Electric Dipole in Air 
To investigate our initial assumption about the behavior of surface waves and the 
functionality of the applicator, numerical simulations were performed using the FDTD 
modelling software QuickWaveTM [18] with 3 GHz excitation frequency. All presented 
modelling scenarios are surrounded by a perfectly matched layer, thus no reflections from 
the outer walls of the scenario occur or are taken into consideration. 
Figure 3 shows the momentary total electric field of a vertically directed, infinitesimal 
electric dipole (white arrow), placed 10 mm away from a simplified two-component breast 
model (inside the white line), both being surrounded by air. The breast model comprises a 
hemispherical compartment of breast tissue (ε′ = 51.4, σ = 1.41) with radius r	= 77 mm, 
surrounded by a 1.8 mm thick skin layer (ε′ = 37.9, σ = 1.49). Dielectric data were obtained 
from [20]. The image shows a cut in the xz plane through the center of the breast model, 
right where the dipole is located. 
The first observation that can be made is that the electromagnetic field inside the breast 
travels at an essentially right angle to the surface, a phenomenon that is expected and can 
explained by Snell’s law. However, only a small fraction of the emitted power is transmitted 
into the breast and most of it is radiated away from the scenario. The wavelength inside the 
breast is shorter than in air due to the higher permittivity of the breast tissue. Second, the 
electric field is strongest just outside the breast as can be seen at e.g. 5 or 6 o’clock at the 
outer breast surface. Additionally, the field exhibits a tilt with respect to its propagation 
direction. Both are typical behaviors of surface waves which verifies the initial assumption 

Fig. 2. Left: Momentary magnetic field vectors in logarithmic scale in the xz plane cut 
through the center of the applicator. Right: Momentary electric field vectors in the xy 

plane 2 mm above the applicator aperture. 
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that any signal caused by a potential tumor inside the breast and then being transmitted to 
the surface can be obscured by waves traveling along the outer breast surface. 

Fig. 3. Momentary total electric field of a vertically directed, infinitesimal electric 
dipole (white arrow) placed 10 mm away from a two-component breast model (white 

line at surface) in the xz plane. Values are normalized to the maximum displayed 
amplitude and are shown in logarithmic scale. For geometrical and dielectric data see 

text. 

The QuickWaveTM modelling software offers the possibility to numerically calculate the 
average dissipated power in a selected medium. This can be used as an indicator of the 
efficiency of the setup in terms of power transmission into the breast. In the above setup, 1.2 
µW are being dissipated in the breast model while the dipole is excited with 1 W. 

3.2 Simple Breast Model and Electric Dipole in Bolus Liquid 
As initially mentioned, a common way to suppress surface waves is to submerge antennas 
and OUT into a bolus liquid. Such a scenario is presented in figure 4.  

The geometrical and dielectric data are the same as in figure 3 but dipole and breast are now 
surrounded by a lossy coupling liquid (ε′ = 23.5, σ = 1.3) as reported in [12]. The decreased 
dielectric contrast between skin and surrounding medium allows more energy to be 
transmitted into the breast. Note that the values were normalized to the maximum displayed 

Fig. 4. Similar scenario as in figure 3 but now antenna and breast model are surrounded 
by a bolus liquid. Dielectric data are given in the text. 
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amplitude of figure 3. Therefore, the maximum displayed magnitude in figure 4 is 20 dB 
higher than in figure 3. 
Surface waves are now much weaker and decay quickly along the breast surface as can be 
seen at 6 or 7 o’clock in the breast model.  
With the same losses and excitation power, an average of 375 µW is dissipated in the breast 
model, clearly indicating a much more efficient power transmission into the OUT. However, 
most of the power is dissipated in a very small region close to the surface and a large amount 
of power is radiated away from the system, leading to reflections at the inner walls of the 
measurement tank [13]. 

3.3 Simple Breast Model and Evanescent Mode Applicator in Air 
In the following simulation, the evanescent mode applicator is located 1 mm away from the 
lowest part of the breast model. The applicator is excited by two y-directed infinitesimal 
electric dipoles placed in each of the ring resonator gaps and driven 180 degrees out of phase 
with respect to each other, resulting in a circular current in the ring. The amplitudes were 
chosen so that the total excitation power of the applicator was 1 W. The total momentary 
electric field in logarithmic scale is illustrated in figure 5.  

In this scenario, approximately 175 µW are being dissipated on average inside the OUT 
which is less than in the previous scenario. This can be attributed to the low efficiency of 
the feed since the applicator itself has a very low characteristic impedance. However, most 
of the effective energy is confined to the applicator and almost no power is radiated away 
from the system or propagates as surface waves along the outer breast. The total excitation 
power can therefore be increased to compensate for a lower efficiency without increasing 
unwanted side-effects. Additionally, the breast is illuminated more evenly than in figure 4.  
In theory, the applicator field should be perfectly symmetrical if the feed points are driven 
exactly 180 degrees out of phase. However, the modelling software requires a time delay 
between different feeds rather than a phase shift. Due to this excitation, the momentary fields 
are not perfectly symmetrical. 
As expected for a magnetic ‘monopole-like’ applicator, no electric field is excited along the 
central axis of it. To ‘illuminate’ the whole breast in a real measurement, the transmitter 
needs to be moved to at least one other position. 

Fig. 5. Momentary overall electric field of the evanescent mode applicator placed 1 mm 
away from the simplified breast model. For geometrical and dielectric data see text. 
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3.4 Realistic Breast Model and Evanescent Mode Applicator in Air 
To estimate the performance of the applicator in a real measurement scenario, the ACR 
CLASS 1 Phantom 1 from the UWCEM Numerical Breast Phantoms Repository [20] was 
implemented in the QuickWaveTM modelling software. The applicator is now located 0.5 
mm away from the nipple region.  
It can be seen from figure 6 that the applicator couples a large amount of energy into the 
breast but most of it is confined to the protruding nipple region. A smoother region of the 
breast is thus preferred as excitation point. 

Despite the small distance of the applicator to the breast, some energy propagates along the 
outer breast surface or is radiated away from the system. This might be due to the following 
reasons. First, the remaining electric field outside the applicator is not purely rotational. 
Some residual normal components caused by the more complicated breast structure will still 
create surface waves. Second, the breast itself is not homogeneous and contains multiple 
structures that scatter and reradiate the electromagnetic field, especially in the nipple region. 
For the simulation presented in figure 6, only the different tissue types given in [20] were 
implemented but not their weight factors, due to a too high computational effort. Including 
those would result in much smoother tissue transitions, reducing reflections originating from 
high permittivity gradients. 

4 Conclusions and Future Work 
An evanescent mode applicator was presented that was able to effectively transmit power 
into the human breast without the need for a coupling liquid. The geometrical separation of 
the electric and magnetic fields results in a strong mismatch between the field impedances 
of the applicator field and free space which is why the field is evanescent in free space. This 
is comparable to a finite current loop with a circumference much smaller than the free space 
wavelength [19]. 
In a realistic measurement scenario, a contacting receiving applicator specifically designed 
to detect the diffracted signal of a scattering object could operate without being affected by 
remaining surface waves, due to differences in the polarization of the impinging and 
diffracted field [19]. 
Additionally, efforts are being made to further confine the electric field to the applicator. 
For that purpose, several dielectric materials are being investigated to be inserted into the 

Fig. 6. Momentary total electric field of the evanescent mode applicator placed 0.5 mm 
away from the nipple region of a realistic breast model. Scale is logarithmic and values 

are normalized to the maximum displayed amplitude. 
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ring resonator gaps. If these investigations prove successful, any energy radiated away from 
the scenario would originate only from scattering objects inside the OUT, further enhancing 
the detectability of a tumor. 
Finally, to conduct real measurements, the applicator needs to be fed by an actual 
transmission line. Simulations (not presented in this paper) showed that the strongest 
applicator efficiency was achieved if the characteristic impedance of a simulated microstrip 
feed line was as low as 1.75 Ω. For a high applicator performance, it is therefore imperative 
to transform the unbalanced signal from a standard 50 Ω transmission twin line down to a 
very low characteristic impedance, a design challenge that is currently being worked on. 
With these investigations ongoing, we expect our transmitter to become a viable class of 
equipment for detection of tissue inhomogeneities inside the female breast. 
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Carbon fiber reinforced polymers (CFRPs) are high strength, high modulus, low density
but relatively priced composite materials. Presently in high demand for the aerospace and
automotive industries, fast and energy efficient manufacturing techniques are highly sought
after. Conventional curing methods, such as autoclave and oven curing rely on convective
heating, where not only the medium surrounding the composite materials has to be heated
but also the whole body of the oven is heated. Using microwaves for curing CFRPs has
the advantage to heat only the composite materials. The advantage over autoclave and oven
curing processes are essentially a decreased curing time and high energy savings [1].

In this paper, we present microwave curing of CFRPs with a Solid State microwave
power amplifier system, based on the NXP (now Ampleon, Netherlands) quad channel ra-
diofrequency (RF) power system. Each channel delivers 250 Watts between 2.4 and 2.5 GHz
into a rectangular multi-mode cavity, with dimensions: 400 mm x 400 mm x 135 mm. Un-
cured pre-preg materials in unidirectional (UD) shape are prepared in a vacuum bagging
process and are cured with microwaves at around 180°C. The estimated energy consumption
for microwave curing is compared with the one for oven curing, see Figure 1.
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Figure 1: Estimated energy consumption during microwave and oven curing processes.

References
[1] Nuhiji, B., et al., Simulation of carbon fibre composites in an industrial microwave.

Proc., vol. 34, pp. 82-92, 12th Int. Conf. on Composite Science and Techn., 2021.

1

262



ON-LINE POWER MEASUREMENTS WITH DIRECTIONAL COUPLER 

Felipe L. Penaranda-Foix1, José M. Catala_Civera1, José D. Gutierrez-Cano1, and Beatriz 
Garcia-Banos1 

1ITACA, Universitat Politecnica de Valencia, Camino de Vera s/n, Valencia, Spain. 
fpenaran@dcom.upv.es 

Keywords (choose minimum two): Microwave, Measurement applications, Equipment. 

The incident power measurement for industrial applications is a task that has not been 
properly reported in the literature [1,2]. 

To measure the incident power at any load is usually made by using a directional coupler 
(DC) and the schematic is shown in figure 1. For ideal DC the power measured at port 3 is
exactly the incident power at port 1 (𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 = |𝑎𝑎1|2 2⁄ ). But for commercial DC the directivity
is not infinite, and this means that the power measured at port 3 depends more and more on
the impedance at port 2.

𝑃𝑃3 = |𝑏𝑏3|2

2
= 1

2
|𝑎𝑎1|2 ∙ |𝑆𝑆31|2 ∙ �1 + 𝑆𝑆32𝑆𝑆21

𝑆𝑆31

Γ𝐿𝐿
1−𝑆𝑆22Γ𝐿𝐿

�
2

(1) 

In this paper we will show actual measurement to realize how important is the influence of 
the directivity and the load in the measurement of the incident power and a simple algorithm 
that correct the deviations from the actual incident power. 

Fig. 1. Typical schematic for power measurements. 
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Abstract 

Recycling of solid waste generated from metallurgical industries will avoid 
disposal of wastes, enhance the use of secondary raw material fines and 
save costs. Numerous hydrometallurgical and pyrometallurgical processes, 
or a combination of both, have been proposed for the utilization of 
metallurgical waste. A growing interest in microwave heating has emerged 
recently. Many researchers have begun to pay attention to microwave 
energy as an alternative recycling method. Compared to conventional 
methods, microwave processing offers several advantages such as selective 
heating, rapid heating, and volumetric heating. The present study aims to 
investigate the use of microwave energy as a heat source for the recovery 
valuable metals from electric arc furnace (EAF) dust, blast furnace (BF), 
basic oxygen furnace (BOF) sludge. The objective is to recovery nonferrous 
metals (i.e., Zn, Cr) from the waste and recycling the remaining iron rich 
residue to steel making industries again. The results indicated that 
microwave heating is a promising and effective technique for processing 
steelmaking wastes. 

Keywords: Microwave treatment; EAF dust, BF sludge; BOF sludge; 
recycling. 

264

mailto:Mamdouh.omran@oulu.fi
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A mathematical model regarding the production of two ceramic pigments was built. The 
model includes the coupling between the energy, the Helmholtz and the kinetic equations, 
the latter being used to predict chemical conversion with time. Due to the lack of 
information in the Literature concerning the kinetic parameters, a  model-fitting approach 
was used to extract the kinetic triplet from experimental data found in the Literature. The 
conversion profiles obtained numerically agree very closely with the experimental ones 
and the numerical uncertainty was very low. 
The kinetic triplet was then used in 2D and 3D configurations to simulate the conversion 
of two allochromatic pigments, namely Yellow-159 and Brown-24. An automatic 
impedance matching procedure was used to maximize the electromagnetic heating 
efficiency. This was achieved by choosing the right position of the moving plunger. Input 
power was also automatically controlled by assuming stationary regime and total 
conversion, two requirements of every converged solutions. 
The results show that thermal-runaway and hot-spots can be avoided if thermal insulation 
is used. Mixing is an important feature of the model, since it allows for a better heating 
uniformity, reducing reaction times and thus increasing the velocity. Higher velocities lead 
to higher global efficiency and higher production rates. This work shows that microwave 
heating can be a  sustainable alternative to the conventional process as significant 
reductions of GHG specific emissions were obtained. 

Fig. 1. Dependencies between the three 
physical interfaces of the coupled model. 

Fig. 2. Average values of specific GHG 
emissions of the Brown-24 pigment 
production and comparison with the 

reference value of the conventional process. 
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Radio frequency (RF) sensing devices could provide a safe, convenient, and non-intrusive 
modality for monitoring and diagnosing neurodegenerative disease [1]. This paper presents 
a novel RF sensing array on a robotic platform to monitor the physiological changes of the 
disease. The RF sensing device comprises a 16-element antenna array. The antenna array is 
embedded on a robotic platform with mechanical movement. The array elements are 
textile-based microstrip structures with the merits of being low profile, lightweight and 
compact [2]. Realistic 3D head models were established in CST Studio Suite to mimic and 
simulate the human head with neurodegenerative disease. Simulation of the RF sensing 
device with head models is conducted, the simulated reflection coefficient (S11) and 
transmission coefficient (S21) is captured. The results show consistent changes in S11 and 
S21 with the progression of the disease. Subsequent experiments of the fabricated RF 
sensing device with head models will be conducted to further verify the suitability of the 
device in monitoring neurodegenerative disease.  

I. INTRODUCTION

     Currently in the UK around 850,000 people are living with dementia, one of the most 
common neurodegenerative diseases and it is estimated to reach 6 million by 2040 [3]. AD 
comprises many debilitating symptoms such as memory loss, an inability to keep track of 
time and place and difficulties with speaking and writing [4]. Typical physiological 
changes associated with AD include cerebral atrophy and lateral ventricle enlargement 
[5][6]. Cerebral atrophy is the progressive shrinkage of the brain and begins in the early 
stage of AD. This becomes more widespread with time and is used as a biomarker of 
disease progression. Imaging technologies are essential in assisting in diagnosing the 
disease. In recent years, microwave head imaging has gained significant attention [7] [8]. It 
measures and evaluates the scattered signals of a target object in order to create an image. 
Microwave head imaging systems have also been developed for monitoring 
neurodegenerative diseases for their low cost, non-ionizing and portable nature [9] [10].  
However, the limits of existing portable and wearable systems include their relatively bulky 
size, the monostatic data acquisition at certain fixed locations, and the discomfort when 
wearing them.  
     This paper presents radio frequency sensing array on a robotic platform for 
neurodegenerative disease monitoring. The mechanical movement of the robotic platform 
enables rotation around the brain at 360 °. This allows the brain to be scanned in full range. 
Furthermore, the RF sensing device is non-contact, which provides more flexibility and 
comfort to its user, typically elderly people. The RF sensing array is simulated and tested 
with realistic 3D head models, which are characterized by typical physiological changes of 
neurodegenerative diseases. The device is flexible, lightweight, and suitable for portable 
microwave head imaging applications.  

266



II. ANTENNA DESIGN

     Textile-based microstrip antennas are used as the antenna elements of the sensing 
device for their low profile, low cost and ease of fabrication. The conductive layer and the 
ground plane were made from a 0.1mm-thick conductive textile Shieldex Zell. The 
substrate was made from 7mm-thick felt. The felt has a relative permittivity εr of 1.55 and 
a loss tangent tanδ of 0.068. Fig. 1 shows the geometry of the antenna. An elliptical 
radiating patch is fed with a microstrip transmission line, and is attached to the felt 
substrate. The details of the antenna dimensions are (in mm): L1 = 80, W1 = 30, L2 = 22, 
W2 = 8, W3 = 12, a = 46, b = 23. Simulations were performed in CST Studio Suite 2019. 
The simulated results are shown in Fig. 2: the antenna has dual operating bands with one 
from 2.7 to 3.0 GHz and another from 4.3 to 4.9 GHz, with a gain of 4.1 dBi at 2.5GHz.  

(a) (b) (c) (d) 
Fig. 1. Antenna geometry (a) front view of simulated antenna, (b) back view of simulated 
antenna. (c) front view of fabricated prototype, (d) back view of fabricated prototype. 

(a) (b) 
Fig. 2. (a ) Simulated Results of the antenna: (a) reflection coefficient (S11) and (b) far field 
radiation pattern at 2.5GHz. 
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III. SIMULATION HEAD MODELS

     A realistic head model was used to mimic the structure and dielectric properties of the 
real head [10]. It consisted of the layers of skin, skull, cerebral spinal fluid (CSF), grey 
matter, white matter and CSF ventricle. To represent different stages of physiological 
changes of neurodegenerative disease, three models characterized by different levels of 
brain entropy and lateral ventricle enlargement were used in CST simulation [10]. Brain 
atrophy was represented by reducing white matter and gray matter while keeping others 
constant; the reduced part was replaced by CSF. Lateral ventricle enlargement was 
represented by adding a CSF object inside white matter. Three head models were used to 
represent three stages of the disease, namely normal condition (no atrophy or ventricle 
enlargement), mild condition (10% atrophy and 56mm3 CSF object) and severe condition 
respectively (20% atrophy and 150 mm3 CSF object), as shown in Figure 3. CST 
simulation of the antennas with the presence of the head models was performed in the near 
field. 

(a) (b) (c) 
Fig. 3. Head models used in Simulation: (a) model 1: normal brain, (b) model 2: mild 
condition, (c) model 3: severe condition.  

IV. RF SENSING ARRAY ON A ROBOTIC PLATFORM

     Radar-based imaging aims to construct a microwave scattering map based on the 
contrast in dielectric properties of brain tissues. Typically, one antenna is used as a 
transmitter to send signals to the head, the same or another antenna is used as a receiver to 
collect the backscattered signals. As a result, reflection coefficients or transmission 
coefficients are collected to understand the frequency-domain data change. In this paper, to 
investigate signal changes of the antennas on head models, both reflection coefficients and 
transmission coefficients were collected. This data collection is achieved using the 
proposed RF sensing device illustrated in Fig. 4. This RF sensing device comprises an 
array of 16 identical textile-based antennas, with one antenna works as a transmitter and all 
the 16 antennas work as receivers. The sensing array is attached to a rotation platform, 
which comprises a circular mount and a stepper motor. The circular mount has a diameter 
of 25cm. This rotating structure is further attached to a supporting platform. The rotation 
platform allows 360° scan across 16 locations around the head model, with a 22.5° rotation 
each time using the stepper motor. A total of 16 sets of reflection coefficients (S11, S22, 
S33,… S1616) and 240 sets of transmission coefficients (S21, S23, S24,… S1516) can be 
collected. As an illustration, the simulated results of three antennas, namely antenna 1, 2, 3 
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as labelled in Fig. 4(b) were collected and analyzed. The reflection coefficients (S11, S22, 
S33) and transmission coefficients (S12, S13) are plotted in Fig. 5.    

(a) (b) 
Fig. 4. RF sensing array on the robotic platform (a) overview of the platform set up, (b) top 
view of sensing array with the head model.  

(a) 
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(b) 

(c) 
Fig. 5 Simulated transmission and reflection coefficients of the antennas on (a) head model 1: 
normal brain, (b) head model 2: mild AD, (c) head model 3: severe AD. 

V. DISCUSSION

     From Fig. 5, it can be seen that significant signals changes occurred in both reflection 
coefficients S11, S22, S33 and transmission coefficients S21, S31. In terms of reflection 
coefficients, as neurodegeneration becomes more severe, there is less loss in S11, S22, S33 at 
the first operating band (2.7 to 3.0 GHz); on the contrary, there is a more significant loss in 
S11, S22, S33 at the second operating band (4.3 to 4.9 GHz). In terms of transmission 
coefficients, as neurodegeneration becomes more severe, there is more loss in S21 and S31 at 
the first operating band (2.7 to 3.0 GHz); and there is less loss in S21 and S31 at the second 
operating band (4.3 to 4.9 GHz). Although signal changes are observed in transmission 
coefficients, the magnitude is relatively small, generally below -30dB. These signal 
changes indicate that the sensing array is suitable for detecting different levels of 
neurodegeneration. However, only three antennas were analyzed in this simulation, more 
data need to be collected to further verify the sensing array and the robotic platform 
performance. Furthermore, as the distance between antennas and head models varies when 
rotating the array around the head model, the effect of air-interface varies accordingly 
across different locations. To mitigate this issue, careful calibration may be required across 
the operating frequencies before testing.  

VI. CONCLUSION & FUTURE WORK

     In this work, radio frequency sensing array on a robotic platform has been proposed for 
neurodegenerative disease monitoring. Simulated transmission and reflection coefficients 
on three antennas were captured and analyzed. The results indicate that this design is 
promising for neurodegenerative disease monitoring. Future experimental measurements 
utilizing the sensing array, robotic platform, head models, vector network analyzer (VNA) 
and a data processing unit will be carried out to further verify the performance of this 
device.  
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Agriculture and biological applications 

The worldwide aim to reduce the use of fossil fuels drives research and development to 
find alternatives for many established technologies. In this context, radio wave treatment of 
soil is being developed as an alternative for steam treatment of soil in which steam is 
generated via fossil fuel combustion. A prototype has been developed by Koppert 
Machines for pathogen reduction in soil through exposure to radio wave fields at 915 MHz 
and 100 kW. 

The prototype is effective in reducing pathogen numbers. Moreover it has an energy 
efficiency that is in principle comparable to steam treatment. The aim of the research 
project is to develop methods to best apply the system. Parametric studies are performed 
both experimentally in an operational glasshouse environment as well as numerically. The 
approach involves both the physical and biological aspects of the treatment. The 
effectiveness of inactivation of several pathogens was confirmed. Guidelines for soil pre-
treatment and the radio wave treatment profile have been formulated; in general low 
humidity and a loose and porous soil improve treatment effectiveness. 

This project was funded by Kas als Energiebron, i.e. the Dutch innovation and action 
programme of Glastuinbouw Nederland and the Ministry of Agriculture, Food and 
Fisheries for saving energy and sustainable energy in greenhouse horticulture.  
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Abstract: In the current work, finite element models of three different biocomposites 
(AZ10HA, AZ15HA and AZ20HA) having different compositions were developed for 
understanding the effects of microwave heating on the sintering temperature and 
corresponding characteristics. Multi-physics simulations using COMSOL software were 
carried out to identify the influence of microwave energy on the different amounts of HA 
content at specific processing conditions tuned to microwave applicator operating at 2.45 
GHz and 1.4 kW. Simulation results revealed the distribution of electromagnetic fields in 
different biocomposites and variations in sintering temperature at constant sintering time. 
The same biocomposites were developed inside the microwave applicator at 1.4 kW power 
in similar conditions as simulated. The variation in sintering temperature was monitored 
concerning the compositional variant at constant exposure time. The experimental 
outcomes exhibited reasonable agreement with the simulation results. The achieved 
sintering temperatures were 510 °C, 550 °C and 600 °C in AZ10HA, AZ15HA and 
AZ20HA, respectively, in 12 min exposure time in direct microwave heating. The highest 
sintering temperature obtained at constant exposure time in AZ20HA composition was 
caused due to the higher dielectric loss of HA powder particles than AZ31 alloy powder 
particles and resulting in isothermal heating. The study outcomes show that more HA 
content achieved high temperature in less exposure time and better physical, 
microstructural and mechanical properties than other compositions. Compressive strength 
was reduced in AZ20HA due to the HA phase decomposition to β-Ca3CO4 phase at high 
temperatures. 
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Introduction 
Microwave processing often finds suitable applications where safe, quick and efficient 
volumetric heating is required. Real industrial, scientific and medical (ISM) applications often 
deal with time-varying dielectric properties, dynamic shift in resonance ranges and irregular 
matching conditions, all demanding advanced solutions. Food processing is the most well-
known application in which a mild and even treatment is of utmost importance and stringent 
safety constraints impose very high processing accuracy despite non-uniform load conditions 
in both time and space domains. Even more rigorous accuracy is demanded by medical 
applications, where a patient’s health is strongly correlated to the capability of the applied 
microwave field to generate a perfectly tailored thermal profile into tissues affected by 
pathologies. 
These and other modern ISM applications all need to rely on state-of-the-art laboratory 
development tools for advanced research which should be capable to implement innovative 
methods and to turn them into reliable and replicable processes for steady future-proof 
commercial applications with a simple scale-up progression. 

Objective 
The present experimentation derives from an increasing demand of advanced microwave 
development tools from customers operating with ISM applications, in particular often dealing 
with multi-feed applicators tuned for 2450MHz or 915MHz frequency bands. 
A typical problem to be addressed is the accurate temperature control of material samples in a 
scaled-down batch applicator that, after successful prototypal implementation, needs to be 
reproduced in a continuous-flow architecture for stable production purposes. In some cases, 
modern nanomaterials need homogeneous temperature profiles to reach high purity levels and 
regular molecular structures, in other cases mixed material samples need differentiated 
temperature outlines as often required by food processing, polymer composite parts 
manufacturing and microwave curing of materials. 
Another typical problem is the implementation of precision minimally invasive therapeutic 
treatments by means of CW or pulsed microwave fields that allow strongly confined 
volumetric heating where tumor masses are located, while safely keeping low temperature 
levels in correspondence of non-pathogenic tissues. 
Moreover, different microwave-assisted chemical processes or some performance-critical 
plasma applications heavily suffer from the potential incurring of hot spots creating 
irregularities and/or inappropriate reactions. 
The answer to these multiple calls for high accuracy in complex and time-varying ISM 
processes can only come from solid-state technology, currently experimenting a growing 
momentum thanks to a promising roadmap pledged by semiconductor devices manufacturers. 
An optimal solution can definitely be implemented by a modular and scalable array of solid-
state microwave generators, with considerable technical advantages that all together give birth 
to a multi-purpose powerful development tool. First of all, the same array can be used for 
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multi-feed applicators featuring custom coaxial radiating elements or standard waveguide 
coupling ports, but it can also be used to drive different combining elements to achieve higher 
power levels for single-feed applicators. In any case the required array tool shall be capable to 
fine-tune the output power level from few watts to several hundreds of watts, to select a highly 
pure spectral line in the admitted frequency range, to allow the simultaneous radiation of 
different frequencies or – in alternative - the synchronized radiation of a single selected 
frequency from all the generators. When operating in synchronized mode, the array shall easily 
let the operator apply fine-tuned relative phase differences between each generators pair, often 
required to feed multi-port chambers and useful to optimize the behavior of microwave 
combiners. 
Moreover, the system shall guarantee real-time monitoring of the main RF and DC operating 
parameters, possibly allowing process optimization by means of real-time interactive 
algorithms and guaranteeing the production and storage of detailed processing data for deferred 
analysis. 

The PHASESHIFTER evaluation kit 
The initial development effort for the different mentioned innovative applications always needs 
an easy-to-use tool to quickly get to the heart of the problem and have multiple complex 
monitoring points at hand. The “PHASESHIFTER” evaluation kit has been conceived to build 
an array of microwave generators operating in the 2450MHz or 915MHz band and to complete 
it with its power supply and cooling systems to have a compact and stand-alone hardware tool. 

Fig. 1. Block diagram of a PHASESHIFTER evaluation kit 

Figure 1 above contains the block diagram of the main sections of a PHASESHIFTER kit built 
around 4 microwave modules operating at 250W @2450MHz. The kit includes four 250W 
OEM amplifiers and it comes with a USB interface card, a forced-air cooling system and an 
AC/DC switching power supply for each included amplifier, and an advanced synthesizer with 
multiple outputs capable of accurate frequency synchronization and 360° independent phase 
rotation. Each OEM amplifier is equipped by an output circulator guaranteeing safe operation 
even with 100% reflected power and by an autonomous microprocessor-based control system 
with local monitoring and management capabilities, triggering immediate protection 
countermeasures at the occurrence of conditions that might damage the modules hardware. 
The hardware kit is accompanied by the LeanOn Control and Monitoring application for 
Windows OS, to be installed on a PC connected to the kit by a USB cable. 
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The result of this modular (and easily scalable) architecture is that the overall system is 
governed by a well-tailored distributed software system that represents the “brain” of the 
software-driven solid-state generators array, in line with Leanfa’s KOPERNICOOK® concept. 
The LeanOn software comes with real-time diagrams and produces complete data reports, and 
it can be complemented by a smart process editor that allows the user to program a certain 
sequence of CW and/or pulsed radiation patterns for advanced thermal profile engineering 
without the need of mechanical stirrers or turntables.  
After connecting the PC to the kit with the USB cable, the different setting and monitoring 
pages of the LeanOn platform are available to set up the desired operation modes. The kit can 
be used with the four modules operating with independent frequencies or in the so called 
“sync” mode, that allows the four modules radiating precisely synchronized at the same 
operating frequency, with a 100kHz frequency selection step and with dynamic frequency 
picking capability. In this operating mode the relative phase of each module can be set in the 0-
360° range with a step of 1.4°. 

Fig. 2. Main window of the LeanOn software platform 

Each power module can be operated in Continuous Wave (CW) or in Pulsed Mode. The CW 
operation can be controlled in two different modes. The first, and most useful for normal 
operation, is the Automatic (AUTO) mode that allows selecting the desired output level in 
Watts thanks to a closed-loop control system that automatically implements a temperature 
compensated regulation of the selected output level. The second operating mode is called 
Manual (MAN) mode and is limited to very specific testing conditions, especially during 
customer’s software development. It is an open-loop operation driven by a PWM value, 
generating a constant control voltage without guaranteeing a regulated output power level, 
which typically decreases with the generator’s temperature. 
The Pulsed Mode allows defining two output levels in Watts and two corresponding time 
durations, generating a periodic pulsed waveform. 
The main window of the LeanOn platform (illustrated in Figure 2 above) shows the global 
settings and monitoring in the top section, where the operating frequencies can be set. If sync 
mode is active, selecting a frequency value automatically sets the corresponding value to all the 
four modules. If sync mode is unselected, each frequency value can be set independently 
within the admitted range. 
The same area shows the status of the interlock contact, available on the rear panel of the kit, 
e.g. to manage safety conditions linked to doors or security contacts in microwave applicators.
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When the interlock is open, the outputs are automatically muted, e.g. to guarantee safe 
conditions in case of accidental opening of microwave applicators. 
In the same top section of the home page the user can set a Timer to select a predefined time 
duration of the microwave outputs generation, or, in alternative, the kit can always be used 
with manual Start/Stop operation by leaving the timer to a zero-set value. 
Below the global settings and monitoring section, the home page shows the individual 
monitoring areas of each RF module, where real-time readings of the following parameters are 
displayed: 
- forward power
- reflected power
- operating temperature
- DC voltage
- DC current
Most of these monitored parameters are available both as numerical values and as yellow bars
for an easy visual monitoring. On the right side of each of the four sections there are also real-
time diagrams of the monitored parameters, that can be easily configured in each setting
section.
The Automatic mode has an additional interesting feature, called “Foldback”, very useful when
the kit works with highly (or even totally) mismatched loads. The Foldback function allows
defining a threshold of maximum allowed reflected power level so that, whenever the
measured reflected power goes beyond the defined threshold, the foldback status automatically
goes Active and the output power automatically folds back to a level that reduces the reflected
power to a value below the defined threshold. By enabling and disabling the foldback function,
the automatic power reduction can be activated and deactivated.
A useful tool for software developers is the CONSOLE page of the LeanOn platform, where
the data of the internal communication digital bus are displayed in configurable formats.

Results 
A software-driven array of four solid-state microwave generators has been tested in terms of 
capability of implementing custom radiation patterns, of self-adaptation with time-varying load 
conditions and with processes requiring complex thermal profiles engineering. 

Fig. 3. “PHASESHIFTER” kit used for the experimentation 

A first set of tests has been performed to validate the stability and accuracy of the outputs with 
and without applied phase shifting. These tests have been performed for each pair of outputs by 
combining the two outputs by means of tunable directional couplers and a passive T-junction. 
The directional couplers have been tuned to calibrate at similar levels (within ±0.2dBm 
difference) the two inputs of the T-junction and the output has been sent to a spectrum analyzer 
to check the effect of the relative phase difference into the vector sum of the two components. 
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P1 = 250W
P2 = 250W
F=2450 MHz
Phase1= 102 degrees
Phase2= 0 degrees
Phase1= 296 degrees
Phase2= 0 degrees

Min OUT [dBm] t=10min

Min OUT [dBm] t=0

Max OUT [dBm]
14,3

-23

-22

Min OUT [dBm] after power cycle

Min OUT [dBm] t=60min
-20

-22

- Test of output power stability in AUTO mode
2) Output Power stability (automatic mode)
FREQUENCY
[MHz] P1 [W] P2 [W] P1 [W] P2 [W]

2400 250 250 250 250
2425 250 250 250 250
2450 250 250 250 250
2475 250 250 249 250
2500 250 250 238 245

POWER at t=0 POWER at t=10min

- Test of phase shift with spectrum analyzer

A second test set has been implemented with a custom 4-ports chamber used to heat small 
olive trees aiming at heating selected areas of the trees with predefined temperature levels, in 
the context of a research about chemical-free remedies against parasites. 

Fig. 4. Test with a custom 4-ports chamber at 2450MHz 

Figure 4 shows the test results of radiation operating at 2450MHz on two samples of the olive 
trees used for the experimentation. The best and most reliable results with this application have 
been obtained by using the four generators operating in sync mode at 2450MHz with an overall 
90s radiation time. The first 60s have been set with overall CW power of 150W with variable 
power levels and phases for each of the four contributions, as illustrated in the following 
Figure 5. The last 30s have been set with pulsed waveforms with 20% duty cycle using 250W 
high level for P2 and P3 and 130W high level for P1 and P4. 
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Fig. 5. Power and phase waveforms for the CW radiation time 

The available parametric fine-tuning allowed adaptation to the shape of the tree and high 
repeatability in the final measured temperature, checked with an infrared camera. 
Similar results in terms of repeatability have been reported using samples of wet wheat grain 
radiated in small chambers, using three of the four available generators. Again, sync mode 
proved to be the most efficient radiation method, leading to 5% maximum average temperature 
deviations between different runs with identical radiation patterns. The following Figure 6 
shows infrared images of wheat samples radiated with the same CW patterns at 2450MHz. 

Fig. 6. Infrared images of wheat grain radiated with CW sync patterns 

A different experimental setup has been used for checking the performance of the kit with 
experimental probes applied to ex-vivo organic tissues, linked to laboratory reproduction of 
medical hyperthermic treatments. Due to the limited availability of the probes, only two 
outputs of the kit have been used for this setup. The two probes have been inserted in the tissue 
samples almost parallel with 5 to 10 mm separation, different radiation frequencies have been 
used in the 2425-2475MHz range using both CW and pulsed modes and the tissue temperature 
has been measured by means of thermocouple sensors. 
All the tested radiation modes have generated highly reproducible results in terms of 
volumetric patterns and measured temperatures, leading to 2% maximum average temperature 
deviations between different repetitions. 
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Fig. 7. Ex-vivo tissue samples radiated with experimental probes 

No noticeable differences were found between sync and unsync modes and no visible effect 
resulted from phase shifting in sync mode. A perceptible pattern shape variation was observed 
when the kit radiated in pulsed mode compared to CW mode, leading to a more regular 
spherical heating pattern. The same experimental setup has been used to test the effectiveness 
of automatic selection of best-matching radiation frequency in selected sub-bands running an 
investigational algorithm featuring a 10MHz-wide sweep with 500kHz step every 30s to both 
probes. A slight (3 to 4.5 MHz) progressive increase of the best matching frequency has been 
recorded during 8-minutes radiation tests in CW mode. 
A new recent experimental setup has been assembled for microwave-assisted production of 
nanocellulose, the very first results of the application of the kit to a prototypal applicator 
clearly showed the usefulness of the energy-saving feature of the foldback approach. 

Conclusions 
The developed software-driven array kit of microwave generators of solid-state microwave 
generators has shown flexibility of operation and capability to produce highly controllable 
results by means of proper programming of the radiation parameters.  
Moreover, self-regulating software tools as power foldback with user-selectable threshold and 
automatic selection of best-matching radiation frequency in selected sub-bands have proven to 
be very effective in laboratory testbenches reproducing medical hyperthermia, heating of 
materials and production of nanomaterials. 
Laboratory experimentations demonstrated high repeatability of processes, leading to 5% 
maximum temperature deviations between different runs with wet granular materials in metal 
chambers and down to 2% maximum temperature deviations with experimental probes applied 
to organic tissues, additionally guaranteeing tolerance to highly mismatched loads, including 
operating conditions that generate 100% reflected power level. 
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The debate about non-thermal effects in microwave processing is well established, and in 
many cases such effects can be easily attributed to inaccurate temperature measurement. 
There are however a number of situations where the magnitude of the effect goes way 
beyond what can be attributed to a simple error in temperature measurement. In these cases 
the conclusions from the earlier debate have meant that microwave-specific effects have not 
been widely claimed, but as a consequence the understanding of chemical and mass transfer 
mechanisms in a range of microwave heating processes is poorly understood. A recent 
discovery has the potential to change our understanding of mass transfer in microwave 
heating processes. Temperature Induced Diffusion was first theorised in 2016 [1], validated 
experimentally in 2019 [2] and applied to microwave extraction processes in 2020 [3]. The 
key characteristic of Temperature Induced Diffusion is that mass transfer takes place against 
a temperature gradient. This counter-intuitive but ultimately proven effect means that the 
temperature gradient has a more dominant effect on mass transfer than the magnitude of the 
temperature itself. The ability of microwave heating to sustain a temperature gradient results 
in a magnitude and direction of mass transfer which in many cases are impossible with 
conventional heating approaches. This work outlines the theory, gives examples of the 
mechanism in action and discusses the implications for both the scientific and industrial 
processing communities. 
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In this paper, to study on the influence of tiny shifts in frequency on the heating uniformity, 
systematical mathematic derivations as well as the theory of electromagnetic wave 
propagation in a multimode cavity are used. Then, the mathematical basis of such 
frequency effect is obtained and based on this, a new microwave heating method named 
frequency-selected method is proposed. Since this method works with selected frequencies, 
different frequency selecting schemes are compared, the characteristics of which are further 
deduced and concluded. Finally, finite element method is used to analyze different 
frequency selection cases and show the influence of frequency variation on heating 
uniformity . 

(a)                                                    (b) 

Fig. 1. Comparison of COV and temperature histories, with fixed frequency, selected frequencies:

(a) COV,  (b) volumetric temperature histories ( T ).
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Abstract: The understanding of the dielectric properties of food material is important for 
electromagnetic-based treatments from reheating in a domestic microwave oven to 
sterilization processes. This is due to aspects such as the uniformity and rate of heating of 
the food being highly dependent upon the dielectric constant and dielectric loss of the food 
material, with both parameters being intrinsically temperature-dependent. In this work, a 
method for ultra-broadband (1 Hz to 1.6 GHz) characterisation of food materials is 
described.  The ease of use of this system allows for rapid testing of a food standard – in this 
case, instant mashed potato – with various combinations of moisture and salt content. In 
addition to the ultra-broadband measurements, the system also allows for automated 
temperature sweeps (-100℃ to 300℃). By obtaining these ultra-broadband datasets, 
additional understanding can be gained of the mechanisms behind the variation of the 
dielectric properties. One measurement system provides dielectric data covering very 
different heating applications: – e.g. microwave (0.4 – 5.8 GHz), radio frequency (1 – 100 
MHz), ohmic (50 Hz) – as well as measurement and imaging applications. 

The development and test of a dielectric measurement system is preferably conducted via 
the use of a standard of known properties as a calibration.  Given the interest here is food, 
then instant mashed potato is an ideal material as key parameters can be readily manipulated 
(moisture, salt) which along with temperature allow measurement of repeatability and 
consistency; and relative ease of measurement. The heating of a food material via 
electromagnetic waves is controlled by its dielectric properties. The permittivity of a 
material is expressed by  

ε∗ =  ε′ −  ε′′, (1) 

where ϵ’ is the dielectric constant and ϵ” is the dielectric loss. The dielectric constant reflects 
the material’s ability to store electromagnetic energy, which relates to the penetration depth 
of the material,  

𝐷𝑝 ≈  
4.9√′

𝑓"
,  (2) 

and the material wavelength, 
𝜆𝑚 =  

𝑐

𝑓√ε′
, (3) 

where f is the frequency and c is the speed of light (in a vacuum). The penetration depth 
controls the uniformity of heating within the material, whilst the material wavelength 
partially dictates the distance between hot and cold spots. The presence of hot and cold spots 
can also be affected by the shape and size of the food material. The dielectric loss measures 
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a material’s ability to dissipate electric energy as heat, therefore controlling the heating rate 
of the material.  

Due to the importance of understanding these properties for electromagnetic-based 
food preparation and sterilization processes, there has been a vast amount of published 
research concerning measurement of the dielectric properties of various food materials [1-
6]. A food standard (or model food) is desirable as it would result in a relatively flexible 
control over the moisture, salt and sugar content. Mashed potato is commonly used as a food 
standard due to it being relatively homogenous once mixed, with its properties being easily 
modified by varying its moisture and salt content to encompass the dielectric properties of 
many food materials [7]. By using instant potato powder, the parameters – moisture and salt 
content – of the mixture can easily be controlled. It is worth noting that Smash® has a base 
salt content of 0.17% by weight (Smash®, Premier Foods). Using conventional methods (for 
example, an open-ended coaxial dielectric probe) for determining the dielectric properties 
of foodstuff as a function of temperature is a relatively laborious task, typically restricted to 
a relatively small bandwidth [8, 9].  

In this work, the dielectric properties of mashed potato were investigated for a range 
of temperatures over an ultra-wide frequency band. The measurements were conducted 
using a bespoke broadband dielectric spectrometer. This all-in-one system allows automated 
temperature measurements over two broad frequency ranges, the first being 1 Hz to 0.1 MHz 
and the second ranging from 1 MHz to 1.6 GHz. The foodstuff samples were confined within 
a cryostat for high-precision temperature control, ranging from 0°C to 80°C. Previous work 
in the field has focused on the dielectric properties of instant mashed potato (prepared to 
packet instructions – moisture content near 80%) [8]. It was shown that the dielectric 
properties of the mashed potato strongly depend on the temperature and the measurement 
frequency, especially at radio frequency, industrial, scientific and medical (RF ISM) bands 
(< 100 MHz). Interestingly, the authors of [8] concluded that there were no significant effects 
on the dielectric constant due to temperature, salt, and moisture at microwave frequencies 
(> 0.4 GHz). However, the results indicate a notable change in properties, for example, at 
1.8 GHz the dielectric constant varied: 13.7% with a temperature sweep from 20℃ and 
120℃; 11.0% with an increasing moisture content (81.6% to 87.8%); and 9.7% with an 
increasing moisture content (0.8% to 2.8%) [8]. 

The conventional method used for characterising dielectric properties of liquid and 
liquid-like materials is the open-ended coaxial probe. In this method the probe is completely 
inserted into the material and the surface dielectric response is measured over a typical range 
of 0.2 GHZ to 20 GHz at a high precision. However, this method is not without its 
limitations: measurement variations are possible due to the pressure forcing water from the 
sample, and the possibility of air bubbles forming on the end of the probe. Furthermore, for 
temperature measurements the process is time-consuming as the system can only measure 
at a single temperature in any given run.  

The work presented in this paper focusses on the Novocontrol dielectric broadband 
spectrometer (Fig. 1a). This device measures the impedance spectrum 𝑍∗(𝑓) of a sample
material placed between two electrodes. The bulk intrinsic electric material’s properties such 
as the complex permittivity, 

𝜀∗(𝑓) =  
𝐶∗(𝑓)

𝐶0
 , (4) 

are evaluated from the complex sample capacity, 

𝐶∗(𝑓) =  
1

𝑖2𝜋𝑓𝑍∗(𝑓)
, (5) 
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𝐶0 =  
ε0𝐴

𝑑
, (6) 

where A is the electrode area and d is the sample thickness. These measurements can be 
conducted automatically over a ultra-broadband frequency range: 1 Hz up to 1 GHz (9 
decades). 

Fig. 1. (a) Diagram of the Novocontrol dielectric broadband spectrometer. (b). CAD 
diagram of the liquid sample holder (with brass electrodes). 

To accommodate the liquid-like structure of the instant mashed potato, a sample 
holder was designed and fabricated from PTFE. The sample holder was built to allow for a 
sample volume of approximately 150 mm3. The holder’s presence was calibrated out from 
the measurements by measuring the empty pod and subtracting the capacity of air (0.146 
pF), so as to avoid affecting the measured food material’s response. Once filled with the 
instant mashed potato, the food material moulds to the electrodes, minimising air bubbles at 
the surfaces. 

In this work, various mixtures were investigated to explore the effects of salt and 
moisture content. The samples were produced by mixing different proportions of the 
components (by weight). The instant mashed potato powder was added to deionised water 
and mixed for a minimum of 30 seconds or until homogeneous. If the sample had added salt, 
this was added to the water and dissolved before mixing with the instant mashed potato 
powder. To ensure consistency over the measurements, the samples were weighed once they 
were placed inside the sample holder, to ensure a sample mass of 0.160 g. Table 1 shows the 
investigated mixture’s water activity, three versions of each mixture were created: (1) 0% 
added salt, (2) 1% added salt, and (3) 2% added salt (by weight). The water activity was 
measured using a commercial water activity meter. The water activity is the amount of 
unbound water in a food sample.  

Table 1. Table of the investigated Water:Potato mixtures. All data shown is at laboratory 
room temperature (21.9℃). 
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Water:Potato Water Activity 
(± 0.01) 

50:50 0.99 
60:40 0.88 
70:30 0.86 
80:20 0.87 

The initial investigation focused on the 1 MHz to 1 GHz band at room temperature, 
each data point was averaged over 20 measurements in a single automated sweep. Figure 2 
shows the measured dielectric constant for all produced samples. When the 0% added salt 
samples are compared between each mixture – black curves – the moisture content has no 
significant effect on the dielectric constant over this frequency range. At high frequencies 
(>10 MHz), the salt content similarly has little effect on the dielectric properties; however, 
across all mixtures the salt content has a large impact on the dielectric constant at lower 
frequencies (<10 MHz). A comparison of the response at 1 MHz shows a drastic change 
with salt content: for example, a 50:50 mixture with 0% salt (black curve) has a dielectric 
constant of ~100 compared to a value of ~180 for 2% salt (red curve).  

Fig. 2. Measured dielectric constant between 1 MHz and 1 GHz for various mashed potato 
moisture mixtures: (a) 50:50, (b) 60:40, (c) 70:30 and (d) 80:20. The salt content values 

investigated were 0% added salt (black curve), 1% added salt (blue curve), and 2% added 
salt (red curve). 

For some of the curves the dielectric constant is lower for increased salt content 
(frequencies >10 MHz). This could be due to shielding effects from the salt ions. The sodium 
and chloride ions dissociate in the solution, resulting in an electric field between them which 
the polar water molecules tend to align with. This creates an effective shielding and lowering 
the water molecule’s response to the external field. This results in a reduction in the dielectric 
constant [10]. This is also known as dielectric decrement. This behavior can be seen when 
investigating the dielectric properties of water and saline solutions by using an open-ended 
dielectric probe (Figure 3). 
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Fig. 3. The dielectric constant of deionised water, tap water and saline solutions from 1% 
salt to 5% salt. Inset: A schematic to show the orientation and dissociation of ions and 

molecules of the solutions under the influence of an external field. 

Figure 4 shows the dielectric loss for the mixtures previously shown in Table 1 and 
Figure 2, at room temperature. Once again, the salt content has a drastic impact on the 
dielectric loss at RF and lower frequencies. Such a response is expected as salts – or, more 
specifically, dissolved ions – will increase the overall conductivity of a mixture, resulting in 
an increase in the dielectric loss.  

Fig. 4. Measured dielectric loss between 1 MHz to 1 GHz for various mashed potato 
moisture mixtures (a) 50:50, (b) 60:40, (c) 70:30, and (d) 80:20. The salt contents 

investigated were 0% added salt (black curve), 1% added salt (blue curve) and 2% added 
salt (red curve). 
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One of the key advances of our method is the automated temperature sweeps. One 
of the main parameters to understand when it comes to the dielectric properties of food 
materials is the temperature dependence. An understanding of the effect of temperature on 
the dielectric constant and loss is not only important for dielectric heating applications, but 
also food sterilization (130℃) and frozen food processes (temperatures down to -40℃). To 
regulate the temperature during the sweep, a temperature probe is inserted into the sample 
cell. The whole RF extension line is inserted into the cryostat (Fig. 1a) where the temperature 
is externally controlled by software. The sample will automatically be brought to the desired 
temperature before the frequency sweep is measured – with the sample held at that 
temperature.  

Figure 5 shows the dielectric constant and dielectric loss for two mixtures: 50:50 
and 70:30 for a temperature range from 0℃ to 80℃. The dielectric constant is relatively 
constant with temperature at microwave frequencies; however, there is a sharp increase at 
radio frequencies. The dielectric loss gradually increases with increasing temperature. 

Fig 5. Measured dielectric constant between 1 MHz and 1 GHz for (a) 50:50, and (b) 70:30 
potato mixtures. Measured dielectric loss between 1 MHz and 1 GHz for (c) 50:50, and (d) 

70:30 potato mixtures. 

Using this method, the dielectric properties can be measured at the relatively 
unexplored low frequencies (1 Hz to 1 MHz). Figure 6 shows both the previous data (1 MHz 
to 1 GHz), as well as the low frequency measurements for mixtures of 50:50 and 80:20 for 
0%, 1%, and 2% added salt. The enormous values (109) seen at the lowest frequencies 
(< kHz) that disagree with Debye-type processes could be the result of a few different 
effects. It has been suggested that the water molecules can auto-dissociate to form ion pairs 
at the low frequencies where the Maxwell-Wagner-Sillars (MWS) phenomenon is dominant 
[11-13]. For higher frequencies, only the water dipoles can respond to the polarity changes, 
so the dielectric constant follows Maxwell-Boltzmann statistics. It is thought that the MWS 
effect is driven by charge carriers being blocked at inner dielectric boundaries on a 
mesoscopic scale. This can result in a separation of charges which gives rise to an additional 
polarisation contribution. For dielectric spectrometer based measurements that use an upper 
and lower electrode, low frequency measurements can often lead to electrode polarisation 
effects (measurement artefacts), associated with charge transport between the two plates on 
timescales similar to the lower frequencies of measurement. However, for instant mashed 
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potato it is also feasible that there may be MWS polarisation processes associated with the 
charge transport around them. 

The phenomenon known as electrode polarisation can present a major effect on low 
frequency measurements. Due to this, various approaches have been proposed to overcome 
the effective masking of the material of interest. Proposed correction techniques include: 
electrode distance variation technique, four-electrode technique, as well as, comparison and 
substitution methods [14-15]. To further test the effects at play – and to gain the true values 
of the dielectric properties – various investigations into electrode separation and sample 
sizes would need to be conducted, in the hope of isolating any effects due to electrode 
polarisation effects (that would be creating measurements artefacts). Qualitatively 
comparing the values for the mixtures (and deionised water), there is an increase in the 
dielectric constant between deionised water and instant mashed potato samples. There is also 
an increase with salt content; however, it is shown again that the dielectric constant is 
relatively constant with moisture content. 

Fig. 6. Measured dielectric constant between 1 Hz and 1 GHz for various mashed 
potato moisture mixtures: (a) 50:50, and (b) 80:20. The salt contents investigated were 0% 

added salt (black curve), 1% added salt (blue curve), and 2% added salt (red curve). 
Deionised water is shown as the grey dashed line.  

Figure 7 shows both the previous data (1 MHz to 1 GHz), as well as the low 
frequency measurements for mixtures of 50:50 and 80:20 for 0%, 1%, and 2% added salt. 
Once again, there is a gradual increase in the dielectric loss with salt content (matching with 
the high frequency data). This data also further proves that the dielectric properties are 
relatively constant with moisture content. 

Fig. 7. Measured dielectric constant between 1 Hz and 1 GHz for various mashed potato 
moisture mixtures: (a) 50:50, and (b) 80:20. The salt contents investigated were 0% added 
salt (black curve), 1% added salt (blue curve), and 2% added salt (red curve). Deionised 

water is shown as the grey dashed line. 

In the presented work, a method for ultra-broadband (1 Hz to 1.6 GHz) 
characterisation of food materials is described.  The ease of use of this system allows for 
rapid temperature-dependent testing of a food standard – instant mashed potato – with 
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various combinations of moisture and salt content. It was shown that the dielectric constant 
is relatively constant at microwave frequencies, but sharply increases into radio and very 
low frequencies. The extremely large values seen are believed to be due to a combination of 
the MWS effect and electrode polarisation effects. The presence of these effects result in an 
increase in the dielectric properties, which are orders of magnitude larger than expected from 
the Debye model. As the frequency is increased the measured dielectric response becomes 
comparable to the Debye model predictions (dominated by molecular fluctuations).  

Interestingly, it was shown that the moisture content seemed to have little influence 
on the dielectric response over the investigated range. The salt content had a small effect on 
the dielectric constant, with the exception of a sharp increase at low frequency (< 10 MHz). 
However, the dielectric loss was shown to have a drastic dependence on the salt content, due 
to the overall increase in the conductivity of the sample. Finally, it was shown that the 
temperature dependence of the dielectric constant was relatively constant at microwave 
frequencies, but sharply increases into radio frequencies. The dielectric loss gradually 
increases with temperature. 

The next stages for this work will be to improve the measurements at lower 
temperatures, allowing samples to be taken down to -100℃, enabling an investigation into 
the dielectric properties of frozen food materials over the ultra-wide band of 1 Hz to 1 GHz. 
This would provide interesting and useful information as, at commercial freezing 
temperatures (down at -40℃), the system is not static. Another option would be to extend 
the upper temperature investigated to 130℃ as this temperature is important for the food 
sterilisation process and there may be useful information that arises across the ultra-wide 
band measurement. The final extension would be to explore the effects that occur at low 
frequency, finding evidence for ion pair resonances and Maxwell-Wagner-Sillars effects. It 
would also be important to isolate any effects that could be occurring due to electrode 
polarisation effects, by varying the volumes of the samples. 
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Most materials, which are associated with agriculture, such as soil, crops, weeds, timber, 
fruits, vegetables, seeds, and animal products, are a heterogeneous mixture of solids, 
liquids, and gasses. The substrate for soils is composed of various inorganic minerals, 
organic compounds from dead and decaying life forms, and living micro- and macro-
organisms. Vegetable-based materials, including timber, are a combination of various 
cellulosic and ligneous polymers, while animal-based materials have carbohydrates, fats, 
and proteins, along with some mineral components (i.e., calcium in bone and teeth), as 
their dominant substrate materials. In their dry state, most of these substrates are relatively 
transparent to microwave and radio frequency energy [1-4].  

Water is one of the most common liquids in these materials and it exists in both bound and 
free forms. From an electromagnetic perspective, bound water, and ice, have a relatively 
slow relaxation period; however, the relaxation period depends on the number of 
molecular layers of water overlaying the substrate material [5, 6]. The relaxation period 
approaches that of free water when the bound water film thickness approaches ten 
molecular diameters [5, 6]. The dielectric properties of free water have been extensively 
studied [7-9] and a paper on the very wide frequency response of free water was presented 
at the 2019 AMPERE conference [10].  

The dielectric properties of all agricultural materials are strongly linked to moisture 
content [2, 11]. For example, based on work done by El-Rayes and Ulaby [1, 12], Figure 1 
shows the dielectric response of vegetation as a function of frequency and moisture 
content. Similarly, the dielectric properties of soils and other agriculturally related 
materials are frequency, moisture and temperature dependent. This strong relationship 
between moisture content, dielectric behaviour, and the interactions of electromagnetic 
waves naturally leads to many applications of RF and microwave energy for sensing and 
heating purposes in agriculture. This paper will outline several of these applications. 

Heating Applications 

Crop Drying 

Many studies have investigated radio frequency (RF) and microwave crop, hay, and wood 
drying [13, 14]. The high dielectric properties of water, compared with dry organic 
molecules, yields stronger absorption of the electromagnetic energy and therefore higher 
temperatures in moist grain, hay, or wood, compared with dry materials. Evaporating water 
requires high energy input; therefore, complete drying with electromagnetic energy is 
prohibitively expensive for commercial applications.  
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Figure 1: Dielectric behaviour of vegetation as a function of frequency and moisture 
content (Data source:Ulaby and El-Rayes [1)] 

Two commercially viable opportunities exist for applying electromagnetic energy to 
drying applications: 

1. A short burst of electromagnetic energy can be applied to very moist (green)
products to rupture the plant cells via micro-steam explosions. These cellular
ruptures vastly increase moisture permeability, which accelerates conventional
drying. This has been successfully applied to timber drying, where a short burst of
intense microwave heating was applied to green timber, followed by drying in a
solar powered kiln [15].

2. Many agricultural and forestry products take a long time to finish drying. This can
be problematic, because moist organic materials, such as hay, ferment, leading to
high temperatures and the potential for spontaneous combustion [16]. Fungal
growth in moist materials, such as timber, hay, and grain can also lead to
spoilage. Electromagnetic energy can be used to finish the drying process and
equalise the final moisture of the commodity [17].

Quarantine 

Dried timber, nuts, grains, fruits, and soil are commonly treated by chemical fumigation to 
control field and storage pests. Because chemical fumigants such as methyl bromide are no 
longer available [18], there is a heightened interest in non–chemical pest control. A 
common difficulty in using conventional hot–air disinfestation is the slow heating rate, 
non–uniform temperature distribution, and possible heat damage of commodities [19]. A 
more promising approach is to heat the commodity rapidly using RF or microwave 
dielectric heating to control the potential pest [19, 20]. Nelson [21] has shown that 
microwaves can kill insects in grain. It appears that using a 2.45 GHz microwave system 
heats the bulk grain material, which then transfers heat to the insects; however lower 
frequencies heat the insects without raising the temperature of the surrounding material 
beyond 50 °C [21]. Control of insects and decay fungi in timber has also been 
demonstrated. Nzokou, Tourtellot and Kamdem [22] demonstrated that a combination of 
kiln and microwave heating can sanitize infested logs. Microwave soil sanitization is also 
being investigated [23, 24]. Recent work is demonstrating the efficacy of microwave soil 
treatment to control plant pathogens and increase crop yield potential [25]. 

Effect of Microwave Heating on Seeds and Plants 
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Interest in the effects of high frequency electromagnetic waves on biological materials 
dates to the late 19th century, while interest in the effect of high frequency electromagnetic 
fields on plant material began in the 1920’s [26]. In many cases, exposure of seeds to low 
doses of radio frequency and microwave radiation resulted in increased germination and 
vigour of the emerging seedlings [27, 28]; however, exposure to high doses results in seed 
death [29, 30]. Microwaves can kill a wide range of weed seeds in the soil [30, 31].  

As with seeds, the application of mild doses of microwave energy to seedlings can greatly 
enhance growth [32]; however, high doses are lethal and can be applied as a weed control 
technology [33]. In weed control, microwave radiation is not affected by wind, which 
extends the application periods compared with conventional herbicide spraying. Energy 
can also be focused onto individual plants without affecting adjacent plants [34]. This 
would be very useful for in-crop or spot weed control activities. 

Microwave Treatment of Animal Fodder 

Dong, Long, Zhang, Hu and Pu [35] discovered that organic matter degradability of wheat 
straw in the rumen of yaks was increased by around 20% after 4 min of treatment in a 750 
W, 2.54 GHz, microwave oven. Sadeghi and Shawrang [36] showed that microwave 
treatment of canola meal increased in vitro dry matter disappearance, including substances 
that were deemed to be ruminally undegradable. Sadeghi and Shawrang [37] also showed 
that microwave treatment reduced the rumen degradable starch fraction of corn grain and 
decreased crude protein degradation of soya-bean meal compared with untreated samples. 
Small scale in vitro pepsin-cellulase digestion experiments [38] demonstrated that 
microwave treatment: increased dry matter percentage with increasing microwave 
treatment time; increased in vitro dry matter disappearance with increasing microwave 
treatment time; but had no significant effect on post-digestion crude protein content. Live 
animal trials, using microwave treated lucerne hay showed an 8.1 % higher increase in 
body weight, compared with animals fed with untreated hay [38].  

Microwave Assisted Extraction 

During microwave assisted extraction (MAE), plant materials such as wood, seeds, and 
leaves are suspended in solvents and the mixture is exposed to microwave heating instead 
of conventional heating. Chen and Spiro [39] examined the extraction of the essential oils 
of peppermint and rosemary in hexane and ethanol mixtures and found that yields were 
more than one third greater in the MAE treatments. Saoud, Yunus and Aziz [40] studied 
MAE of essential oils from tea leaves and achieved higher yields (26.8 mg/g) than 
conventional steam distillation (24 mg/g). Industrial scale microwave assisted extraction 
systems have been developed and used in several countries. Several approaches to 
industrial microwave-assisted extraction techniques have been developed. These include: 
continuous-flow reactors; small-scale batch stop-flow protocols; or large-scale single-batch 
reactors [41]. One of the limitations of microwave scale-up technology is the restricted 
penetration depth of microwave irradiation into absorbing materials [41]. This means that 
solvent or reagents in the centre of large reaction vessel are heated by convection and not 
by direct ‘in core’ microwave dielectric heating [42].  

Although less well described in the literature, an alternative approach for utilizing 
microwave heating of plant based materials has been to treat the materials with microwave 
energy prior to conventional extraction processes [43]. Microwave preconditioning of 
sugar cane prior to juice diffusion studies led to significant decreases in colour and 
significant increases in juice yield, Brix %, purity and Pol % [44]. Microwave treatment 
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significantly reduced the compression strength of the sugar cane samples, especially while 
the cane was still hot from the microwave treatment. This treatment option reduced the 
compressive strength of the cane to about 18 % of its original strength, implying that much 
less energy would be required to crush the cane for juice extraction. Bio-fuel extraction is 
facilitated when microwave energy is used to thermally degrade various organic polymers 
to facilitate extraction of sugars for fermentation [45]. These sugars can then be fermented 
and distilled to create fuel alcohols. Woody plant materials are commonly subjected to 
microwave assisted bio-fuel extraction; however, other materials such as discharge from 
food processing industries, agriculture and fisheries can also be processed using these 
techniques.  

Microwave Assisted Pyrolysis 

Three different thermo-chemical conversion processes are possible, depending on the 
availability of oxygen during the process: combustion (complete oxidation), gasification 
(partial oxidation) and pyrolysis (thermo-chemical degradation without oxygen). Among 
these, combustion is the most common option for recovering energy; however, gasification 
and pyrolysis offer greater efficiencies in energy production, recovery of other compounds 
and less pollution. Microwave assisted pyrolysis yields more gas and less carbonaceous 
(char) residue than conventional heating methods [46]. The conversion rates in microwave 
assisted pyrolysis are always higher than those observed in conventional heating at any 
temperature.  

Sensor Applications 

“Look Through” Microwave Assessment Systems 

An early focus of this research was to non-destructively assess wood quality in assets such 
as power poles and fence posts. Early non-destructive detection of biological degradation 
in wood, caused by decay or termite attack, is important if remedial treatments are to be 
effective. Wood and wood-based materials are relatively transparent at microwave 
frequencies [4]; however, their level of transparency decreases as moisture or other 
materials encroach into the wood. When microwaves are transmitted through wood (Figure 
2), the wave will be partially reflected, attenuated, and delayed compared to a wave 
traveling through free space [47].  Wave attenuation; reflections from the surface; and 
internal scattering from embedded objects, such as moving termites or cavities, cause a 
“shadow” on the opposite side of the material from the microwave source. An x-ray image 
is a good example of the information that can be derived from wave attenuation and phase 
delay measurement.  

A variant of this system has been commercially deployed to measure moisture content of 
hay bales as they are produced on the farm [48]. The ‘look through’ microwave system is 
mounted at the back of the hay bailer and measures the microwave attenuation through the 
bale as it leaves the machine. If the attenuation is too high due to excess moisture in the 
hay, the automatically bale is marked with spray paint and the bale is not stacked into the 
haystack. This system reduces the risk of spontaneous haystack fires. Similar systems have 
also been developed for grain conveyers at bulk handling facilities and shipping ports to 
automatically monitor the moisture of grain and therefore reduce the risk of spoilage 
during storage and transport. 
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Figure 2: Schematic of a simple “look through” system for assessing wood status using 
microwave energy (Modified from: Brodie, Harris, Farrell, Tse, Roberts and Kvansakul 

[49)] 
Microwave Holography 

By definition, a hologram is an interference pattern created by coherent electromagnetic 
fields. It has been demonstrated that mutual coupling occurs between antennas in the same 
plane [50-52], even in open space. When an object is placed in front of the antennas, the 
combination of reflection and diffraction of the electromagnetic fields, which are induced 
by the presence of the object, interfere with this mutual coupling; therefore, an antenna 
array, with one or more active elements and one or more passive elements can be used to 
generate the equivalent of a microwave holographic image, either by moving the antenna 
array relative to the object of interest or when the object of interest moves relative to the 
antenna array.  

Because microwave fields can penetrate many materials, the interference can be generated 
by embedded objects in other materials. Figure 3 shows the results of monitoring the 
coupling between an active antenna (horn antenna in this case) and a passive receiving 
antenna (Yagi antenna in this case), when a 2.45 GHz microwave system was used to 
detect the presence of two plastic objects buried in the field. The soil was at approximately 
50 % of ‘field capacity’, which is the moisture content of soil after draining from a 
saturated condition. The two zones where the coupling power drops below -15 dBm 
correspond to the locations of the two objects in the field. A 2-dimensional ‘image’ of 
buried objects can be achieved by scanning the soil surface using a 2-D grid pattern [53]. 
Along with conventional asset detection and mapping, this technology has a potential 
humanitarian application in detecting abandoned land mines in former conflict zones 
around the world. 

Conclusion 

The dielectric behaviour of many agricultural commodities and materials at radio and 
microwave frequencies varies considerably with moisture content. This phenomenon 
provides many opportunities for RF and microwave processing and sensing applications in 
the agricultural sector. This paper has provided a very brief overview of some of these 
applications. There are many other applications; however, time and space do not permit an 
exhaustive review of all the possibilities. 

296



Figure 3: Microwave field power coupled form the active horn antenna to a Yagi antenna, 
as a function of distance travelled over soil. Two non-metallic assets, buried at a depth of 

100 – 200 mm below the soil surface, are evident in the data (Unpublished). 
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Global plastics production has risen from 2 to 380 million tons per year between 1950 and 
2015 [1]. Consequently, the annual plastics solid waste production has risen to around 150 
million tons, whereas recycling rate has remained low [2]. It is widely accepted that the 
current production and waste management trends are not sustainable, thus, development of 
advanced recycling strategies is urgently needed. Chemical recycling methods, which 
involve breaking the polymer down into its building blocks and/or other valuable chemicals, 
have attracted great interest as tools to boost recycling rates. Microwave heating has been 
suggested as one of the promising techniques to provide the heat needed for breaking down 
the polymeric chains. The majority of previous studies on microwave depolymerisation of 
plastics involved mixing them with additional microwave absorbers [3]. Polymers, in 
general, are not considered to be good microwave absorbers at room temperature. This is 
because of their high molecular weight, which restricts molecular rotation in response to the 
electromagnetic field, and the lack of free electrons. However, it is believed that polymers 
involving polar segments would have a better ability to absorb microwaves at high 
temperatures. The aim of this study was to understand the microwave interactions with a 
range of polymers and their temperature dependency as potential candidates for microwave-
assisted depolymerisation. The dielectric properties of the polymers were measured as a 
function of temperature using the cavity perturbation technique. It was found that the loss 
factor of those polymers involving polar segments within their polymeric chains, such as 
poly(methyl methacrylate), increases with temperature. The loss factor increases more 
rapidly above the glass transition temperature. This was attributed to the polymeric chains 
having extra freedom to move in response to the applied electromagnetic field. Above 200 
°C the dielectric behaviour was affected by two factors. The first is the transition in 
relaxation frequency which leads to a drop in the loss factor with temperature. The second 
is the thermal decomposition of the polymer and vaporisation of its products which results 
in reduction in both the dielectric constant and loss factor. Polymers with no strong polar 
segments such as polystyrene did not show a similar increase in the loss factor with 
temperature. Microwave heating experiments in a single-mode cavity supported the 
dielectric characterisation observations. The absorbed microwave power and the heating rate 
were found to increase rapidly once temperature reaches the glass transition temperature. 
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