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Introduction

Along with recycling and landfilling, incineration is an established management
strategy, allowing to recover energy while at the same time reducing the waste
volume. Incineration, however, leads to the generation of municipal solid waste
incinerator (MSWI) bottom ash (BA) as a major solid by-product. Bottom ash is either
used in road construction or is disposed in landfills. With the aim of exploring the
reuse potential of BA, the elemental composition, mineralogy, and leaching
behaviour have been thoroughly studied. The dielectric properties of BA at elevated
temperatures were measured as microwave thermal processing is aimed for,
allowing the production of highly vitrified slag, which will be used as precursor for the
synthesis of inorganic polymers.

The design of microwave processing requires knowledge of the dielectric properties
of materials, since this property determines the response of being subjected to a
microwave field. In general terms, the dielectric properties determine the ability of
the material to absorb microwave energy and convert it into heat. These properties
mainly depend on the frequency, temperature, nature, moisture content and particle
size of the material. In this study, a dual single-mode microwave applicator was used
both to heat the material and dynamically characterise its dielectric properties in a
wide range of temperatures.!

Materials and methods

Background theory

In simple terms, the dielectric properties (also known as permittivity) can provide
information on how the material interacts with the applied electric field. In scientific
terms, the dielectric permittivity (Equation 1) is the macroscopic expression of the
polarisation of solid particles, which can also include the ionic atmosphere and
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double layers around the particles.? It is a complex function, composed of a real and
imaginary part. The real part, the dielectric constant (¢’), reflects the ability of the
material to be polarised under the induced electric field. The most essential factor
that determines the ability of the material to convert the absorbed power into heat
is the dielectric loss factor, €” (the imaginary part).

e=¢ —jg” (1)

where € is the complex dielectric permittivity, €’ and € are the dielectric constant
and loss factor respectively.

Sample preparation

Wet MSWI BA samples were received from an incineration plant in the Netherlands.
X-ray fluorescence data, presented in Table 1, show that the chemical composition
predominantly consists of SiO? followed by Ca0, Al,O3, Fe203 and minor quantities of
Na;0 and MgO. Specific BA specimens were used to examine the influence of the
particle size on the dielectric properties. The aim of these measurements was the
dielectric characterisation of the BA and the determination of the best BA processing
parameters for electromagnetic heating.

Initially, in the pursuit of obtaining the optimal BA particle size distribution, the
dielectric properties of a “fine” and “coarse” grade were measured. Both samples
were oven-dried at 105°C to remove moisture. The “fine BA” was initially disk milled
(Fritsch Pulverisette 13) followed by attritor milling (Wiener 1S) for 8 h. The “coarse
BA” was obtained by disk milling (Fritsch Pulverisette 13) only. The particle size
distribution was measured by a laser diffraction particle size analyser (Beckman
Coulter LS13 320). The Dsp of the fine and coarse BA was 7.63 and 809 um,
respectively. All dielectric properties were measured on loose powder under a
continuous nitrogen gas flow.

Table 1: Normalised chemical composition of BA, based on XRF data (error of semi-
quantitative analysis: 10%)
Component SiO; Cao Al;,03 Fe 03 Na,O MgO Others
W1t% 54 15 11 8 4 2 <1

Measurement set-up

The microwave cavity that was used for the dielectric measurements is illustrated in
Figure 1 and has been designed to have a high power dominant mode for heating the
material and a second mode to measure the dielectric properties. The TEzz; mode is
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used for heating and it has been designed to resonate near the ISM (Industrial,
Scientific, Medical) frequency of 2.45 GHz, more precisely in the bandwidth of 2.2-
2.6 GHz. The TMy10 mode provides a larger frequency shift between 1.9 and 2.2 GHz
and is used for measuring the dielectric properties. Different resonant frequencies
have been selected to avoid interference of the two signals. The signal source for the
heating mode is produced by a Vector Network Analyser (VNA) connected to an
amplifier. The VNA delivers an output of 0 dBm (1 mW) up to 50dB (140 W) using an
amplifier. A second VNA is used for the measuring mode.
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Figure 1: Schematic of the equipment to determine microwave-matter interactions. Modified
from from Garcia-Banos et al.?

Results and discussion

Effect of particle size on dielectric properties

In order to examine how the BA material responds under the microwave energy, it is
essential to know the heating profile and the dielectric properties. Figure 2 presents
the heating profile of the fine and coarse BA under an applied power of 140 W,
whereas Figure 3 depicts the measured values of the dielectric properties for both
materials from room temperature up to approximately 1100°C. In Figure 3, the
dielectric constant of the fine BA was higher than for the coarse BA in the 280-850°C
range, as it is also depicted in the loss factor. Probably, the small particle size of the
fine BA and the respective high specific surface area result in an enhanced
polarisation of the induced electric charges. The fine BA powders showed accelerated
heating around 250°C, accompanied by a strong increase €” and €", whereas this was
delayed up to 700°C for the coarse BA powder. However, for temperatures below
280°C and above 850°C, the dielectric constant of the coarse BA was higher than for
the fine BA. The reason behind it needs further investigation. Although there are not
so many studies on the effect of particle size on dielectric properties, some
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researchers have investigated this correlation for polymers and ceramic composites.
Q.G. Chi et al.* studied the effect of the particle size on the dielectric properties of
ceramics and concluded that the dielectric constant of the ceramic powders
decreased with increasing ceramic particle size. Hsing-I-Hsiang® studied the effect of
the BaTiOs powder size on the dielectric properties of BaTiOs/polyvinylidene fluoride
composites at different frequencies. At frequencies > 100 KHz, the dielectric constant
of the composites increased with decreasing BaTiO3 particle size. On-going work
focuses on conventional thermal analysis to assess the phase transformations and
elucidate how these are reflected in the material dielectric response at microwave
frequencies. Simultaneously, in-depth investigation of the BA microstructure will give
a better understanding of the interplay between the dielectric properties and the
constituent phases.
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Figure 2: Heating profile of the fine and coarse BA under 140W input power
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Figure 3: Dielectric properties of the fine and coarse BA during heating to 1100°C under 140W
input power

Conclusions

Dynamic dielectric characterisation of BA was performed during microwave heating
up to 1100°C and revealed the dielectric response of two different BA particle sizes
in an electromagnetic field. The comparison shows that that the finer BA material has
a higher heating rate above 250°C, due to a higher dielectric constant as well as loss
factor, allowing a more efficient microwave heating process.
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