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Abstract: Microwave technology has a potential application in the extraction of zinc from sulphide
ores, knowledge of the dielectric properties of these ores plays a major role in the microwave
design and simulation for any process. The dielectric properties of zinc sulfide concentrate for two
different apparent densities—1.54 and 1.63 g/cm?®—have been measured by using the resonance
cavity perturbation technique at 915 and 2450 MHz during the roasting process for the temperature
ranging from room temperature to 850 °C. The variations of dielectric constant, the dielectric loss
factor, the dielectric loss tangent and the penetration depth with the temperature, frequency and
apparent density have been investigated numerically. The results indicate that the dielectric
constant increases as the temperature increases and temperature has a pivotal effect on the
dielectric constant, while the dielectric loss factor has a complicated change and all of the
temperature, frequency and apparent density have a significant impact to dielectric loss factor.
Zinc sulfide concentrate is high loss material from 450 to 800 °C on the basis of theoretical analyses
of dielectric loss tangent and penetration depth, its ability of absorbing microwave energy would
be enhanced by increasing the apparent density as well. The experimental results also have proved
that zinc sulfide concentrate is easy to be heated by microwave energy from 450 to 800 °C. In
addition, the experimental date of dielectric constant and loss factor can be fitted perfectly by
Boltzmann model and Gauss model, respectively.
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1. Introduction

Zinc is the third most commonly used nonferrous metal and has a wide range of applications in
the civilian and military fields. Zinc is mainly extracted from sulphide ores, oxide concentrates,
silicates and zincous wastes. The extraction of zinc from sulphide minerals is carried out by two
approaches: pyrometallurgical and hydrometallurgical processing, which is also known as the
roast-leach-electrolysis combined process [1]. Now about 80% primary production of zinc is
obtained from this combined process, although pyrometallurgy suffers from high energy
consumption and SO: emission and hydrometallurgy suffers from lengthy processing times and
lower recoveries. So much attention has been paid to develop the processes which are less costly,
more environmentally friendly and economically acceptable, for instance, using the microwave as an
energy source [2].
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The microwave energy has several advantages as compared to the traditional heating methods
[3,4]. The dielectric properties are the key parameters for microwave heating because they determine
how the microwave energy is absorbed, transmitted, reflected, or concentrated inside a material. The
dielectric properties can be defined as the complex form [3]:

& =& — jér )

where j is imaginary unit, j°> = —1, the relative dielectric constant (¢, ) measures how much

energy transferred from an external electric field is stored in a material, whereas the relative
dielectric loss factor (&, ) measures how lossy a material is to an external electric field. g, and €,

are crucial parameters to the microwave absorption in materials and efficiency of microwave
processing [5,6], they are effected by composition, temperature, microwave frequency, etc.

The ability of a special material converting microwave energy into heat at a given frequency
and temperature is determined by the loss tangent (tand ). The dielectric loss tangent is expressed

as tand = ¢,/¢, . In general a material with high tand value at some microwave frequency is

required for good absorption and efficient heating. Metaxas et al. categorizes materials based on the
tand, low loss materials are those with tand << 3X10™*, medium loss materials are those with

3X107* < tand < 3X107?, and high loss materials with tand =3 X107* [7].
The power penetration depth ([),) is defined as the distance at which power density of

incident wave is reduced to 1/e of its value at surface of the material [8]. It is the measure of how
deep a microwave radiation can penetrate into a material and it is calculated as follows:

C

D,=
27rf\/25;,[\/l—|— (Z—)z —1] 2

where ¢ is the speed of light in free space (3X10® m/s ), and f is the micorowave frequency
(Hz).

The dielectric properties of zinc sulfide concentrate has rarely been reported up to now,
especially for high temperature [2], although there are a considerable number of studies on the
dielectric properties of materials and their evolution with temperature and frequency [6,9]. At
present, a novel combination of phase transformation by using microwave roasting and leaching,
can improve zinc extraction with high energy efficiency and hardly any SO: emissions [10,11].
However, the kind and mass fraction of addition is dominantly based on experience analogy under
the condition of no dielectric properties of zinc sulfide concentrate. Hence, it is important to know
how the dielectric properties of zinc sulfide concentrate change with the temperature, microwave
frequency, and apparent density.

The object of this work is to study the dielectric properties of zinc sulfide concentrate as affected
by temperature (from room temperature to 850 °C), microwave frequency (915 and 2450 MHz) and
apparent density in view of continuous thermal processing. Theoretical analyses have been also
been conducted by calculating the loss tangent and penetration depth, The experiment value of
dielectric constant and loss factor are fitted perfectly by Boltzmann model and Gauss model,
respectively. It is hope that the data of dielectric properties in this paper can provide useful
guidelines in designing and simulating microwave heating system of zinc sulfide concentrate.
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2. Experimental

2.1. Material and Preparation

In the present study the zinc sulfide concentrate was obtained from Huize County of Yunnan
province in China. The main chemical composition of the zinc sulfide concentrate is shown in Table
1, it can be seen that the zinc sulfide concentrate is mainly comprised by zinc, sulfide, ferrum and
plumbum, zinc and sulfide make up about 84.14 percent mass fraction of the zinc sulfide
concentrate. The zinc phase distribution in the zinc sulfide concentrate is presented in Table 2, it can
be seen that zinc exists in the state of zinc sulfide, zinc carbonate, zinc silicate, and franklinite et al.,
zinc sulfide has a primary value of 49.50 percent mass fraction in the 51.16 percent total zinc. XRD
was also used to analyze the component phases, and the results are shown in Figure 1, it also can be
found that zinc sulfide is the dominating composition of the zinc sulfide concentrate.

Table 1. Main chemical composition of zinc sulfide concentrate (mass fraction, %).

Znr S Fe Pb
51.16 32.98 8.26 1.95

Znr—total zinc.

Table 2. Zinc phase distribution of zinc sulfide concentrate

Zinc Zinc Zinc
Zinc Ph Franklini 1. Z
e Fhase Sulfide Carbonate Silicate ranklinite et a nr
Mass fraction/% 49.55 0.80 0.64 0.17 51.16
Distribution/% 96.85 1.56 1.25 0.33 100
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Figure 1. XRD pattern of zinc sulfide concentrate.

The zinc sulfide concentrate sample was prepared by a dry grinding and a wet grinding down
to 100% passing 75 pm, then dried at 100 °C for 12 h, that’s because the moisture in the ore can
decrease the measurement precision of dielectric properties and the drying process can remove the
moisture.

2.2. Measurement of Dielectric Properties

Many techniques have been developed to measure the dielectric properties, for instant,
transmission/reflection line, resonance cavity perturbation, free-space, and open-ended methods
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[12]. Each method has some advantages and disadvantages, respectively. The choice of the
measurement equipment and sample holder design depend on several factors, including the
operating frequency of microwave system, the dielectric materials to be characterized, extent of the
research, as well as the equipment and resources that are available. For example, open-ended
method may lead to lower precision since the air bubbles below the coaxial probe can result in lower
values of permittivity, resonance cavity perturbation is typically used for low-loss materials and
identifying the resonant frequency and quality factor would have been difficult due to the high
absorption of the materials [13].

In this study, the resonance cavity perturbation technique was employed to measure the
dielectric properties of zinc sulfide concentrate (low loss materials) during roasting at 915 and 2450
MHz from room temperature to 850 °C. The dielectric properties measure system, possessed by Key
Laboratory of Unconventional Metallurgy of Ministry of Education, Kunming University of Science
and Technology, is mainly comprised by four parts, TMono cavity, temperature control, Agilent
N5230C vector network analyzer (Keysight Technologies, Penang, Malaysia), and computer with
special dielectric properties computing software. The zinc sulfide concentrate powder was prepared
in duplicate and filled in two quartz tube with inside diameter (ID) 28 mm, outside diameter (OD) 35
mm and length 500 mm. The two samples were formed by different external force, and their
apparent densities were obtained by measuring their mass and volume. Measurement processes are
as following: Ore sample is place in the induction furnace and heated to the designed temperature,
then raised up quickly to the TMono cavity. Agilent N5230C vector network analyzer records the date
changes of resonant frequency and quality factor. The testing software in the computer would
calculate the parameters of dielectric properties, error date processing is considered as well. The ore
sample was step-heated to 850 °C from room temperature in 50 °C steps. The two samples were
measured one by one. The entire measurement process was in an air atmosphere and at atmospheric
pressure.

2.3. Thermogravimetric Analysis-Differential Scanning Calorimetry Analysis of Zinc Sulfide Concentrate

Figure 2 represents the thermogravimetric analysis-differential scanning calorimetry (TG-DSC)
curves of zinc sulfide concentrate. The zinc sulfide concentrate of 24.3100 mg was prepared to test
the TG and DSC curves under air atmosphere in 10 °C/min heating rate. It is evident that the weight
of zinc sulfide concentrate decreases with the temperature increasing. The weight loss in
temperature range of 400 to 500 °C is about 3% in TG curve, while that is about 14% from 620 to 850
°C. It can be seen from the DSC curve that there are two peaks during temperature variation. The
first peak shows that’s an exothermic reaction and the peak temperature is 479 °C, the second one is
an endothermic reaction and the peak temperature is 687 °C.
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Figure 2. Thermogravimetric Analysis (TG) and differential scanning calorimetry (DSC) curves of
zinc sulfide concentrate.
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2.4. Dielectric Properties Modeling

Regression analysis is employed to study the dielectric properties obtained from the previous
study which have been fitted to two different pre-existing regression models. These models can fit
the experimental curves perfectly in predicting the variations of dielectric properties. The first model
is called Boltzmann model, it is based on a sigmoidal function, which can be given by [14,15]:

A A
y—He(T—,TD)/dT‘FAz (3)

where ¥ is dielectric properties (dielectric constant and dielectric loss), and temperature T' (°C) is
the lone independent variable, A;, A,, Ty and dT are the regression coefficients. The second

model is Gauss model and can also be expressed as exponential form [15,16]:

A C2(T—Ty)?

y:yo+w—m8 4)

where y is dielectric properties (dielectric constant and dielectric loss), and T (°C) is the

temperature, w, Yo, 1o and A are the regression coefficients.

3. Results and Discussion

3.1. Dielectric Properties of Zinc Sulfide Concentrate

The effect of the temperature on the dielectric properties of zinc sulfide concentrate for two
different apparent densities 1.54 and 1.63 g/cm? at 915 and 2450 MHz frequency is shown in Figure 3.
The dielectric constant of zinc sulfide concentrate at room temperature in this study is similar to that
of previous study [2]. It can be seen from Figure 3a,c that the dielectric constant of zinc sulfide
concentrate increases gradually as temperature increases from room temperature to 850 °C, this
could be because the energy of molecules increases with temperature increases, then the relaxation
time decreases, so the response to the external electric field is faster, the dielectric constant of zinc
sulfide concentrate increases immediately [17]. The dielectric constant is relatively low (< 5) for
temperature under 450 °C because of the weak-polar nature. The dielectric constant at 2450 MHz is
mostly larger than that at 915 MHz, and the difference of the dielectric constant between 2450 and
915 MHz is small, these experimental results are not in line with Debye equation [18], that’s because
of the intricate characteristics of the chemical composition and phase distribution. Similar increasing
trend of dielectric constant is observed for two apparent densities and the dielectric constant of 1.63
g/cm? is always bigger than that of 1.54 g/cm?. In a word, the temperature has a pivotal effect on the
dielectric constant compared with frequency and apparent density.

It can be seen from Figure 3b,d that the variation of dielectric loss increases gradually till 100 °C
and then decreases till 200 °C for 915 MHz and 250 °C for 2450 MHz, respectively, that’s because of
the release of volatile matters. Later increases sharply from 400 to about 800 °C, it can be concluded
that the oxidation reaction of zinc sulfide proceed gradually according to the temperature condition
of zinc sulfide oxidation reaction [19,20], and there is a main phase transformation in this
temperature range as well, Figure 2 also can prove that there are some reactions from 400 to about
800 °C. Lastly drop sharply to an almost stable value, which means main reaction have finished by
compared with the dielectric properties of zinc oxide we have measured. The dielectric loss factor is
the function of frequency because of dipolar rotation and ionic conduction, and ionic conduction is
the dominant mechanism at lower frequencies while dipolar rotation is the main source of dielectric
loss at higher microwave frequencies [21,22], as shown in the following equation:

" o

€ =Eq T =6 T /e
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where &, represents the loss due to dipolar rotation, and &,, represents the loss due to ionic

conduction, and o is the electric conductivity (5/M).
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Figure 3. The variations of dielectric properties of zinc sulfide concentrate at different temperature.

The dielectric loss factor at 915 MHz from Figure 3b is smaller than that at 2450 MHz from
Figure 3d when the temperature under 400 °C, but reverse results when the temperature above 400
°C. It can be concluded that dipolar rotation is the main contribution to the loss factor when
temperature under 400 °C, while ionic conduction contributes mainly to the loss factor when
temperature above 400 °C because thermal agitation disturbs the alignment of the molecule dipole
with the electric field and conduction increases as the temperature increases, similar results have
also been reported by some literature [22,23]. In addition, the dielectric loss factor of apparent
density of 1.63 g/cm? is mostly larger than that of 1.54 g/cm3 for the same temperature. Hence, the
temperature, frequency and apparent density have a great effect on the dielectric loss factor.

Figure 4 shows the temperature dependence of dielectric loss tangent at 915 and 2450 MHz for
two different apparent densities 1.54 and 1.63 g/cm?. Properly speaking, the materials that can be
heated well in an electric field have high values of tand, and materials that can be heated poorly

have low values of tané, based on this feature, they are often referred to as “high loss” or “low

loss” materials, respectively. It can be seen from Figure 4 that the zinc sulfide concentrate is medium
loss material when the temperature less than about 450 °C, and zinc sulfide concentrate is high loss
material because of tané >3 X 107? when the temperature change approximately from 450 to

800 °C. The loss tangent at 915 MHz is larger than that at 2450 MHz for temperature above 400 °C,
the maximum values of loss tangent are 0.232 at 2450 MHz and 0.100 at 2450 MHz, respectively. The
zinc sulfide concentrate of bigger apparent density for a given temperature mostly has a higher
value of dielectric loss factor, it can be concluded that the loss tangent increases and reaction process
accelerates as the apparent density increases suitably, similar results for room temperature can be
found in literature [24,25], so we can enhance the ability of absorbing microwave by increasing the
apparent density.
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Figure 4. The variations of dielectric loss tangent of zinc sulfide concentrate with temperature.

3.2. Effect of Temperature on Penetrate Depth of Zinc Sulfide Concentrate

Figure 5 presents the temperature dependence of penetration depth at 915 and 2450 MHz for
two different apparent densities—1.54 and 1.63 g/cm3. It can be found that the variation tendency of
the penetration depth is same for four curves. The frequency and temperature have a more great
effect on the penetrate depth rather than the apparent density. It can be concluded that zinc sulfide
concentrate can be heated well from 450 to 800 °C, and 2450 MHz is beneficial to the efficient heat
while 915 MHz is in favor of uniform heating.
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Figure 5. The variations of penetration depth of zinc sulfide concentrate with temperature.

3.3. Heating Experimental Results in the Microwave Oven

Filled in an alumina crucible, 30 g zinc sulfide concentrate with the apparent density of 1.63
g/cm?® was heated by 2450 MHz microwave oven at power of 1000 W. The method of microwave
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auxiliary heating by using silicon carbide was employed from room temperature to 450 °C, then
silicon carbide was taken out quickly from the microwave cavity, later the zinc sulfide concentrate
was heated directly by microwave energy. Heating experimental results show that it needs 26 min
from 450 to 800 °C, heating rate is 13.85 °C /min.

3.4. Modeling the Dielectric Constant

The experimental values of dielectric properties of zinc sulfide concentrate were fitted to two
pre-existing regression models viz. Boltzmann and Gauss regression model. It can be found that the
Boltzmann model is suited to fit the dielectric constant of zinc sulfide concentrate and Gauss model
is suited to fit the dielectric loss. Figure 6 shows the Boltzmann fitting of dielectric constant and
Gauss fitting of dielectric loss for apparent density 1.63 g/cm? at 915 and 2450 MHz. The fitting
results of regression coefficient and coefficient of determination (R?) are summarized in Table 3. It
can be seen that the R? value of Boltzmann fit is 0.99 for 915 MHz and 0.97 for 2450 MHz compared to
0.97 for 915 MHz and 0.90 for 2450 MHz of Gauss fit. Since R? indicates how well the function is
fitted to the experimental values, very high values of R? (> 0.9) in two models implies that predicted
value of zinc sulfide concentrate dielectric properties is very close to the experiment results. The
predicted values of zinc sulfide concentrate dielectric properties will be helpful to design and
simulate large size microwave system.
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Figure 6. Experimental values of dielectric properties fitted with Boltzmann model and Gauss model
for apparent density 1.63 g/cm? at 915 MHz and 2450 MHz.
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Table 3. Regression coefficients and R? values for Boltzmann model and Gauss model fitted to the
dielectric properties experimental results.

Parameter Model Frequency Regression Coefficients R?
A A, T dT
& Boltzmann model  915MHz 327 46,800.40 2108.67 141.71 0.99
2450 MHz  4.16 15.79 760.94 19.47 0.97
Yo T, w A
5: Gauss model 915 MHz 0.04 724.12 228.83 37452 0.97

2450 MHz  0.04 626.37 22513 13998 0.90

4. Conclusions

The dielectric properties of zinc sulfide concentrate were determined by using resonance cavity
perturbation technique, how temperature, frequency and apparent density effect on the dielectric
properties have been studied numerically. The dielectric constant increases gradually with
temperature and apparent density increases, decreases mostly with the frequency increases, the
temperature has a key role to the dielectric constant. All of temperature, apparent density and
frequency have a significant impact to the dielectric loss factor. It can be concluded by the loss
tangent and penetration depth that the zinc sulfide concentrate is high loss material from 450 to 800
°C, its ability of absorbing microwave energy would be enhanced by increasing the apparent
density. The experimental results also have proved that the zinc sulfide concentrate is high loss
material from 450 to 800 °C. The dielectric constant and loss factor can be fitted perfectly by
Boltzmann model and Gauss model, respectively.
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