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Abstract: Permittivity is a vitally important parameter for
describing the absorbing and heating characteristics of a
material under microwave irradiation, and it is also
strongly dependent on temperature. However, the litera-
ture contains little information on this topic and even less
particular permittivity data at elevated temperatures. In
this paper, the permittivity of a CuCl residue at tempera-
tures from 13 to 450 °C at 2.45 GHz was measured using the
cavity perturbation method. The relationship of its real
part (¢/) and imaginary part (”) with temperature (T) was
deduced. In addition, the temperature-dependent tangent
(tan 6) and the penetration depth (d) of microwaves into
the material were calculated. The results of the permittivity
study show that the dielectric constant (¢) of the CuCl
residue increased linearly with increasing temperature. In
contrast, the dielectric loss factor (¢”) and loss tangent first
maintained on a steady value between 13 and 300 °C and
then substantially increased from 300 to 450 °C. The posi-
tive interaction of the dielectric property and temperature
showed the reasonableness of our earlier metallurgy pro-
cess, where the CuCl residue for dechlorination was
roasted at 350-450 °C under microwave irradiation.
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Introduction

In recent years, because of its special advantages, which
include selective heating, internal heating and fast heating
with concentrated energy, microwave energy has found
applications in an increasing number of processes and
areas (e.g. the food, medical and petrochemical industries),
where it has led to gigantic profits [1-4]. In addition, in the
mineral processing and metallurgy fields, additional
research on mineral grinding, sintering, melting, thermal
reduction and oxidation has recently been carried out,
which has led to less energy consumption and higher effi-
ciency compared with conventional technology [5-7]. Thus,
the advantages of microwave energy may efficiently solve
the problems facing traditional factories. However, the lack
of the fundamental physical data, especially permittivity
data, and the uncertainty of the microwave enhancement
mechanism are two substantial obstacles that continue to
impede final application this technology [8]. Permittivity is
critically important as a parameter for characterizing the
absorption and heating properties of a material under
microwave irradiation. It is also strongly dependent on
temperature [9, 10]. The literature contains few reports
on this topic, and specific data on high-temperature permit-
tivity are even less common.

In our previous work, we proposed a new process for
dechlorinating a hydrometallurgical residue (i.e. CuCl resi-
due) using microwave energy. Initially, we measured the
dielectric properties of the CuCl residue as a function of its
moisture content and density at room temperature [11]. The
sticky and wet CuCl residue containing 33 % water was then
dried efficiently under microwave irradiation and was
ground into a powder with a moisture of approximately
5% [12]. The dried CuCl residue powder was subsequently
roasted under an atmosphere of steam and oxygen for
dechlorination in a tubular microwave furnace at 350-
450°C, the efficiency of the dechlorination process was
greater than 95 % [13]. We also found that, compared with
the dechlorination efficiency in a conventional electric tub-
ular furnace, the speed and efficiency under microwave
irradiation conditions were both greatly enhanced [14, 15].

This work is licensed under the Creative Commons Attribution 4.0 Public License.
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In the present work, we first measured the dielectric
constant (¢’) and the dielectric loss factor (¢”) of the CuCl
residue under different temperatures (from 13 to 450 °C)
at 2450 MHz. We then calculated the loss tangent (tané)
and penetration depth of the CuCl residue at high tem-
peratures. The heating curves of the CuCl residue in
microwave field generated at different microwave power
levels (1200-2400 W) were also studied. Finally, on the
basis of our comparison of the dechlorination results with
those obtained using a conventional electric furnace,
SEM analysis results for the roasting product, and the
roasting product’s permittivity data, we deduced an
intensification mechanism of microwave roasting.

Experimental

Materials

The raw material, CuCl residue, was obtained from a
zinc hydrometallurgical plant in Yunnan Province,
China. The main chemical composition and phase of
the CuCl residue after complete drying is shown in
Table 1 and Figure 1.

Table 1: Chemical composition of the CuCl residue from a zinc
hydrometallurgy process.

Composition Cu Cl (0] S Zn

Content (%) 54.68 17.27 3.34
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Figure 1: XRD pattern of the raw material.
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Figure 1 shows that copper(I) chloride (CuCl) and
copper(Il) oxide (Cu,0) were the major components of
the CuCl residue and that a minor amount of ZnS was
also present.

Experimental devices
High-temperature permittivity measurement system

A microwave cavity perturbation method was used to
measure the dielectric parameters of the CuCl residue at
high temperature. The testing equipment was developed
by the Institute of Applied Electromagnetics at Sichuan
University, China. A schematic of this system is shown in
Figure 2.
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Figure 2: Schematic of the high-temperature permittivity measure-
ment system.

The device consists of a vector network analyser, a
waveguide—coax transition, a directional coupler, an
electromagnetic induction heater, a water recirculator,
a gas lift and a cavity resonator. Microwave is launched
from one port of the vector network analyser, enter the
analysing cavity through the waveguide—coax transition
and directional coupler. The resonator is used to hold in
the analysing cavity. The microwave signal returns to
the signal receiver of the vector network analyser
through the waveguide—coax transition and directional
coupler after interacting with the material in the cavity.
The test control unit is connected to a computer via a
USB data cable; a software system is responsible for
calculating the dielectric parameters (Figure 2). The sys-
tem error of the high-temperature permittivity measure-
ment system is estimated to be only 3-5 %.
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Microwave oven used in heating-curve experiments

A microwave reactor with a power of 3kW and a frequency
of 2450 MHz was used during heating-curve experiments.
Its schematic is presented in Figure 3. The microwave
system consists of two magnetrons, a multi-mode cavity
and a quartz glass tube. It is equipped with a water-cooled
condenser and a temperature controller for adjusting the
microwave input power level for a preset temperature. A
thermocouple pyrometer was inserted into the centre of
the sample for measuring the heating temperature.

Microwave

| _—Sample

Heat
insulator

20-1200°C

Temperatiire control unit
with thermoelement

Microwave source with
microwave power control
0-3KW

Data acquisition

Figure 3: Schematic of the microwave oven used in this work.

Dechlorination devices

To illustrate the mechanism by which microwaves inten-
sify dechlorination, a series of experiments were carried
out by conventional and microwave heating. A tubular
resistance furnace and a tubular microwave oven were
used in the conventional and the microwave experi-
ments, respectively. The microwave heating schematic is
illustrated in Figure 4.

Experimental procedures

A four-step process was used to measure the dielectric
properties: (1) The test sample was placed in a small
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quartz tube, which was subsequently placed into the
heater of the high-temperature permittivity measure-
ment system. (2) When the temperature of the sample
reached a preset temperature, it was lifted into the cav-
ity resonator quickly through an opening via a gas lift;
the sample’s influence on the microwave distribution
was detected by the sensors. (3) The software rapidly
calculated the dielectric parameters on the basis of test-
cavity perturbation theory. (4) The sample then was
lowered to the heater and heated to a higher preset
temperature for measurements of its permittivity at a
different temperature.

During the microwave heating-curve experiments, a
certain amount (100g) of dried and ground sample
loaded into a mullite crucible was placed inside the
microwave oven and heated to 500-600°C at a certain
microwave power (1200, 1800 or 2400 W).

For roasting experiments, a thin layer of 20g of
dried and ground sample was placed in a mullite
boat, which was, in turn, inserted into a furnace and
heated to 300-500 °C under oxygen flowing at 150 mL/
min. The sample was maintained at the desired tem-
perature for 120 min. Absorbing bottles were used to
treat the off-gas.

Results and discussion

Dielectric constant

The variation of the real permittivity of the CuCl residue
with increasing temperature and at 2.45GHz is shown in
Figure 5.

The dielectric constant of the CuCl residue was 2.473
at room temperature (13 °C) and increased with increas-
ing temperature. The real permittivity slightly increased
to 2.721 at 450 °C, and the change in the dielectric con-
stant was approximately linear in this temperature
range. The curve fitting results in Table 2 indicate the
changes in the relationship between temperature and
the dielectric constant of the CuCl residue. Although
the temperature range of the experiments was limited
to 13-450 °C, the tendency of the dielectric constant of
the CuCl residue to increase with increasing temperature
is the same tendency exhibited by the dielectric con-
stants of other ores and minerals [16]. Compared with
many other minerals such as kaolin ores [16] and natural
ilmenite [17], the CuCl residue exhibits a lower dielectric
constant.
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Figure 4: Schematic of the microwave oven used in this work.
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Figure 5: Variation of dielectric constant of the CuCl residue as a
function of temperature.

Table 2: The variation of dielectric properties of the CuCl residue
with temperature.

Result R?

£'=2.4639 + 5.5698x107*T 0.9847

Loss factor

Figure 6 shows the variation of the loss factor of the CuCl
residue as a function of temperature at 2.45 GHz. The loss
factor was lower than the dielectric constant in the range
of tested temperatures, whereas the trend of increasing
temperature differed from that of the dielectric constant.
The loss factor reached a stable level of 0.0182-0.0258 at
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Figure 6: The variation of loss factor of CuCl residue with
temperature.

temperatures below 300 °C. However, when the tempera-
ture was greater than 300 °C, it rapidly increased with
increasing sample temperature; the value of the loss
factor almost tripled relative to the average value at
temperatures between 13 and 400 °C, reaching a maxi-
mum value of 0.0621.

The residue in our work is composed of CuCl, Cu,0
and a minor amount of ZnS. The crystal structure of the
CuCl residue is ionic crystals. On the interfaces between
various compounds a large number of ions and electrons
exist, most of which will induce a relaxation phenomenon
under a microwave field [18]. Because the melting point of
CuCl is approximately 430 °C, when the temperature was
above 400 °C, the number of active ions and electrons of
CuCl residue will sharply increase. The loss factor of a
material is directly proportional to its conductivity; thus,
the loss factor increases with increasing temperature [19].
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Loss tangent

The values of loss tangent at the frequency of 2.45GHz
were calculated using the measured data (¢’ and £”); the
results are shown in Figure 7.
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Figure 7: Variation of the loss tangent of the CuCl residue with
temperature.

The values of loss tangent of the CuCl residue at different
temperatures exhibit the same tendency as the loss fac-
tor. From the formula tan § =¢”/¢’, an increase in tané is
a result of a more rapid increase in &” than in &’. At
temperatures between 13 and 300°C, the loss tangent
reached a stable level in the range 0.0069-0.0104 and
then rapidly increased when the temperature was greater
than 300 °C; the value of the loss tangent almost doubled
compared with its average value in the range 13-400 °C,
reaching a maximum value of 0.023.

Penetration depth

The power penetration depth (D) is defined as the depth
where the strength of an applied microwave field is
reduced to 1/e of its surface value and is expressed with
the equation

D,= Ao
’ 2/2my [ ey /1+ () -1

where A is the wavelength (Ao =12.24 cm at 2.45 GHz) and
1t is a constant. The penetration depth of the CuCl residue
can be calculated by eq. (1) on the basis of the measured
dates.

@)
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Figure 8 shows the variation of the penetration depth
of the CuCl residue with temperature at 2.45 GHz.
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Figure 8: The variation of penetration depth of the CuCl residue with
temperature.

As shown in Figure 8, the optimum thickness for uniform
heat varied from 8 to 6 cm at room temperature to 450 °C.
The penetration depth stabilized between 7.8 and 8.4 cm
in the temperature range 13-300°C and then decreased
to 6.1cm at 450°C. When the penetration depth is less
than the size of the heated sample, obvious temperature
gradients will be observed. In the test of microwave
roasting of CuCl residue, the dechlorination process of
the sample was diminished; thus, the material thickness
had no effect on the uniformity of microwave heating.
However, in expanding experiments and industrialization
trial production processes, extra attention should be paid
to the material mixing to ensure high efficiency of micro-
wave heating.

Microwave heating curves

To reveal the real heating behaviour of the residue in var-
ious microwave fields, we recorded a series of heating-rate
curves for the CuCl residue at different microwave power
levels; the results are shown in Figure 8.

A nonlinear relationship exists between the tempera-
ture of the sample and the microwave heating time.
Figure 9 shows that the sample temperature increased
from room temperature to approximately 600 °C within
15 min, which indicates that the CuCl residue exhibits a
strong ability to absorb microwave energy and convert it
into heat.
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Figure 9: Heating-rate curves of the CuCl residue at different micro-
wave power levels.

Figure 9 shows that the increasing tendency can be
divided into two parts. The sample temperature slowly
increased in the temperature range 25-300 °C and rapidly
increased in the range 300-500 °C. This result is in good
agreement with the dielectric properties of the CuCl resi-
due. At 25-300 °C, with lower &/, €” and tané values, the
CuCl residue can absorb only a small portion of the
microwave energy. Therefore, only a small fraction of
the radiation energy was converted into thermal energy
and the material temperature increased slowly. When the
temperature was greater than 300 °C, the values of &, ”
and tané increased swiftly and the material temperature
increased rapidly within a relatively short time. The inter-
play of the dielectric characteristics and temperature
explains the mechanism whereby the CuCl residue can
be heated to a high temperature in a short time in micro-
wave field because the sample can absorb a much larger
fraction of microwave energy at higher temperatures.

Intensification mechanism of its
dechlorination process by
microwave energy

Comparison of dechlorination effect with
elect microwave

Many scholars have studied the reaction process of cop-
per chloride at different temperatures. A new phase of
Cu,0Cl, was found during the oxidation of CuCl, and the
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sequence of chemical reactions at various temperatures is
shown in Table 3.

Table 3: Chemical reactions of CuCl at different temperature [20-22].

Temperature (°C)  Chemical reaction

<300 The volatilization of free water and crystal water
Cu,0(s) + 0,(g) = CuO(s)

About 375 4CuCl(s) + 05(g) = 2Cu,0Cl,(s)

400-470 3Cu,0Cl,(s) = CuCly(s) + 2CuCl(s or ) + 3Cu0(s)
+ Cly(g)

>464 2Cu,0Cly(s) + 0, = 4Cu0(s) + 2Cly(g)

>550 CuCl(D = CuCl(g)

CuCl(l) + 0,(g) = Cuo(s) + Cly(g)

The changes of the product phase in the experiment were
analysed by XRD. Figure 10(b) and (c) shows the major
phases of samples treated by conventional and micro-
wave roasting, respectively. After conventional roasting,
phases containing chloride (CuCl and Cu,OCl,) were still
present. The XRD analysis results demonstrate that the
dechlorination rate during microwave roasting was
higher than that during conventional roasting.

1-CuCl 2-CuyO 3-CupOCly 4-CuO
4
4

40 60 100

2-Theta/deg

Figure 10: XRD patterns of products roasted by conventional and
microwave roasting: a: raw material; b: conventional heating; c:
microwave roasting.

Microwave intensification mechanism

The power absorbed by the material is directly proportional
to the loss factor, the frequency and the intensity of the
electric field, as shown in eq. (1), which is derived from eq. (2):
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where &, is the permittivity of free space (8.854 pF m™?),
€” is the imaginary part of the complex permittivity, also
known as the loss factor (F m™), E; is the internal
electric field (V- m™), f denotes the frequency (Hz) and
P, is the power density dissipated in the heated material
(W m™).

From eqs (1) and (2), we can find that microwave
heating depends on two main parameters: E and &”.
Therefore, the microwave roasting mechanism mainly
comprises the following steps:

(1) At low temperatures, the dielectric loss of a
mineral is relatively low and the penetration depth is
high. Thus, the energy of microwaves can be concen-
trated into an electric peak. As a consequence, a state
of flash heating and reaction occur inside the material

G. Zhanyong et al.: Permittivity Study of a CuCl Residue = 141

because of the highly localized electric field, as shown in
Figure 11(a).

(2) As the temperature of the hot core area reaches
the reaction stage (approximately 450 °C), CuCl residue
particles in the core quickly react with the surrounding
air. Actually, the CuCl contained in the residue becomes a
floatable liquid, as its melting point is approximately
427°C. The microwaves can reverse CuCl molecules,
which exhibit strong polar characteristics when melted,
like water molecules. This reversing effect will intensively
enhance and accelerate the oxidation of CuCl into CuO.
Correspondingly, this mechanism coincides with the
observed trend of a dramatic increase of dielectric loss
from 350 to 450 °C, as shown in Figure 6.

Figure 12 shows that the microwave roasting products
have a very porous structure; thus, the gas—solid reaction
can easily occur.

Figure 11: The deduced microwave heating mechanics: (a) hot core induced by microwaves; (b) as heat conducts outside, outward microwave

heating is enhanced; (c) a state of homogeneous heating is reached.

SRPM-S3400N 30.0kV 10.1mm x500 BSE

4

b A

»L:
V 104 mi x1.00k SE : ?

Figure 12: SEM images of the products after removal of chlorine; red circles show the reaction channels.
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(3) Some shrinking surfaces or reaction layers inside
the particles appear because of the difference in physical
properties such as hardness and density between the
CuCl and Cu,0 in the residue and in the product. The
gaps between these shrinking surfaces or reaction layers
function as channels for air transmission, thereby facil-
itating the reaction of CuCl molecules inside the particles
with oxygen.

(4) The heat in the hot core region conducts to the
nearby area because of the good thermal conductivity of
molten CuCl and CuO produced during the CuCl and Cu,0
oxidation, as shown in Figure 11(b), which can dramati-
cally raise the dielectric loss of the material in the heated
region, as shown in Figure 6. Thus, this nearby region
will absorb more microwave energy and undergo rapid
heating, as indicated by eq. (1). In the meanwhile, the
increase in dielectric loss will decrease the penetration
depth of the microwaves, as eq. (2) shows. The energy
absorbed by the hot core region decreases, so its rate of
temperature increase decreases and its heat is continu-
ously passed outwards for conduction. The layer-by-layer
reaction process continues until a uniform temperature
and reaction state are reached, as shown in Figure 11(c).

Conclusion

1. The dielectric constant of the CuCl residue increased
with increasing temperature, and the change tended to
exhibit a linear relationship. The dielectric loss factor
and loss tangent maintained steady values at tempera-
tures between 13 and 300°C and then significantly
increased from 300 to 450 °C. The penetration depth
stabilized between 7.8 and 8.4 cm in the range 13-300 °
C and then decreased to 6.1 cm from 300 to 450 °C.

2. In 15min, the material temperature could reach more
than 500 °C under a microwave field. The increasing
temperature trend was divided into two parts: the
region where the sample temperature slowly
increased from 25 to 300 °C, and the region where
the temperature rapidly increased to 300-500 °C.

3. The microwave and conventional roasting of CuCl
residue were compared. The results demonstrated
that the dechlorination rate during microwave roast-
ing was higher than that during conventional roasting.

4. The microwave roasting mechanism was evaluated
through modern analysis methods such as chemical
analysis, XRD and SEM.
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