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Abstract: High-efficiency dechlorination processes are crucial for the clean utilization of CuCl waste
residue from zinc hydrometallurgical processes. A new method of oxygen-enriched microwave
roasting has been proposed to improve the dechlorination process. The cavity perturbation method
was used in this paper to measure the permittivity of a CuCl residue at various temperatures and
apparent densities. The results show that temperature had a more significant effect on the loss tangent
when it exceeded 400 °C more than that of apparent densities. The degree of dechlorination of CuCl
residue exceeded 93% after 90 min of microwave roasting at 450 °C and 150 mL/min oxygen flow,
which was 12% higher than that of conventional calcination. The elemental distribution in samples
was studied using single-point, linear, and lateral scans at the microscale, and the microstructure
and phase changes of the CuCl residue under a microwave field were characterized by XRD and
SEM-EDS. This study shows that microwaves can promote the dechlorination reaction by decreasing
the activation energy from 52.69 kJ/mol to 42.36 k] /mol.

Keywords: microwave roasting; cuprous chloride; oxidation; dechlorination

1. Introduction

Dechlorination is essential during zinc hydrometallurgy to ensure that the zinc sulfate
solution meets the electrolysis requirements [1]. The copper slag dechlorination method
is widely used in the industry due to the availability of raw materials, simplicity of oper-
ation, low production costs, and high initial dechlorination rate in zinc sulfate solution
dechlorination processes [2]. However, in the process of copper slag dechlorination, a kind
of residue with CuCl and Cu,O precipitation as the main phase is produced. At present,
there is no reasonable and efficient treatment method for this part of the residue, resulting
in a large waste of copper and zinc resources [3]. As a result, it is critical that new technol-
ogy is developed to treat CuCl residue in an economical, effective, and environmentally
friendly manner.

High-temperature roasting is one of the most commonly used methods for chlorine-
containing waste residue [4]. Melting, volatilization, and oxidation are the main reactions
of CuCl in the residue at high temperatures and in an oxygen atmosphere. CuCl can react
with O, at a certain temperature to form CuO and Cl,, allowing metal and chlorine to be
recovered simultaneously [5]. Microwaves are widely used in various industries because
of their fast heating speed, selective heating, which can speed up the chemical reaction
and reduce the reaction temperature, among other characteristics [6-8]. According to the
literature, CuCl in slag has stronger absorption of waves than other components in the
microwave field [9]. As a result, the advantage of microwave selective internal heating
and the combination of oxygen can strengthen the oxidation dechlorination reaction of the
impurity component—chloride. Liu et al. [10] studied the effect of microwave roasting
on the removal of F and Cl from zinc oxide fumes by taking advantage of the different
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microwave absorption characteristics of halides, lead oxide, and zinc oxide, as well as the
benefit of microwave selective heating. The results show that the efficiency of fluoride and
chlorination was 92.8% and 90.3%, respectively. Lu [11,12] demonstrated the feasibility of
using microwave roasting to remove chlorine from copper chloride slag, discovering that
the chlorine content of the material decreased from 14.27% to 1.35% after 2 h of microwave
roasting. However, neither the material’s dielectric properties nor the mechanism of
microwave-enhanced dechlorination was investigated.

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; knowledge of the dielectric properties of the residue plays a major role
in the microwave design and simulation for any process [13]. Composition, temperature,
microwave frequency, and other factors all have an impact on dielectric properties. How-
ever, the dielectric properties of CuCl residue have rarely been reported, particularly at
high temperatures, although there have been a few studies on the dielectric properties
of materials at room temperature [14]. Ma et al. [15] used a cavity perturbation method
to measure the dielectric properties of zinc oxide dust with various apparent densities at
room temperature and discussed the feasibility of removing fluoride and chlorine from zinc
oxide dust using microwave roasting. The effects of sample mass and microwave power on
the heating characteristics were also studied, and the results reveal that zinc oxide dust
has high microwave absorption, allowing it to be heated quickly. Hence, it is important
to know how the dielectric properties of CuCl residue change with the temperature and
apparent density.

In this study, the dielectric properties of CuCl residue were measured using the
cavity perturbation method at various temperatures and apparent densities, and the loss
tangent (tand) was calculated based on the measured values. It is hypothesized that the
obtained data regarding the dielectric properties can provide useful guidelines in designing
and simulating the microwave heating system of CuCl residue. Furthermore, based on
the properties of CuCl residue, a new high-efficiency dechlorination technology based
on microwave oxidation roasting was proposed. The mechanism by which microwave
roasting improves dechlorination was investigated using chemical reaction process analysis
in conjunction with XRD, SEM-EDS, and other analysis and testing methods.

2. Materials and Methods
2.1. Materials

The CuCl residue was obtained from a zinc hydrometallurgical plant in Yunnan
Province, China. The elemental composition of the residue was measured by inductively
coupled plasma optical emission spectrometry (ICP-OES, Agilent5100, Agilent Technolo-
gies, Palo Alto, USA), and phases of the completely dried CuCl residue were determined
by XRD (XRD-7000S/L, Shimadzu, Kyoto, Japan), and the results are shown in Table 1 and
Figure 1.

Table 1. Chemical composition of the nickel-containing residue.

Element Composition (Measured by ICP)
Cu Cl Pb Zn S Ca Si Mg
Content (wt.%) 48.62 15.12 5.44 6.25 5.54 1.34 0.79 0.71

Composition
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Figure 1. X-ray diffraction pattern of dried CuCl residue.

It can be seen from Figure 1 that cuprous chloride (CuCl) and cuprous oxide (Cu,0O)
are the main phase components of CuCl residue, and a small amount of ZnS and PbSO3
also exists.

The morphology of the ground samples was examined using SEM-DES (SPM-53400N,
Hitachi, Tokyo, Japan) at various magnifications, and the results are shown in Figure 2.
CuCl agglomerates were made up of bright, white independent particles (Spot 1), flocculant
gray aggregates (Spot 2), large tightly bonded honeycomb particles (Spot 3), relatively
dispersed small gray particles (Spot 4), and regular rod-shaped particles (Spot 5).
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Figure 2. The SEM-EDS of dried CuCl residue. (a) Spot 1; (b) Spot 2; (c) Spot 3; (d) Spot 4; (e) Spot 5.

According to the energy spectrum analysis of the residue in Figure 2, ZnS was found
to be the main component of the bright, white independent particles (Spot 1). The main
component of the flocculent gray aggregates (Spot 2) was SiO,, and the large tightly
bonded honeycomb particles (Spot 3) were Cu,O and CuCl. Cuy0O, CuCl, and some ZnO
and ZnS were the main components of the small gray particles (Spot 4), while the rod-
shaped particles (Spot 5) were mainly made up of ZnO. The energy spectrum analysis
corresponded well to the XRD patterns.

2.2. Experimental Device
2.2.1. Permittivity Measurement System

Because of its accurate data measurement and simplicity of operation, the cavity per-
turbation method is widely used to measure the high-temperature dielectric properties
of solid materials [16]. This method was used in this study to determine the dielectric
properties of the residue at different apparent densities and temperatures. The equipment
used in this experiment was developed by the Key Laboratory of Unconventional Metal-
lurgy, Ministry of Education in Kunming University of Science and Technology. It has been
widely used to assess the dielectric properties of materials [17,18]. A schematic diagram of
the system is shown in Figure 3.
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Figure 3. Schematic of the permittivity measurement system.

The device consists of a vector network analyzer (E5071C Agilent), a waveguide—coax
transition, a directional coupler, an electromagnetic induction heater, a water recirculation,
a gas lift, and a cylindrical cavity resonator (TMgnp) with an internal height of 190 mm
and diameter of 200 mm. A computer connected via a USB cable controlled all test control
units. The software was used to determine the permittivity of the residue based on the data
transmitted by the equipment. By comparing permittivity data from a known medium, the
dielectric constant measurement error was found to be approximately 3%, and the dielectric
loss factor measurement error was determined to be approximately 10%. For example,
taking the dielectric constant of deionized water as 78 F/m and the dielectric constant and
loss factor of molybdenite [18] at 300 °C as 5.47 F/m and 0.478, respectively, the measured
data obtained by the system were 76.77 F/m, 5.34 F/m, and 0.442. The corresponding
measurement errors were 1.58%, 2.37%, and 7.53%.

A test sample was loaded into a small quartz tube with an inner diameter of 4.0 mm
and a height of 52 mm during the experiment. After that, the quartz tube was placed in
the permittivity measurement system’s heater. The quartz tube was quickly lifted into
the cavity resonator by a gas lift after the CuCl residue was heated to the set temperature,
and the dielectric parameters were quickly calculated by computer using the test cavity
perturbation theory. Following the completion of a test, the quartz tube containing the
residue was replaced in the electromagnetic induction heater and heated to a higher
temperature to measure the dielectric constant. Each sample was measured three times,
and the average value was used to determine the final value. If the error of the three
measurements was greater than 10%, a fourth measurement was also conducted.

2.2.2. Microwave Reactor

The experiments used a microwave reactor with a power of 3 kW and frequency of
2.450 GHz developed by the Key Laboratory of Unconventional Metallurgy, Ministry of
Education, Kunming University of Science and Technology, as shown in Figure 4.
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Figure 4. Schematic of the microwave roasting system.

The microwave heating system consisted of a temperature control unit, two mag-
netrons, a multimode cavity, a quartz tube container, and a data acquisition computer.
A high-temperature thermocouple with a metal shielding layer and a temperature reg-
ulator constituted the temperature control unit. A thermocouple was inserted into the
material’s center point to regulate the temperature during microwave roasting. During
the experiment, it was determined that the systematic error was 3 °C by comparing the
data obtained from infrared temperature measurements. After microwave heating, the
temperature measured by the system was 445 °C, the surface temperature of the material
measured by an infrared thermometer was 442 °C, and the temperature measured by the
system after the microwave power turned off was 438 °C; therefore, the microwave heating
system used in this experiment is reliable.

A total of 20 g of CuCl residue was placed as a 15 mm thin layer in a mullite boat
container for the microwave heating experiment. The container was then placed in a
microwave heating system and roasted for 120 min at temperatures ranging from 300 to
500 °C with an oxygen flow rate of 150 mL/min. Lye was used in a gas absorption bottle to
treat the chlorine-containing exhaust gas produced by the reaction system.

2.3. Data Analysis
2.3.1. Roasting Kinetics

High-temperature metallurgical processes involving heterogeneous gas—solid reac-
tions are common. The experimental data were analyzed using commonly used kinetic
models to determine the main kinetic parameters and reaction control steps of the oxidation
dechlorination of CuCL

The kinetics of interface-controlled reactions was described using the Spencer and
Topley equation [19]:

1—(1—x)3 = kgt 1)

If the dechlorination reaction was controlled by internal diffusion, then Ginstling-
Broushtein, Jander, and Zhuralev equations were applied to describe the gaseous diffusion
through the product layer [20]:

1-2/3x—(1—x)*3 =kyt @)
10~ x)1/3]2 _y 3)

{(1—x)_1/3—1}2—kdt @)
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where k; is the reaction rate equilibrium constant, ¢ is the roasting time (min), and x is the
degree of dechlorination, which is calculated using the following equation:
Wo — Wi
X = ——— X% 100% 5

W 2 ©)
where Wy and W; denote the Cl content in the raw material and sample roasted for ¢
minutes, respectively.

The Arrhenius equation is as follows:

ky = Ae R (6)

where A is a frequency factor (min1); E, is the activation energy of the reaction (J.mol~1);
R is the ideal gas constant (8.314 J mol~! K~1); and T is the temperature (K).

2.3.2. Complex Permittivity

Complex permittivity (¢*) is usually composed of a real part (¢’, dielectric constant)
and an imaginary part (¢”, dielectric loss factor) and is one of the fundamental parameters
affecting the wave absorption properties of materials in a microwave field. The dielectric
constant expresses a material’s ability to store electromagnetic energy within its structure.
The dielectric loss factor represents a material’s ability to convert stored electromagnetic
energy into thermal energy. The loss tangent (tand = ¢”/¢”) describes the ability of a material
to store electromagnetic energy and dissipate it as heat at a given microwave frequency
and temperature. The permittivity measurements experiments were carried out from room
temperature to a specific temperature using a microwave frequency of 2.45 GHz. The
apparent density of the material was adjusted based on the weight of the sample and the
volume of the quartz tube (small quartz tube with an internal diameter of 4.0 mm and a
height of 52 mm).

3. Results and Discussion
3.1. Measurement of Permittivity

The effect of the temperature and apparent densities on the dielectric properties of
CuCl residue at a frequency of 2.45 GHz is shown in Figure 5 and Figure 6.
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Figure 5. Permittivity of the CuCl residue. (a) Relative dielectric constant (¢”) at different temperatures
at apparent densities of 1.7, 1.8, and 1.9 g/cm3, (b) relative loss factor (¢”) for different temperatures
at apparent densities of 1.7, 1.8, and 1.9 g/ cmbd.
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Figure 6. The loss tangent (tand) for different temperatures at apparent densities of 1.7, 1.8, and
1.9 g/cm?3.

As shown in Figure 5a,b, when the temperature increased from 20 to 550 °C at an
apparent density of 1.70 g/cm?, ¢’ increased remarkably from 2.471 to 2.916, and ¢” also
rapidly increased from 0.0270 to 0.1180. This could be because the energy of molecules
increases with temperature increases, so the response to the external electric field is faster,
and the dielectric constant of CuCl residue concentrate increases immediately [13]. The
trend of the dielectric constant of CuCl residue with temperature was observed in other ores
and minerals [17,18]. ¢” increased significantly above 400 °C because the number of active
ions and electrons in the CuCl residue sharply increased since the melting point of CuCl is
about 427 °C [21]. There are many ions and electrons at the interfaces of various compounds,
and the majority of these ions and electrons will relax in the presence of a microwave field.
The loss factor of a material is directly proportional to its conductivity, making the loss
factor increase with increasing temperature [13]. In addition, the dielectric properties of the
CuCl residue with an apparent density of 1.9 g/cm?® were mostly greater than 1.7 g/cm?
at the same temperature. This is because the higher the apparent density, the better the
ability to reduce the internal clearance of the residue, increase the number of raw materials,
multiply the number of polar molecules per unit volume space, and reduce the air content
in the material. Additionally, because air is a low-loss medium, it reduces the material’s
overall dielectric properties. Similarly, the higher the water content of a material, the
higher the measured dielectric constant and dielectric loss factor. Overall, the microwave
absorption characteristics of the CuCl residue improved as temperature increased.

The loss tangent of the CuCl residue at different temperatures is shown in Figure 6,
which shows the same trend as the loss factor in Figure 5b. The values of loss tangent
changed slightly between 20400 °C. When the temperature exceeded 400 °C, the loss
tangent increased rapidly from 0.0131 to 0.0440 at an apparent density of 1.70 g/cm?.
By comparing Figure 5, it was discovered that as the temperature exceeded 400 °C, the
apparent density’s influence on the loss tangent gradually decreased, and the temperature
became a significant factor affecting the material’s microwave absorption. Because a high
apparent density can interfere with oxygen adsorption and chlorine diffusion during the
oxidative dechlorination process, the apparent density naturally stored at 1.70 g/cm? was
chosen for the dechlorination process.

3.2. Microwave Heating Curves

Dry and ground CuCl slag was placed in microwave fields with powers of 1200 W,
1400 W, and 1600 W, and its heating curve is shown in Figure 7. When the rest of the
conditions were constant, the heating rate of the material increased significantly upon
increasing the microwave power, and increasing the microwave power eventually increases
the electric field intensity. As a result of increasing the electric field intensity, the microwave
power dissipated by CuCl residue increased, and the material’s temperature also increased.
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As a result, during microwave oxidation roasting dechlorination, the microwave power
can be adjusted to speed up the heating process. At a microwave power of 1200 W,
the temperature of the material reached more than 500 °C after 15 min, which met the
thermodynamic conditions of oxidation roasting and dechlorination of CuCl residue.
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Figure 7. Heating rate curves of CuCl residue at different microwave powers.

3.3. TG-DTA Analysis

Figure 8 shows the TG -DTA (SAT 449F5 NETZSCH, Selb, Germany) curves under an
air atmosphere at a 10 °C/min heating rate from 300 to 600 °C. The weight of CuCl residue
concentrate increases by approximately 2.5% from 310 to 361 °C in the TG curve but then
decreases by approximately 10.8% when the temperature exceeds 540 °C. The DTA curve
shows two peaks during the temperature change. The first peak at 343 °C represents an
exothermic reaction, indicating the oxidation of CuCl into CupyOCly, as previously reported
by Néther [22] and Nixon [23]. The second peak at 467 °C represents an exothermic reaction.
As Sharkey [24] reported, the main changes at this stage can be described as the reaction of
CuyOCly (s) with Oy (g) to form CuO (s) and Cl; (g). The experimental weight loss was
highly consistent with the literature weight loss shown in Table 2.
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Figure 8. DTA and TG curves of CuCl residue.
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Table 2. The weight loss in this experiment compared with the literature value (CuCl was only half
of the total mass of the residue in this experiment).

Experiment (the Weight of CuCl in the Residue Was about 50%) Literature
Temperature Reaction Weight Loss  Temperature Reaction Weight Loss
310-361 °C 4CuCl (s) + Oy (g) = 2Cup OCl, (s) +2.5% 325-400 °C 4CuCl (s) + O; (g) = 2Cu OCl, (s) +4.8%
2Cu;0Cly; — CuCly(s) + CuCl (sor 1) + _12.8%
361-500°C  CupOCly (s) + O =2CuO (5) + Clp ()  —13.3% 400470 °C 2CuO (s) + Cl, (g) o
CupOCl; (s) + Oy =2CuO (s) + Cl (g) —23.7%

Dechlorination rate(%)

100
90
80
70
60
50
40
30
20

3.4. Microwave Roasting

The effect of roasting temperature and holding time on the chlorine removal rate of
CuCl residue was investigated under the conditions of an oxygen flow of 150 mL/min,
microwave power of 1200 W, and particle size of 120 um. The experimental results are
shown in Figure 9.

100 -

90 -

hah
X
n o§
W

80 -
70 -

Dechlorination rate(%)

60 |-
50
40
30+
. L L L 1 I I . L 20 L L . . . L L 1 1
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160
Time(min) Time(min)
@) (b)

Figure 9. The effect of temperature on the degree of dechlorination of CuCl residue (oxygen flow:
150 mL/min; particle size: 120 pm). (a) Conventional heating; (b) microwave roasting.

Figure 9 reveals that the degree of dechlorination of CuCl residue increased with the
temperature for both microwave roasting and conventional roasting processes; however,
the microwave heating method achieved the same effect as conventional heating in a
shorter time, as shown in Figure 10a,b. For instance, when the temperature reached 500 °C,
the degree of dechlorination exceeded 94% within 60 min of the microwave roasting
processes. Under the same conditions, the degree of dechlorination after roasting in
conventional heating was only ~80% and required an extra 30 min to obtain the same result.
Furthermore, when the roasting temperature exceeded 450 °C, the effect of temperature
on the chlorine removal rate was significantly weaker under microwave roasting than it
was under conventional heating. The main reason is that microwave heating has both
bulk and selective heating characteristics, and the CuCl residue is a strong microwave
absorber, causing it to be heated faster than other components in the residue [9]. The
optimal experimental conditions were determined by the process characteristics, which
were 450 °C and 90 min of holding time.
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Figure 10. The variation of 1 — (1 — x)1/3 with time at various temperatures. (a) Conventional; (b)
microwave.

To study the control steps of the dechlorination process, all collected data from mi-
crowave heating and conventional heating processes were fitted with Equations (1) and (2).
The fitting results of microwave heating and conventional heating by various dynamics
models are shown in Figure 10. The rate constant k for each of the temperatures is also
listed in Table 3.

Table 3. Rate constant values at various roasting temperatures using different kinetic models.

Microwave Roasting Conventional Roasting
Models

T (K) kq R? T (K) kg R?
673 0.0032 0.9993 673 0.0018 0.9949
698 0.0044 0.9971 698 0.0027 0.9971
1—(1—x)V3=kyt 723 0.0057 0.9925 723 0.0037 0.9989
748 0.0070 0.9912 748 0.0046 0.9938
773 0.0086 0.9902 773 0.0063 0.9925
673 0.0006 0.9913 673 0.0014 0.9885
698 0.0009 0.9873 698 0.0019 0.9889
1—2/3x — (1 — x)?/3 = k4t 723 0.0014 0.9891 723 0.0026 0.9890
748 0.0018 0.9869 748 0.0030 0.9773
773 0.0027 0.9786 773 0.0035 0.9635
673 0.0021 0.9687 673 0.0008 0.9871
698 0.0032 0.9678 698 0.0012 0.9846
[1—(1—x)3]% = k4t 723 0.0050  0.9760 723 0.0021 0.9728
748 0.0059 0.9701 748 0.0029 0.9757
773 0.0075 0.9715 773 0.0039 0.9372
673 0.0078 0.8548 673 0.0018 0.9455
698 0.0185 0.8241 698 0.0031 0.9341
[(Q—x)"13 — 1] = k4t 723 0.0540 0.7571 723 0.0074 0.8940
748 0.0585 0.7964 748 0.0143 0.8862
773 0.0880 0.7985 773 0.0223 0.7850

The results in Figure 10a,b demonstrate that the R? values of >0.99 for the linear fit of
both microwave heating and conventional heating process are higher than other models in
Table 3. Thus, the chemical reaction on the surface control model is an appropriate model,
which was utilized to estimate the activation energy and pre-exponential factor for the
reactions. The results are shown in Figure 11 and Table 4.
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Figure 11. Relationship between Ink and T-1. (a) Conventional; (b) microwave.

Table 4. Kinetic parameters obtained for the conventional roasting and microwave roasting processes.

E, (kJ/mol) InA R?
Microwave 42.36 1.8549 0.9952
Conventional 52.69 3.1299 0.9926

The apparent activation energy of the dechlorination of the CuCl residue was cal-
culated to be 42.36 kJ/mol and 52.39 kJ/mol for microwave roasting and conventional
roasting, respectively. The apparent activation energy for the dechlorination reaction by
microwave roasting was 19.61% lower, indicating that microwave roasting improved the
reactions between O, and CuCl to form Cl,.

3.5. XRD Analyses

As shown in Figure 12, the main phase of the material changed significantly after
conventional and microwave oxidative roasting. When the products of microwave roasting
are compared to those of conventional roasting, it is clear that microwave roasting has a
better dechlorination effect than conventional roasting. The new chlorine-containing phase
(Cup0Cly) formed during conventional roasting was not completely removed, negatively
impacting the dechlorination effect. Thus, under the same conditions, microwave roasting
yielded better results. In addition, ZnS in the raw material was converted to ZnO after
oxidizing roasting.

4

4 1-ZnO

2-PbSO,

3-Cu,0ClI,

4-CuO

4
2 g 44 4
MU A 4 Ab)
3

s MA@

10 20 30 40 50 60 70 80 90
2-Theta/deg

Figure 12. The XRD patterns of roasted products. a—Conventional heating; b—microwave roasting.
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3.6. SEM-EDS

As shown in Figure 13, all products after microwave roasting were composed of bright,
white particles, accompanied by a small number of regular rectangular crystals. When
compared to the SEM image of the raw materials (Figure 2), more burrs and convex parts
formed on the particle surface, mainly due to the evaporation of chlorine when the chloride
in the material was oxidized. Based on the EDS analysis, the regular rectangular crystal
(Spot 1 and Spot 2) was mainly composed of Cu and O. The bright particles with burrs and
protrusions (Spot 3) were also mainly composed of Cu and O, and a small amount of S and
Ca, which were determined by XRD analysis to be mainly CuO.
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Figure 13. The SEM-EDS spectra of the microwave-roasted sample. (a) Spot 1; (b) Spot 2; (c) Spot 3.

According to Figure 14, after microwave roasting, the product was primarily composed
of Cu, Zn, and S elements, with a very small amount of Cl, which is consistent with the
results shown in Figure 12; Figure 13; thus, the product was primarily composed of CuO,
with a minor amount of zinc and silicon.

As can be seen from Figure 15, Cu accounted for most of the atoms in the granules
during roasting, and the Cl content in the granule gradually decreased upon extending
the holding time, while the O content gradually increased. The distribution of chlorine
and oxygen in the particles was observed after 20 min of microwave roasting. The chlorine
content was lower at particle boundaries and higher in the center of the particles, whereas
oxygen distribution was reversed. CuO was formed in the material after 60 min of mi-
crowave roasting, along with a trace of Zn and S. The chlorine evaporated, leaving only a
trace in the particle’s center, which was consistent with XRD and SEM findings.
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(e)

Figure 14. The areal distribution of the elements of microwave roasting. (a) Microstructure of the
product after microwave roasting; (b) results of the areal distribution of S in the product; (c) results of
the areal distribution of Cl in the product; (d) results of the areal distribution of Zn in the product;
(e) results of the areal distribution of Cu in the product.
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Figure 15. Chemical element line-scan of products microwave-roasted for 20 min and 60 min.
(a) Chemical element line-scan of raw material; (b)chemical element line-scan of the product after

microwave roasting for 20 min; (c) chemical element line-scan of the product after microwave roasting
for 60 min.

3.7. Tail Gas Composition Analysis

During the microwave oxidation roasting experiment, an aluminum foil gas collection
bag was used to collect the escaping gas over different time periods, and the Cl, content
analysis was conducted. The results are shown in Table 5.



Crystals 2022, 12,116

16 of 19

Table 5. The chlorine content in the off-gas.

Time (min) 0-20 20-40 40-60 60-90
Cl, content (mg/L) 10.99 203.25 160.6 25.72

As can be seen in Table 5, in addition to oxygen, there was high Cl, content in the tail
gas, indicating that the microwave oxidation roasting process is feasible. According to the
SEM morphological analysis and experimental results, the chlorine in the material was
oxidized and volatilized into Cl, gas. The results in Table 5 show that when the material
was heated for 20—40 min and 40-60 min, the dechlorination reaction of CuCl residue was
the most intense. The main events between 0-20 min were the diffusion of oxygen in the
material and the formation of a chlorine-containing phase.

3.8. Analysis of Microwave-Enhanced Dechlorination Process

According to the previous analysis, the main phase involved in the reaction during
dechlorination included CuCl, Cu,O, CuO, ZnO, ZnS. The microwave roasting process
is significantly influenced by the heating behavior of each phase of the residue in the
microwave field. In the microwave field, the pure phase, according to Haque [9], can be
classified into four types: hyperactive, active, difficult to heat, and inactive. Table 6 shows
the phase classification of the materials.

Table 6. Properties of components in CuCl residue in a microwave field.

Hyperactive Active Difficult to Heat Inactive
CuCl CuO ZnO SiO,
ZnS

Among them, CuyO was easily oxidized to CuO and was not measured separately.
The chlorine in the CuCl residue is predominantly in the form of CuCl, which is an excellent
microwave absorber. Because the other components of the material have relatively weak
microwave absorption, the material can be selectively heated internally, allowing CuCl
to combine with oxygen via the chloride oxidation reaction, releasing chlorine that can
be recycled.

Because the loss of electromagnetic energy in minerals is relatively small at low
temperatures, the penetration depth of microwaves is higher. As a result, flash heating
occurred inside the material’s interior because the electric field was concentrated in areas
with highly absorbing CuCl, as shown in Figure 16a. At the same time, rapid heat transfer
occurs between different phases in the material. With an increase in the overall temperature
of the material, the microwave absorption of the material gradually increases, as shown in
Figure 5, which depicts the dielectric constant and loss factor.

As the temperature of the electric field concentration area and the strong absorbing
material concentration area reached the temperature required for the oxidation and dechlo-
rination reactions, the CuCl in the material underwent a reaction with the surrounding
oxygen. CuCl exists as a floating liquid during the dechlorination process due to its melting
point of approximately 427 °C, which significantly increases the number of polar molecules
in the material. The microwave field changes at a frequency of 2.45 GHz, causing the
reactant molecules to always lag behind the field’s effect, causing them to constantly move
or rotate to achieve a state of dynamic equilibrium, greatly increasing the effective collision
frequency. Macroscopically, it reduces the apparent activation energy of the reaction and
strongly promotes the oxidation of CuCl into CuO. This mechanism is consistent with the
observed trend of sharp increases in the loss factor and loss tangent values of CuCl residue
at temperatures above 400 °C.
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In addition, microwave preferentially heats CuCl in the material, and cracks caused
by uneven temperature distribution provide a new channel for gas diffusion, as shown in
Figure 16b, which promotes and intensifies the reaction between CuCl molecules and oxygen.

é--\" P Spot1: ZnS

vV Spot 2: Si,O

AR Spot 3: CuCIl+Cu,O0
&) Spot 4: CuCl+Cu,0

Spot 4 Spot3

-

- High temperature

: Low temperature

Electric field
concentration area

SPM-S3400N30.0kV 10" BUOBSE . 50.0um

(b) ()

Figure 16. The SEM image of microwave roasting products after chlorine removal. (a) Microwave
roasting process; (b) microstructure of the product; (c) microstructure of the product.

Additionally, because the physical properties of CuCl and Cu,0O in the residue are
different from those in the product, such as hardness and density, the shrinkage surface or
reaction layer forms in the residue. Simultaneously, the dechlorination process produces
a large number of gaseous by-products, resulting in a large number of pores of various
sizes. These particles are not uniform, have a loose structure, and have a large number of
pores, which allow microwave penetration and multiple reflections in residue and improve
microwave heating efficiency.

Furthermore, as illustrated in Figure 16c, these porous microstructures can act as
mass transfer channels, promoting the reaction of CuCl molecules with oxygen within
the particles.



Crystals 2022, 12,116 18 of 19

4. Conclusions

1. In the measurement range, the dielectric properties of materials increased with
the increase in temperature and apparent density. When the temperature exceeds 400 °C,
temperature has a greater impact on the values of loss tangent than the apparent density.
Meanwhile, CuCl residue in the microwave field could reach more than 500 °C after 15 min,
and it was revealed that CuCl residue has high microwaves activity.

2. The removal rate of chlorine exceeded 93% when heated in the microwave at 450 °C
for 90 min, with a microwave power of 1200 W and an oxygen flow rate of 150 mL/min.
Microwave heating reduced treatment time by 30 min and increased the chlorine removal
rate by 12%. Microwave roasting had a visible dechlorination effect on CuCl residue from
zinc hydrometallurgy, and because of its high degree of dechlorination, rapid temperature
increase, and low roasting temperature, it has a wide range of industrial applications.

3. The mechanism by which microwave roasting improves dechlorination was studied
by analyzing the chemical reaction and combining the process with XRD and SEM-EDS. It
was found that the selective heating property of microwave makes the material produce
more holes and cracks, which can provide a new reaction channel for gas—solid reactions.
According to the kinetics analysis, the apparent activation energy of conventional oxidation
roasting and microwave oxidation roasting was 52.69 k] /mol and 42.36 k] /mol, respectively,
and the rate-controlling steps were interfacial chemical reactions.
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