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MICROSTRUCTURES AND MICROWAVE-ABSORBING PROPERTIES OF ZnO SMOKE FROM ZINC LEACH RESIDUE

TREATED BY CARBOTHERMAL REDUCTION

Much zinc residue is produced during the traditional processes involved in zinc hydrometallurgy in the leaching stage: its
composition is complex and valuable metals are difficult to recover therefrom. If not handled properly, it can lead to a waste of
resources and environmental pollution. To solve this problem, zinc leach residue specimens were treated using the carbothermal
reduction method (CTR) that is easy to operate and has a high energy utilisation rate. The methods, such as X-ray diffraction (XRD),
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and scanning transmission electron microscopy
(STEM) were used for analytical characterisation. Based on this, this research investigated a structure-function relationship between
microstructures and microwave-absorbing properties of ZnO smoke from CTR-treated zinc leach residue. The results demonstrate
that microstructures and macro-properties of ZnO smoke obtained at different temperatures differ greatly. Under conditions including
a calcination temperature of 1250°C, holding time of 60 min, and addition of 50% and 10% of powdered coal and CaO separately,
the ZnO content in the obtained smoke is 99.14%, with regular micron-sized ZnO particles therein. For these particles, the minimum
reflection loss (RL,,;,) reached —25.56 dB at a frequency of 15.84 GHz with a matching thickness of 5 mm. Moreover, frequency
bandwidth corresponding to RL <—10 dB can reach 2.0 GHz. ZnO smoke obtained using this method is found to have excellent
microwave-absorbing performance, which provides a new idea for high-value applications of zinc-rich residue.
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1. Introduction

A large amount of zinc leach residue with complex compo-
sition and containing significant amounts of valuable metals is
generally produced in hot-acid leaching during zinc hydromet-
allurgical processing [1-4]. For every 10,000 t of electric zinc
produced, about 3000 t of zinc leach residues are generated. The
residue is acidic, toxic, and not easily degraded by microorgan-
isms. Its accumulation can pollute the environment and pose a
safety hazard [5-7]. How to use the valuable metals found in
zinc leach residue has become a focus of much current research.
The residue contains a lot of non-ferrous metals and rare metals
such as: Pb, Ag, Fe, Cu, In, and Ge, as well as 2% to 8% of Zn.

At present, there are three main methods used to recover
and reuse valuable metals in zinc leach residue, i.e. pyrometal-
lurgical processing, hydrometallurgical processing, and com-
binations of the two [8-10]. The high-value utilisation of the
residue after extracting valuable metals has become a focus of
current research. Among the three methods, when using the py-

rometallurgical process to treat zinc leach residue, it is feasible
to volatilise selectively the zinc to form a ZnO-rich smoke while
retaining other elements in the residue by optimising the process
conditions. This is because the saturated vapour pressure of zinc
is much greater than that of other elements. In electromagnetic
fields, ZnO has a high dielectric constant, endowing it with
favourable dielectric loss and semiconductor performance, so
it can be used as a high-performance microwave-absorbing
material. The carbothermal reduction method (CRM) was used
to improve the rate of volatilisation of zinc in zinc leach residue
by adjusting process conditions including those relating to the re-
ducing agent, modifier, and reaction temperature. In this way, the
relationship between the process conditions and microstructures
of ZnO was revealed, laying the foundation for transformation
of high value-added materials. The relationships between the
standard Gibbs free energy and the temperature in the reduc-
tion reaction of zinc compounds from zinc leach residue, and
between the saturated vapour pressure and the temperature were
determined using FactSage 7.3 software. The feasibility of the
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scheme was demonstrated from the perspectives of thermo-
dynamics (Supplementary materials) and process conditions.
According to the CaO-Si0,-FeO ternary phase diagram plotted
using FactSage 7.3, the proportioning process and the range of
reaction temperatures were ascertained. The structure-function
relationships between microstructures of ZnO smoke and the
microwave-absorbing properties, including the electromag-
netic parameter, reflection loss (RL), and dielectric loss were
revealed by changing the process conditions. In this way, the
high-efficiency separation of zinc from other elements in the
residue was realised, imparting a certain microwave-absorbing
performance to the ZnO smoke. The research provides a new
method for the comprehensive utilisation of zinc leach residue
and the high-value utilisation of ZnO smoke [11-13].

2. Experimental work
2.1. Reagents and instruments

Zinc leach residue, CaO (analytically pure) and carbo-
naceous reducing agents (powdered coal) were used as main
reagents in the experiment. The main equipment included an
FA2104N electric balance, an alumina crucible, a KSL-1700X-
A3 muffle furnace, a GJ-400-1 crusher, a FW-4 tablet press, and
a DZF-6030A vacuum drying oven. The instruments, such as an
Agilent 725 full-spectrum DC inductively coupled plasma atomic
emission spectrometer, a D/max-2400 X-ray diffractometer, an
XRF-1800 X-ray fluorescence spectrometer, a FEI Quanta 450
scanning electron microscope, a TECNAIG?2 transmission elec-
tron microscope, and a PNA-N5244A vector network analyser
(VNA) were used for analytical characterisations.

The X-ray fluorescence (XRF) spectra and full-spectrum
DC inductively coupled plasma atomic emission spectra

(ICP-AES) of zinc leach residue are summarised in Tables 1
and 2, respectively. Phase analysis results of zinc in the residue
are listed in Table 3.

As seen from Table 1, zinc leach residue contains significant
amounts of Fe,03, Si0,, SO;3, ZnO, and Na,0, low amounts of
valuable metals, and is of a complex composition. Loss on igni-
tion is 8.13% at 450 °C.

Table 2 shows that 7.15% of zinc, 2.69% of lead, and
96.5 g-t ! of silver are contained in zinc leach residue, showing
high potential recovery value. As demonstrated in Table 3, zinc
in the residue is mainly present in the forms of: ZnFe,O,, ZnO,
7Zn,Si10y, ZnS, and ZnSO, and is a mixed material with various
regenerated compounds therein.

The results of XRD analysis of zinc leach residue are shown
in Fig. 1: the main phase compositions of zinc leach residue
contain: ZnS, SiO,, Fe,03, KFe3(SO,4),(OH)g, and ZnFe,0,.
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Fig. 1. XRD spectrum of zinc leach residue

TABLE 1

Results of XRF analysis of zinc leach residue (%, mass fraction)

Composition Na,O MgO Al O3 SiO, SO, K,0 CaO TiO,
Content 3.47 1.27 1.51 5.77 21.48 0.84 2.62 0.31
Composition MnO Fe,04 CuO ZnO SrO CdO PbO Loss on ignition
Content 1.54 34.06 0.19 5.16 0.20 5.04 0.52 8.13
TABLE 2
Results of ICP-AES analysis of zinc leach residue (%, mass fraction)
Element Pb Zn TFe Ca S Si Al Ag’
Content 2.69 7.15 20.3 1.18 11.75 4.42 0.76 96.5
Note: * Unit being g -t~
TABLE 3
Phase analysis results of zinc (%, mass fraction)
Phase ZnS ZnFe,0, Zn,Si0y ZnO ZnSO, Total
Content 0.96 3.90 0.45 1.23 0.61 7.15
Proportion 13.43 54.48 6.34 17.16 8.59 100




2.2. Experimental methods

The dried and crushed zinc leach residue was mixed with
powdered coal and CaO in the mixing ratio of 10:5:1 and pressed
into a cylinder with diameter of about 20 mm and height of
15 mm. After the muffle furnace was preheated to 1000°C, the
cylinder was placed in a corundum crucible and then put in
the muffle furnace. After separately heating to target tempera-
tures (1200, 1250, and 1300°C), it was held for 60 min. Then
the cylinder was cooled to room temperature in the furnace,
and ZnO smoke and secondary slag were collected, weighed,
characterised, and tested. Corresponding to different target
temperatures, ZnO smoke samples were labelled S1, S2, and
S3. The smoke generated during the experiment was emitted
after alkali absorption.

3. Analysis and discussion of results

3.1. Chemical composition and microstructure
of ZnO smoke

The chemical compositions and surface microstructures of
smoke samples S1, S2, and S3 obtained from zinc leach residue
at different temperatures were analysed by using the XRD, SEM,
TEM, and STEM. Fig. 2 demonstrates XRD spectra of smoke
from zinc leach residual treated by CTR at different temperatures:
diffraction peaks of S1, S2, and S3 correspond to diffraction
pattern of characteristic peaks of hexagonal ZnO (JCPDS card:
36-1451) and the peak intensity and peak position are consistent,
without other impurity peaks. This indicates that ZnO generated
by CTR of zinc leach residue has good crystallinity. Peak posi-
tions of S1, S2, and S3 at 31.77°, 34.42°,36.25°, 47.54°, 56.60°,
62.86°, 67.96°, 92.78°, and 95.30° separately represent (100),
(002), (101), (102), (110), (103), (112), (203), and (211) crystal
faces, consistent results published elsewhere [14]. However, it
is worth noting that, when diffraction peaks are found between
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Fig. 2. XRD spectra of ZnO smoke
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30° and 40°, the (100), (002), and (101) crystal faces of S1, S2,
and S3 exhibit differences in crystallinity. Particularly, at 34.42°,
the diffracted intensity of S2 along the (002) crystal face is the
highest, suggesting (002) as the preferred orientation for growth.

TABLE 4

Average grain size calculated by X-ray diffraction
peak data (30° to 65°)

Sample Average grain size (nm)
S1 90.9
S2 61.3
S3 130.9

The grain size is calculated using Scherrer equation [15]:
D=0.941/fcos (1)

where D represents the average grain size (nm), 4 denotes the
wavelength of the incident X-ray, f is the width of the largest
diffraction peak at 26, and 6 represents the diffraction angle.
It can be seen from Table 4 that S2 has the minimum average
grain size, which is only 61.3 nm. The average grain sizes of S1
and S3 are 90.9 nm and 130.9 nm, respectively.

Fig. 3 shows SEM images of ZnO smoke from zinc leach
residue by CTR at different temperatures: S1 and S3 are aggre-
gated to a significant extent and have similar microstructures,
with lamellar and island-like polymers therein. There are pores
with different sizes ranging from dozens of nanometres to a few
microns, without obvious particles therein. S2 is prismatic and
rod-shaped, and the boundary of the micron-sized particles
can be clearly seen. The comparison of microstructures of S1,
S2, and S3 suggests that S2 has the smallest grain size, which
matches the average grain size of ZnO calculated using the
Scherrer equation. This indicates that the reaction environment
at 1250°C is conducive to the rapid formation of the (002) crystal
face of ZnO particles. Vapour deposition is a process in which
crystal nucleation and crystal growth compete. Temperature
plays a key role in crystal nucleation and growth and mainly
controls the steam partial pressure of the system [16-18]. If the
temperature is too low, the degree of supersaturation of reactants
in the reaction system is too low, so that ZnO cannot nucleate
and grow. With the increase of temperature, crystal nucleation
and growth in the reaction system tend to be in dynamic equi-
librium. When the temperature reaches a certain level, crystal
growth dominates, growing preferentially in a certain orienta-
tion. At 1200°C, although the temperature is high enough, the
microstructures of ZnO crystals are non-ideal, which means
that the degree of supersaturation of ZnO in the system is low
and the rate of crystal growth exceeds the rate of nucleation,
thus generating non-granular island-like polymers. At 1250°C,
crystal nucleation and crystal growth reach a relatively balanced
state and ZnO tends to grow in spherical and rod-like forms. Too
high a temperature can accelerate the rate of nucleation: in that
case, the saturated vapour pressure of Zn is too high and the
disordered gas phases can be rapidly deposited on the crystal
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surfaces, so that the particles are bonded into laminates due to
hard agglomerates.

Fig. 4 illustrates the mapping images of ZnO smoke S2: it
appears as micron-sized ZnO particles, in which the ZnO content
reaches 99.02%, approximate to the results of chemical analysis.

The TEM image of ZnO smoke obtained through CTR of
zinc leach residue at 1250°C is shown in Fig. 5. The selected
area electron diffraction pattern (SADP) was obtained and sali-
ent indices calibrated. By using Digital Micrograph software,
electron diffraction spots obtained through Fourier transform
of high-resolution diffraction fringes were compared with the
standard PDF card of ZnO utilising spacing and angles between

C e’

Fig. 5. TEM images of ZnO smoke obtained by CTR at 1250°C

crystal faces as measured. This suggests that ZnO belongs to
a hexagonal system and contains indices of (001), (001), (100),
(100), (101),(101),(101), and (101) crystal faces. The calibra-
tion of electron diffraction spots confirms the existence of ZnO
and the results coincide with XRD spectral data.

Fig. 6 shows STEM image and mapping images of elements
of a single particle in the ZnO smoke from zinc leach residue
treated by CTR at 1250°C: ZnO particles, after centripetal disper-
sion are about 0.6 pm in diameter and show cubic microstruc-
tures. Figs 6(b) and 6(c) demonstrate that Zn and O elements
are evenly distributed on the surface of particles, in which the
ZnO content reaches 99.44%.
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Fig. 6. STEM images of mapping images of ZnO smoke obtained by
CTR at 1250°C

3.2. Microwave-absorbing properties of ZnO smoke

The volatilisation rate of zinc from the zinc leach residue
was 97.31% and the ZnO content in the smoke was 99.14%
under conditions involving calcinating the residue at 1250°C,
holding for 60 min, and adding 50% carbon (powdered coal)
and 10% CaO. To study microwave-absorbing properties of
ZnO smoke, S1, S2, and S3 were mixed with molten paraffin at
amass ratio of 7.5:2.5 and then their electromagnetic parameters
in the frequency range of 2 to 18 GHz were tested through the
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VNA. Complex dielectric constant and complex permeability
are key to determination of the microwave-absorbing proper-
ties of the absorbers [19]. The real parts of complex dielectric
constant (¢') and complex permeability (1') represent storage
capacities of electric and magnetic energy, while the imaginary
parts (¢” and ") describe loss capacities of electric and magnetic
energy. Fig. 7 illustrates the relationships of complex dielectric
constant (g, = &' — je") and complex permeability («,. = ¢’ —ju")
of ZnO smoke S1, S2, and S3 with frequency in the frequency
range of 2 to 18 GHz.

As shown in Fig. 7(a), within the frequency range of 2 to
18 GHz, ¢’ of S2 is always higher than those of S1 and S3 and
decreases with increasing frequency on the whole. Moreover, it
slightly fluctuates after reducing from 9.35 to the minimum value
(8.38). &' of S1 shows a slight fluctuation after decreasing from
5.15 to the minimum value of 4.20, while that of S3 fluctuates
between 4.20 and 3.81. It can be seen from Fig. 7(b) that ¢” of S2
presents a wave-like increasing trend with the constant increase
of frequency and gradually rises from 1.02 to 1.95, while that
of S1 shows a wave-like decreasing trend with continuously
increasing frequency. Furthermore, ¢” of S3 fluctuates around
0.4. Fig. 7(c) and 7(d) illustrate that the change ranges of real
and imaginary parts of complex permeabilities of S1 and S2 are
small. z' and ¢"" separately fluctuate around 1 and 0 with changing
frequency and the fluctuations can be deemed negligible. This
indicates that microwave-absorbing properties of ZnO smoke
S1, S2, and S3 are mainly determined by dielectric loss.
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Fig. 7. The relationships between electromagnetic parameters of ZnO smoke and frequency
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Based on complex dielectric constant and complex perme-
ability, RL properties of ZnO smoke can be derived according to
the theory of transmission lines and RL is an important parameter
reflecting microwave-absorbing properties of the materials, as
given by [20,21]:

in_1

RL =201g
+1

in

where, Z;, represents the normalised input impedance of the
materials in the free space and can be expressed as follows:

Zin = Ftanh{](ﬂ)\/ H €, :|
&, C

where, ¢, and 7, denote the complex dielectric constant and
complex permeability of the materials, respectively; f denotes
the frequency of electromagnetic waves; d and ¢ separately
indicate the thickness of microwave-absorbing materials
and the propagation velocity of electromagnetic waves in
vacuum.

Microwave-absorbing materials must be light, thin (when
used as coatings), of a wide frequency band, offering strong
microwave-absorption [22]. Fig. 8 compares RL properties of
ZnO smoke specimens S1(a), S2(b), and S3(c) calculated within
the frequency range of 2 to 18 GHz. The thickness (D) of the
absorbers varies from 1 mm to 5 mm and, with the increase of
the thickness of the samples, RL peaks of the samples of ZnO
smokes S1 and S3 gradually shift from a high frequency to a
low frequency, while the minimum reflection loss (RL,y;,) of S2

is lower than those of S1 and S3. In Figs 8(a) and (c), RL,;, of
sample S1 at a frequency of 8 GHz is —5.23 dB and its matching
thickness is 5 mm, while RL,;, of sample S3 is only —2.46 dB
at 15.12 GHz and its matching thickness is 3 mm. In Fig. 8(b),
at 17.84 GHz, RL,,;, of sample S2 can reach —20.18 dB and its
matching thickness is 4.5 mm. In addition, RL,;, of the sample
reaches -25.56 dB at 15.84 GHz and its matching thickness is
5 mm. Moreover, the bandwith corresponding to RL <-10 dB
is 2.0 GHz. Under each of the matching thicknesses of 4.5 and
5 mm, two RL peaks appear for sample S2 and the distance
between them constantly decreases as a result of destructive in-
terference of waves. According to calculation using the Scherrer
equation, it was found that sample S2 has the minimum grain
size, so particles therein have more interfaces per unit volume
than S1 and S3. As a result, S2 presents stronger interfacial po-
larisation than S1 and S3, so it has a better microwave-absorbing
performance. Moreover, as S2 has a preferred orientation along
the (002) crystal face, anisotropy of S2 crystals differs from
that of S1 and S3, which leads to S2 having different dielectric
properties to S1 and S3.

The further to investigate various mechanisms of dielectric
loss in ZnO smoke S2, the " — &' curves are plotted (Fig. 9).
In accordance with Debye’s theorem [23], a relaxation process
generally corresponds to a semicircle (the so-called Cole-Cole
semicircle). It can be seen from Fig. 9 that three Cole-Cole semi-
circles appear in S1, S2, and S3. This means that ZnO smoke
undergoes a process of dielectric relaxation at high frequency,
which is conducive to improving the absorption properties of
electromagnetic waves by the samples.
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4. Conclusion

Based on CTR, ZnO smoke obtained separately at reaction
temperatures of 1200, 1250, and 1300°C, holding for 60 min,
and adding 50% and 10% powdered coal and CaO, respectively,
has large differences in microstructure. ZnO smoke at 1250°C
presents a preferred orientation along the (002) crystal face and
microscopically forms micron-sized particles with rod-like and
spherical structures. The analysis of the microwave-absorbing
properties of ZnO smoke at different temperatures demonstrate
that such properties of ZnO smoke are mainly brought about
by dielectric loss and are optimal at 1250°C. RL,,;, reaches
—25.56 dB at a frequency of 15.84 GHz and its matching thick-
ness is 5 mm. The bandwidth corresponding to RL <—10 dB is
2.0 GHz (14.90 GHz to 16.90 GHz). In future work, enrichment
and separation of the metals in waste residue should be further
studied from the perspectives of industrialised and high-value
production of zinc leach residue. This study provides a new idea
for high-efficiency, high-value utilisation of zinc leach residue.

Supplementary materials: Thermodynamic Analysis

The possible reaction of zinc and its compounds in the
carbothermal reaction of zinc leach residue is shown in formula
(1)-(10). The relationship between the standard Gibbs free energy
ofreaction (1)-(10) and temperature calculated by reaction plate
in Factpage 7.3 is shown in Fig. Al and Fig. A2.

3ZnFe,0, + CO = 3ZnO + 2Fe;0, + CO, (1)

1169

500
- —a— (5)
400 o * (6)
gy —a—(7)
00 b %y v (8)
Eog— i iy *(9)
=]
E @
g 100
2 o
-100
200
_300-.|.|.|.|.|.|.
0 200 400 600 800 1000 1200 1400
Temperature/°C
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7Zn,Si0,4 + 2C = 2Zn(g) + SiO, +2CO (6)
Zn,Si04 + 2CO = 2Zn(g) + SiO, + 2CO, 7
ZnO + C = Zn(g) + CO ®)

27Zn0 + C=2Zn(g) + CO, )

ZnO + CO = Zn(g) + CO, (10)

ZnFe,0,4 + CO =ZnO + 2FeO + CO,
ZnFe,04 + FeO = ZnO + Fe;0,
FC3O4 + CO =3FeO + C02
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It can be seen from Fig. Al and Fig. A2 that the zinc com-
pounds in the zinc leaching residue are reduced to ZnO in the
process of carbothermal reduction (1,100°C ~ 1,350°C), ZnO
is further reduced to zinc vapor, the gaseous zinc is oxidized to
ZnO as the furnace gas rises, and finally collected in the form
of ZnO fume.
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