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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 (RLmin) 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-SiO2-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 TECNAIG2 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 Fe2O3, SiO2, SO3, ZnO, and Na2O, 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–1 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: ZnFe2O4, ZnO, 
Zn2SiO4, ZnS, and ZnSO4 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, SiO2, Fe2O3, KFe3(SO4)2(OH)6, and ZnFe2O4.

Fig. 1. XRD spectrum of zinc leach residue

TAblE 1
Results of XRF analysis of zinc leach residue (%, mass fraction)

Composition Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2

Content 3.47 1.27 1.51 5.77 21.48 0.84 2.62 0.31
Composition MnO Fe2O3 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 –1

TAblE 3
Phase analysis results of zinc (%, mass fraction)

Phase ZnS ZnFe2O4 Zn2SiO4 ZnO ZnSO4 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
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