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THE EFFECTS OF MICROWAVE-ASSISTED LEACHING ON THE TREATMENT 
OF ELECTRIC ARC FURNACE DUSTS (EAFD)

In this study, laboratory-scale experiments were carried out to investigate the effects of microwave-assisted alkaline leaching 
on the treatment of electric arc furnace dusts to recover zinc and lead. Microwave treatment is a new innovative technology in waste 
treatment and now is an attractive advanced inter-disciplinary field and also environmental friendly. The highest zinc extraction, 
50.3% in 60 minutes using 5 M NaOH at 750 W and L:S ratio 20, and lead extraction up to 92.84% was achieved in these same 
conditions but in 30 minutes. Compared with conventional leaching, the top extraction rate using MW-assisted leaching was higher 
by 16% (Zn) and 26% (Pb). Zinc presents in the flue dust in the form of franklinite (ZnFe2O4), its leaching in sodium hydroxide 
does not occur under the examined conditions, because it is enclosed in a matrix of iron. 
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1. Introduction

World crude steel production reached 1,691.2 million 
tonnes (Mt) in 2017, of which the European Union (28) produced 
168.7 million tonnes (Mt). About 29% of steel is produced 
via the electric arc furnace (EAF) route [1]. During EAF steel 
production, around 20 kg of fine-grained dust (containing Fe, 
Zn, Cd, Pb, Ca and Cr) per ton of produced steel is generated as 
a waste [2]. Due to the significant differences between the EAF 
processes, the contents of zinc, some heavy metals or calcium 
in the dusts may vary. According to [3] electric arc furnace 
dusts (EAFD) are classified as hazardous wastes. However, the 
high contents of zinc (up to 30 wt.%) and iron (up to 49 wt.%) 
make these dusts very valuable for recycling [4]. Podbrezova 
Steelworks in Slovakia is an integrated producer of steel and 
seamless steel tubes. The annual production is 160,000 tonnes 
of seamless steel tubes, which makes the company one of the 
leading producers of steel tubes in Europe. In 2017, there was 
an increase in the production of dust of 5.64% compared to 2015 
and an increase of 16.64% compared to 2016 [5]. In principle, 
eletric arc furnace dusts may be treated using three main groups 
of methods: pyrometallurgical, hydrometallurgical and combined 
(pyro-hydrometallurgical). The details of some existing tech-
nologies are described elsewhere [6-7]. Each of these has some 

advantages and some drawbacks. It should be noted that there 
is still no common and effective technology for the treatment of 
such wastes. Due to their different mineralogical and chemical 
compositions, these dusts are treated with different methods. 
In hydrometallurgical processing, the operation of leaching is 
essential. The optimum extraction yields of metals without dis-
solving undesired components can be achieved by appropriate 
selections of the leaching agent, temperature and pressure. Two 
types of leaching media are used in EAFD treatment: acidic and 
alkaline, which may be oxidative and non-oxidative [8-10]. In 
EAFD, zinc is present in the form of oxide as zincite (ZnO) or 
franklinite (ZnFe2O4), which is considerably resistant to leach-
ing [11]. Depending on the leaching medium (i.e. acidic or 
alkaline), iron either passes into the solution or behaves inertly. 
Several research efforts have been made to develop a hydro-
metallurgical method to increase the rate of zinc recovery by 
utilisation of different leaching media. Different agents can be 
used for acidic leaching, such as acetic acid or sulphuric acid 
[9,12-13]. Acidic leaching is more effective than alkaline leach-
ing, but iron passing into the solution causes problems for the 
subsequent processing of these solutions. Economically, it is 
appropriate to use sulphuric acid. For practical reasons, it is ap-
propriate to leach at standard temperature and acid concentration 
values which are sufficient to dissolve the metal of interest. The 
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advantage of acidic leaching is the ability to use more diluted 
solutions. The disadvantage is that a portion of iron passes into 
the solution. In alkaline leaching, non-ferrous metals (Zn, Pb) 
pass into the solution, whilst Fe remains in solid phase in the 
leaching residue. However, this processing method requires the 
use of relatively concentrated solutions, which may cause some 
technical problems. Another disadvantage is the difficult regen-
eration of such solutions. Zinc in franklinite is difficult to leach, 
although thermal pre-treatment may overcome this problem 
[14]. The employment of various leaching techniques has been 
investigated previously. The advantage of microwave radiation 
is the transmission of microwaves into the material directly and 
their subsequent transformation into heat energy. This produces 
significant reduction inside the material compared to the sur-
face, which may result in a change in the internal structure of 
the material. Microwave radiation is used as an intensification 
factor in various technological processes, in particular in the 
chemical, food and ceramic industries, chemical processes, in 
mineral processing, wood drying, processing of plastic and glass, 
vulcanization of rubber, melting metal, processing of coal, mi-
crowave assisted extraction, ceramics and waste processing [15], 
[16-18]. There exist some studies on the microwave leaching of 
EAFD in the literature [19-24]. Microwave heating efficiency 
depends on several factors. The most important are: the ability 
to absorb microwave radiation, microwave frequency, electric 
power of microwave radiation, and sample weight. Authors [25] 
investigated the thermal behaviour of EAFD when it was mixed 
with tetrabromobisphenol (ratio 1:1) under microwave pyrolysis 
conditions (700°C). In the theoretical part of this paper, attention 
was paid to the influence of microwave radiation in the process 
of both acidic and alkaline leaching methods. It shows that 
leaching combined with microwave radiation may be applied 
under standard conditions of temperature and pressure, as well 
as at elevated pressure. The summary of leaching methods using 
microwave radiation is given in Table 1. This work focuses on 
the influence of sodium hydroxide concentration on the leaching 
kinetics of zinc and lead into sodium hydroxide solutions using 
MW-assisted leaching. 

2. Materials and methods

EAFD supplied by Zeleziarne  Podbrezova, a. s. (Podbrezo-
va Steelworks, Slovakia) was used for the leaching experiments. 
The samples were subjected to atomic absorption spectroscopy, 
the results of which are shown in Table. 2.

TABLE 2

The chemical composition of EAFD

Element Zn Fe Si Cr Mn Pb Cd Ca LOI*
Content 
[wt%] 17.05 27.23 3.22 0.81 1.03 1.28 0.09 4.42 7.08

* LOI-loss on ignition

The XRD pattern of the EAFD sample is shown in Fig. 1. 
The mineralogical study showed that metals of interest present 
in the sample were franklinite ZnFe2O4, zincite ZnO, magnetite 
Fe3O4, calcite CaCO3, lead monoxide PbO and silica SiO2.

The granulometric distribution analysis of the EAFD sample 
was performed using Scanning-photo-sedimentograph, Fritsch 
GmbH, Analysette. Fig. 2 shows that the measurements result 
in a size distribution with three maxima: particle diameters of 
11 μm, 40 μm and 50 μm. The microstructure, morphology and 
composition of the dust were also studied using scanning elec-
tron microscopy combined with energy dispersive spectroscopy 
JEOL JMS-35CF with EDX analyzer LINK ANALYTICAL 
AN10/85S. The morphology of the dust sample is shown in 
Fig. 3A. The EDS analysis of the observed area shows the pres-
ence of Fe, Zn, Ca, Pb, Si, K, S and Cl (Fig. 3B). 

A computational thermochemical study was carried out 
to predict the possible phases in the system depending on the 
changing parameters. As known, the classical Eh-pH (Pourbaix) 
diagrams are rather a “predominance diagrams” and they show 
the regions where various aqueous ions or solid compounds pre-
dominate [26]. In this study, a new type aqueous phase diagram 
by FactSage software was used to distinguish the aqueous spe-
cies from the solid phases with a real phase boundary. In order 

TABLE 1

Summary of studied leaching methods using microwave radiation

Studied 
material

Type of 
leaching 

agent

Temperature
[ºC]

Maximum extraction of Zn
[%]

Leaching time
[min] Source

*C **MW *C **MW *C **MW
EAFD NaOH 90 Tboiling 70 80 30 5 [27]
EAFD H2SO4 — 260 — 92 — 100 [28]
EAFD NaOH 90 90 74 60.4 240 2 [14]
EAFD NaOH — 95 — 85 — 120 [29]
EAFD H2SO4 — 60 — 80 — 90 [30]
EAFD NaOH 95 — 60 — 15 — [31]

***BF sludge H2SO4 65 65 87.86 92 7 3 [16]

EAFD NaOH 95 — 50
80 — 120 — [32]

* C-conventional leaching; ** MW-microwave leaching; *** Blast Furnace sludge
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Fig. 1. XRD pattern of the EAFD sample

Fig. 2. Granulometric distribution of EAFD sample

Fig. 3. (A) SEM image of EAFD sample, (B) EDS analysis of EAFD sample

to simulate an analogous system, in the calculation, mole values 
of Fe, Zn, Pb and Ca in one kg of water (mol.kg–1-water) were 
selected as 0.208, 0.13, 0.0031 and 0.055, respectively. The ef-
fect of NaOH (0-8 mol.kg–1-water) on the dissolution behavior 
of the selected solution was calculated at 104°C. The total pres-
sure of the system was calculated with respect to the reactor 
temperature (i.e. 104°C) and set to 1.1555 atm. The aqueous 
phase diagram of H2O-NaOH-Fe-Zn-Pb-Ca system calculated 
with the FactSage-Phase Diagram module is shown in Figure 4. 
The y-axis is the oxidation potential, log pO2, which is related 
to Eh, whereas x-axis is the NaOH concentration as mol/kg H2O 
in the solution. As seen in the figure, pH level is high even at 
low concentrations of NaOH. Pb becomes soluble after the pH 
level of the solution is beyond 11.5, whereas Ca(OH)2 is stable 
throughout the whole region. The free ZnO in the solution dis-
solves completely after around 3 kg.mol–1 of NaOH. However, 
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the calculations results showed that a complete dissolution 
of ZnFe2O4 is not achievable at any leaching conditions. The 
compositions and amounts of the aqueous phase and solids that 
present in the system can be also calculated with FactSage - phase 
diagram module for the designated locations [26]. For example, 
at fixed oxidation potential, log pO2 = –20 (atm), the amounts 
of the solid ZnFe2O4 from point 1 through 3, were calculated as 
0.001738 mol (pH = 12.365), 0.001705 mol (pH = 12.551) and 
0.00165 moles (pH = 12.671) in one kg of water, respectively. 
It can be concluded that even high amounts of NaOH hardly 
influence the dissolution behavior of ZnFe2O4 at 104°C.

In our experimental studies, MW-assisted and conven-
tional leaching of EAFD were carried out in NaOH alkaline 
leaching medium at concentrations of 1; 2; 3; 4; 5 and 6 M. 
For comparison, the conventional leaching experiments were 
done under the same conditions. The dissolution rates of zinc 
and lead during the leaching processes and the morphologies 
of solid residues were investigated. The schematic representa-
tion of the experimental set-up is shown in Fig. 5. It comprises 
a leaching plastic reactor closed with a plug (3), with a cooler 
(5) and a pipette (4) to collect the liquid sample, which are in-
serted into the reactor. The reactor was placed in a selfmodified 
microwave cavity with an adjustable output in the power range 
of 90-900 W at a frequency of 2.45 GHz. Microwave energy 
was emitted from the magnetron (2). The temperature of the 
reactor was measured with a manual non-contact thermometer 
(Raytek Raynger MX4).

Since the particles of EAFD are fine, no sieving was per-
formed on the samples before leaching. The procedure of the 

experiment was as follows: 200 ml of NaOH solution was poured 
into the reactor and the output of 750 W was set. After bringing 
to the boil, after approx. 2 minutes, 10 g of sample was added 
and leaching time was set at 60 minutes. The weight of 10 grams 
of dust and the volume of 200 ml of leaching agent produced 
a liquid to solid phase ratio L:S 20. At lower concentrations of 
NaOH solution, the entire course of leaching was accompanied 
by a rapid boil and intense stirring of the pulp. When the solution 
concentration was higher than 4 M, the boil was quiet, which may 

Fig. 4. An aqueous phase diagram with calculated partial O2 pressure vs. NaOH molality for the system H2O-NaOH-Fe-Zn-Pb-Ca which is de-
signed for the present experimental conditions

Fig. 5. Schematic diagram of the MW-assisted leaching system. 1 – 
microwave cavity, 2 – magnetron, 3 – leaching reactor, 4 – pipette, 
5 – cooler
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be due to the higher density of the pulp. Samples were taken in 
the 1st, 5th, 10th, 15th, 30th and 60th minute. The temperature of 
the reactor was measured as 104°C throughout all experiments. 
In a microwave heated reactor, the average temperature of the 
solvent can be at a significantly higher temperature than the 
atmospheric boiling point (+5°C). After the present time elapsed 
and the mixture cooled down, it was filtered and the volume of 
the solution after leaching was measured. The samples were 
subjected to chemical analysis using the AAS method, which 
confirmed that no iron passed into the solution during alkaline 
leaching, or only in a slight amount. For comparison, experi-
ments using conventional leaching of EAFD at 95°C, L:S=20 
were also carried out, and samples were taken at the same time 
intervals as for MW-assisted leaching. The experiments involving 
conventional leaching made use of the apparatus [9] consisting 
of a plastic reactor placed in a water bath. With a thermostat, it 
was possible to maintain a constant temperature throughout the 
process of leaching. Mechanical agitation of the leaching medium 
was performed with a plastic agitator, the speed was set to 300 
rpm, the pH of the solution was 13-14. An X-PANalytical X´Pert 
PRO MRD (Co-Kα) X-ray diffractometer was used for qualita-
tive phase analysis of solid residues from the leaching process, 
and then they were inspected with a Dino-Lite ProAM413T 
optical microscope. SEM/EDX analysis was performed on the 
JEOL JSM 35 CF, EDX: LINK AN 10/85S device.

3. Results and discussion

3.1. The effect of sodium hydroxide concentrations

Figs. 6 (A) and (B) show the effect of leaching time on the 
zinc and lead recovery rates, with sodium hydroxide concentra-
tions in the range of 1-6 M and liquid to solid ratio L:S 20 using 
MW-assisted leaching. 

In both cases, at low concentrations of NaOH leaching agent 
only small amounts of zinc (2-9%) passed into the solution. With 
increasing concentration of the leaching agent, the amount of zinc 
passing into the solution increased smoothly. When microwave 
energy was applied, after 60 minutes of leaching there was higher 
extraction of zinc into the solution (48.72%). However, up to the 
5th minute there was higher partial extraction of zinc with conven-
tional leaching (19.52-27.46%) than with MW-assisted leaching 
(4.28-7.22%). This is because during conventional leaching the 
pulp was stirred from the very beginning using an agitator. During 
MW-assisted leaching, the pulp was stirred using only the boil-
ing of the liquid itself. Such stirring of the pulp was insufficient 
due to the high density of leaching solution, i.e. 6 M NaOH, and 
therefore the pulp was stirred insufficiently. Figs. 7 (A) and (B) 
show the effect of leaching time on the zinc and lead recovery 
rates with sodium hydroxide concentrations in the range of 1-6 M 
and liquid to solid ratio L:S 20 using conventional (C) leaching. 

Fig. 6. Effects of time and NaOH concentration on (A) Zn and (B) Pb extraction with MW-assisted leaching

Fig. 7. Effects of time and NaOH concentration on (A) Zn and (B) Pb extraction with conventional leaching
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3.2. The comparison of MW-assisted leaching 
and conventional leaching

Figs. 8 (A) and (B) show the comparison of MW-assisted 
and conventional leaching on the zinc and lead recovery rates 
with L:S = 20 and 6 M NaOH solution. The highest lead extrac-
tion (92.84%) was reached after 30 minutes of MW-assisted 
leaching, but in the final minutes the extraction decreased to 
84.26%. Again, up to the 5th minute there was higher partial 
extraction of lead with conventional leaching (26.47-34.25%) 
than with microwave leaching (11.54-22.45%). The highest 
lead extraction in conventional NaOH leaching was 67.79%. 
Compared with conventional leaching, the top extraction rate 
using MW-assisted leaching was higher by 16% (Zn) and 26% 
(Pb). These experiments were carried out under comparable 
conditions.

3.3. The characteristic of the solid residue

Fig. 9 represents the XRD results for the EAFD sample 
and the residues of the conventionally-leached products at 
different NaOH concentrations after 60 min. The results show 
that whereas zincite tends to diminish with increasing NaOH 
concentration, franklinite remains intact. Similarly, even though 
zincite dissolves easily in the MW-assisted leaching process, 
franklinite remains unreacted (Fig. 9B). Xia and Pickles [27] 
proved decomposition of a part of zinc ferrites by 5-10% in-
creased recovery of Zn in solution by MW assisted leaching, 
but this argument, however, was not supported by any evidence. 
The result of the XRD analysis of the leach residue from this 
research, generated in 6M NaOH at a temperature 104°C using 
MW-assisted leaching indicated that all zinc ferrite dissolution 
does not occur, under examined leaching conditions. This state-
ment is based on (Fig. 9B). 

SEM images of the EAFD sample and residue parti-
cles after MW-assisted leaching and conventional leaching 
with 6 M NaOH and 60 minutes of leaching are presented in 
Fig. 10(A-C). Fig. 11(A) shows the globular shape of dust par-

ticles before leaching. The larger particles are coated with very 
fine particles. Very similar rounded particles are also present 
in Figs. 10(A) and (C). The results of EDS analysis of these 
particles given in Figs. 11(B1) and (C1) confirm the existence 
of franklinite in both leached products under the given condi-
tions. The absence of lead in both residues is due to its high 
dissolution rate during leaching. The EDS analysis also shows 
the presence of Ca, which remains in the solid residue in the 
form of Ca(OH)2.

4. Conclusions

The aim of the experimental part of this work was to study 
the leaching behaviors of Zn and Pb in EAFD under alkaline 
conditions with the aid of microwave radiation, as well as to 
observe the behavior of Zn in franklinite. The research results 
can be summarized as follows:
1) Alkaline leaching of EAFD is selective; iron does not pass 

into NaOH solution, but remains in the solid residue and 
behaves inertly in both conventional and MW-assisted 
leaching. This fact may seem like an advantage for the ex-
traction of zinc. Another advantage is the fact that, during 
leaching using microwave radiation, the input material – 
EAFD- does not require previous mechanical pre-treatment.

2) The experimental results also confirm the fact that with 
increasing concentration of NaOH, the extraction of Zn 
and Pb into the solution increases. MW-assisted leaching 
tended to increase the extraction of interest metals by 17%. 
In MW-assisted leaching Pb extraction of 93% was already 
achieved in the 30th minute compared to conventional 
leaching where, under the same conditions, extraction of 
67.7% was achieved in the 60th minute.

3) From the results of X-ray and SEM/EDX analyses it can 
be concluded that, under the given conditions, zinc was 
leached only from zincite using both leaching methods. 
Zinc present in the dust in the form of franklinite did not 
pass into the solution during leaching, which is why lower 
extraction of the said metal was achieved.

Fig. 8. Comparison of MW-assisted and conventional leaching on (A) Zn and (B) Pb recovery rates with L:S=20 and sodium hydroxide concen-
tration of 6 M
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Fig. 9. Comparison of XRD patterns of different leaching residues after (A) conventional leaching and (B) MW-assisted leaching

Fig. 10. SEM analysis of (A1, A2) the input EAFD sample and solid residues (B1, B2) after MW-assisted leaching and (C1, C2) after conven-
tional leaching at various magnifications
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