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Abstract

The presented article focuses on the possibilities of using microwave energy in the treatment of flue dust originating from the
production of steel in EAF, as well as flue dust arising in the hot-dip galvanizing process of steel. The mentioned types of waste
in the form of flue dust contain significant amounts of zinc (22-43%) and iron (0.6-30%), which could be reused after heat
treatment in the sense of a circular economy. Since zinc is also found in the mentioned wastes in the form of a stable spinel
structure of franklinite (ZnFexO4), its treatment through microwave roasting in the presence of suitable susceptors of
electromagnetic radiation is a prospective method of obtaining pure metals. The advantage of microwave processing is the
volumetric nature of the heating, the faster course of carbothermic reactions and the sufficiently lower temperature of the
waste treatment compared to conventional heating.
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1. Introduction

Obtaining metals from primary raw materials is not enough to cover their demand, and that is need to find other sources. Every
technological processing operation of raw materials, the production of metals and alloys, as well as the treatment of finished
products, is associated with the production of waste. Secondary products and wastes containing zinc are produced during
metallurgical processes such as casting, smelting, galvanizing and others. Generated waste in form of zinc ash, slag, sludge and fly
ash represents a significant environmental burden. It is necessary to treat and recycle these wastes. Zinc is found in secondary
products in the form of pure metal, oxides, and alloy [1, 2]. The content of additives and impurities also has a significant impact,
depending on the type and method of processing. The research was focused on the possibilities of processing zinc fly ash (dust
particles), generated during the production of steel in electric arc furnaces and subsequent processes of galvanization by
pyrometallurgical and hydrometallurgical treatment methods, as well as the use of microwave radiation. Waste in the form of fly
ash after the hot-dip galvanization process was characterized with regard to the methodological procedure of galvanization,
focusing on the presence and usability of strategic metals.

2. Waste processing after steel making

As a hazardous by-product of steelmaking, electric arc furnace (EAF) fly ash contains elements including iron, zinc and various
heavy metals, e.g. lead and chromium [3]. Several processing methods have been proposed in accordance with both economic and
environmental considerations. Lanzerstorfer [4] highlights the need for more efficient processing of electric arc furnace dust due to
the significant volume of hazardous waste landfilled, which accounts for approximately 7 % of the global zinc production. The aim
of both pyrometallurgical and hydrometallurgical processes is to recover individual valuable elements; however, their efficiency is
often limited by the presence of stable spinel-structured phases (e.g., franklinite ZnFe.O4) in the fine particulate matter [S]. In
hydrometallurgical processing, various leaching agents such as sulfuric acid, hydrochloric acid, citric acid, sodium hydroxide, and
ammonium chloride are used to extract and separate zinc, iron, and other metals [6, 7]. A study focused on the extraction of zinc
from electric arc furnace dust using a two-step sodium hydroxide leaching process was conducted by Zhang et al. [8]. The EAF
dust, containing 31.4 % Zn and 27.6 % Fe, was first leached at a NaOH concentration of 6 mol/L, temperature of 343 K, duration
of 2 hours, and a liquid-to-solid ratio of 20 mL/g. In the second stage, the residue was leached again under the same conditions but
at an elevated temperature of 533 K. The reported zinc and iron recoveries were 89.7 % and 39.4 %, respectively. Although
hydrometallurgical processes can achieve selective recovery of zinc and iron, they typically require large amounts of leaching
agents and generate large volumes of wastewater. Furthermore, residual iron in the leachate negatively affects subsequent zinc
electrowinning, for which a series of complex impurity removal steps are necessary [9].
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3. Waste processing after galvanization

Galvanized steel is an integral part of everyday life and can be found all around us. The galvanization of steel ensures its
lifetime durability, reducing the resources and energy required to maintain steel quality, including transportation and production
costs. The galvanized coating remains intact even after disassembly, allowing its reuse. Products made from galvanized steel can be
re-galvanized and put back into service, thereby preventing the need for new steel production. The reuse of galvanized steel is often
possible without the need for re-galvanization. Thus, the galvanization process remains an important and sustainable element in the
metalworking sector, making a significant contribution to a sustainable future [10]. During the galvanization of steel components, a
large amount of ash and dust containing over 80% zinc accumulates on the surface of the zinc bath and in the chimney. The
processing of zinc wastes in the form of fly dust involves various technologies and processes aimed at recovering zinc from these
fine and powdery particles. In the pyrometallurgical method, the dust is processed at high temperatures. During combustion, zinc
evaporates and subsequently condenses in the form of cleaner zinc dust or zinc oxide, which is then used in various industries,
including the rubber industry, ceramics, paint production, and agriculture as a fertilizer additive. In the pyrometallurgical method of
direct smelting, zinc fly dust is melted, and zinc is separated from other metals directly, for example, using reverse smelting. In
hydrometallurgical processing, zinc can be leached from the fly dust using acidic solutions such as sulfuric acid or hydrochloric
acid. This process allows for the separation of zinc from other elements, such as iron or lead. The solution is then purified from
impurities to obtain pure zinc. From the purified zinc solution, zinc can be recovered through electrolysis, resulting in metallic zinc
[11, 12]. Huang et al. [13] reported that the complete recycling of Zn from EAF dust would increase the circulation of Zn and thus
reduce the dependence of its recovery from natural sources.

3.1 Galvanizing Flue Dust — characterization

This study focused on analysing the properties of zinc dust generated during the hot-dip galvanization process. The zinc coating
is formed by a metallurgical reaction between zinc and steel when the steel product is immersed in molten zinc at a temperature of
450-460 °C, the minimum zinc content in the bath is 98.5%. The morphology of the sample confirms that it is a fine-grained
material with grain sizes up to 20 um. Based on the origin of the zinc waste in the form of white powdery dust formed above the
galvanizing bath during hot-dip galvanization, it can be assumed that the present phase is a mixture of oxides and chlorides.
Samples of zinc dust were collected on filters during and after the hot-dip galvanization process over a one-month period. The
formation of smoke dust during galvanization and sample of zinc dust are shown in Fig. 1.
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Fig. 1. a) Smoke dust during hot-dip galvanization b) Sample of zinc dust after galvanization

Chemical analysis was carried out using AAS spectrometry with a Varian AA240 FS instrument. The results of chemical
analysis are in Tab. 1. It was confirmed 25,5 % zinc content.

Tab. 1. Chemical analysis of zinc dust

Sample Zn Fe Pb Ca Al Cu As Cd Ni Bi
P [%] [%] [%] [%] [%] [ppm]  [ppm] [ppm] [ppm] [ppm]
1 24.8 0.62 0.07 0.29 0.80 102.9 104.8 1.34 152 61.9
2 26.2 0.66 0.09 0.33 0.95 118.1 116.0 1.66 17.4 82.9

Average 25.5 0.64 0.08 0.31 0.88 110.5 110.4 1.50 16.3 72.4

CHNS analysis of the zinc dust was performed using a CHNS analyzer (Elementar Vario Macro Cube). The determined
contents were 2.41 % carbon, 3.55 % hydrogen, 10.35 % nitrogen, and 0.1 % sulfur. The hydrogen and nitrogen content is
associated with the compound NH4Cl, which is a component of the flux used in the hot-dip galvanization process.

Thermal analysis of the input zinc dust samples was carried out in a synthetic air atmosphere using a STA 449 F3 Jupiter
thermal analyzer coupled with a QMS 403 C Aéolos mass spectrometer (Fig. 2). The sample of flue dust measured in synthetic air
atmosphere is thermally stable up to 68 °C. Above this temperature, the thermal decomposition is occurred in four stages. As can
be seen from Fig. 2. there are three endothermic and one strong exothermic peak on the DTA curve. The first broad endothermic at
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92.3 °C is attributed to dehydration of sample with mass loss 1.11 %. The second one according to XRD pattern is required for
melting of aluminum chloride at 175.4 °C with mass decrease 3.02 %.
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Fig. 2. Thermal analysis of zinc flue dust in synthetic air atmosphere.

The third endothermic effect at 403.9 °C couplet with mass loss 26.45 % is attributed to melting of other present chlorides.
Consequently, the major weight loss (60.99 %) occurred in the temperature range 490-790 °C with exo effect at 666°C. From the
results is evident that the decomposition is mainly dominant to the melting. Also absence of glass transition temperature established
the crystal nature of present chlorides.

The samples of flue dust were also subjected to measurements of physical properties, specifically magnetic susceptibility
(Kappa) measurements using a Kappabridge KLY -2 instrument. The results of the measurements are shown in Tab. 2.

Tab. 2. Magnetic susceptibility of zinc dust
Weight Kappa - 10-¢

Sample 1} [i.S1]
1 1.7069 995.96
2 1.7050 1002.93

Average 1.7059 999.45

The measured magnetic susceptibility values correspond to paramagnetic materials, confirming the presence of iron. The
presence of an intermetallic Fe phase in flue dust samples after galvanizing indicates the potential for applying microwave energy
in their treatment.

4. Utilization of microwave energy at treatment of zinc flue dust

The use of microwave energy for the recovery of strategic metals from electric arc furnace dusts and from the residues of steel
product galvanization represents an innovative method for processing iron- and zinc-bearing wastes.

Microwaves are electromagnetic waves with wavelengths ranging from 1 mm to 1 m, corresponding to frequencies between 0.3
and 300 GHz within the electromagnetic spectrum. The advantages of processing materials, including wastes, using microwave
radiation include rapid and selective heating based on their chemical composition, physical and dielectric properties, as well as the
frequency of the electromagnetic field and the power of the microwave furnace. Compared to conventional heating, microwave
heating creates a thermal effect inside the heated material towards the outer layers (Fig. 3). The condition is the absorption of
microwave radiation.

Development of heat Transmission of heat
Fig. 3. Microwave heating process

Omran et al. investigated the recovery of zinc from electric arc furnace and converter dust [14]. The research results confirmed
that the application of microwave energy enables zinc recovery at lower processing temperatures compared to conventional heating
methods. For converter dust, microwave treatment resulted in a zinc recovery of up to 97.4 %, compared to only 37.8% recovery
with conventional heating. In the case of electric arc furnace dust, microwave treatment achieved a zinc recovery of 98.2 %, while
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conventional heating resulted in a recovery of 79.9 %. The higher zinc recovery is due to the faster processing rate enabled by
microwave heating and the interactions between the electromagnetic field and the heated material. Wang et al. focused on the
processing of electric arc furnace dust with low zinc content to obtain a high-quality product containing valuable elements through
microwave energy. Microwave reduction was performed under the following conditions: C/Fe mass ratio of 0.25, temperature of
1323 K, 15 minutes reaction time, heating rate of 25 K/min, and microwave power of 2200 W. After microwave treatment and
subsequent magnetic separation, a high-quality metallized product was obtained containing 81.8 % Fe, with 79.9 % metallic iron
content [15].

Nishioka et al. successfully recovered metallic zinc by applying microwaves during the processing of EAF dust. Nearly 100 %
Zn and Pb were recovered within 20 minutes of microwave heating. In the first stage of the treatment, the reduction of Fe:0s
occurred before the reduction of ZnO. In the second stage, when the sample temperature exceeded 900 °C, ZnO was reduced and
Zn evaporated. The authors state that metallic Zn and Pb can be recovered from the fly dust generated during steel production by
adding graphite as a reducing agent [16].

Mizuno et al. [17] focused on the recycling of zinc from electric arc furnace dust using a microwave furnace. During
pyrometallurgical processing, a carbon-free reducing agent in the form of silicon powder was used. The dust sample was heated at
a maximum power of 7.5 kW and a frequency of 2.45 GHz, with the reaction occurring between zinc ferrite and silicon powder.
After 20 minutes of heating, a zinc recovery of 80 % was achieved, and the apparent activation energy for microwave heating was
115.39 kJ/mol lower compared to conventional heating. The use of silicon powder offers an alternative solution to carbon-based
reducing agents, such as graphite, in the recovery of zinc through microwave radiation, thereby reducing greenhouse gas emissions.

Wang et al. realized microwave carbothermic reduction of EAF dust containing 27.2 % Zn, 13.0 % Fe, 18.9 % Si, 1.1 % Al,
and 4.6 % Ca, using coke as the reducing agent [18]. The experiments were carried out at temperatures ranging from 900 to
1100 °C, with holding times from 0 to 60 minutes, and C/Zn ratios between 3 and 5. XRD analysis showed that zinc and iron were
the predominant metallic elements, present in the form of ZnFe:0a (franklinite), ZnO (zinc oxide), and FesOs (magnetite). The
reduction was carried out in a laboratory microwave furnace under a nitrogen atmosphere, following homogenization and drying
(moisture removal) of the prepared mixtures of dust and coke in the specified ratios. The condensed zinc vapours generated during
the reduction process were collected using a cooled condenser. The carbon content was determined based on the stoichiometric
amount required for the complete reduction of ZnO. The samples were heated for 10, 20, 30, 40, 50, and 60 minutes. The results
showed that the zinc recovery rate exhibited a positive correlation with both temperature and time.

Under optimized conditions at 1100 °C and a duration of 60 min, a zinc recovery yield of 95.5 % was achieved, accompanied
by the complete decomposition of ZnO phases. Additionally, increasing the C/Zn ratio enhanced the efficiency of zinc recovery
and the purity of the final product. Isothermal kinetic analyses revealed that the reaction proceeds in two stages: during the initial
phase (0-30 min), the process was governed by three-dimensional diffusion control with an activation energy of 146.50 kJ/mol,
while the final phase (30-60 min) shifted to chemical reaction control with an activation energy of 267.32 kJ/mol. Microwave
processing significantly reduced the activation energy compared to conventional heating methods. These findings suggest that
microwave-assisted reduction is capable of achieving high-quality zinc recovery from EAF dust, opening new pathways for
resource-oriented utilization of steelmaking waste. The authors describe the phase transformation mechanism as follows: ZnFe.O4
is first reduced to FesOs and ZnO, and subsequently, ZnO is reduced to metallic Zn.

Laubertova et al. compared the conventional and microwave-assisted leaching of electric arc furnace dust in sodium hydroxide
solution. After microwave treatment at power 0.9 kW was obtained recovery 48,7 % Zn and 92.8 % Pb [19].

Veres et al. focused on the treatment of fine-grained fractions of blast furnace sludge using microwave irradiation. The authors
report that zinc in the studied sludge is predominantly present in the form of ZnFe.Oa. By leaching out the zinc, the sludge with its
relatively high iron content can be reused in the production process. The application of microwaves in the leaching process led to
the rapid dissolution of the Zn-containing phase. After 3 minutes of microwave-assisted leaching in a 0.5 M H2SOa4 solution at 90
W, a zinc recovery yield of 92% was achieved, whereas conventional processing at 65 °C resulted in a yield of 88 % after 7
minutes of leaching. The rapid dissolution rate of Zn, associated with the quick temperature increase, was caused by the interaction
of microwaves with oxides present in the treated sludge [20, 21].

5. Conclusion

Dust emissions from electric arc furnaces and the subsequent galvanization process represent a hazardous by-product of steel
production. Produced waste contains significant amounts of Zn and Fe, which could be reused as input materials in the
manufacturing and protection of steel products. The application of microwave energy offers an environmentally significant
alternative with lower energy costs compared to conventional pyrometallurgical processing. An advantage of using microwave
energy lies in its selective heating of studied flue dust samples, in dependence of components presence, well absorbed microwave
radiation. Compared to conventional heating methods, microwave-assisted carbothermic reduction optimizes pore structure
offering a more efficient solution for the utilization of dust emissions containing strategic metals.
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