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Abstract. The paper describes the issues associated with waste generated during steel production and processing, in
particular the dust from electric arc furnaces (EAF). An effective solution for the disposal of such waste is its involve-
ment in processing to obtain valuable products. This paper studies the physical and chemical properties of EAF dust
produced during the smelting of metallized pellets and captured by the dust and gas cleaning system of the steel-smelting
shop at the Oskol Electrometallurgical Combine, Belgorod Region. The results obtained in the study of the chemical
and disperse compositions of dust, the microstructure of the surface made it possible to propose the use of dust as a raw
material for coagulant production. The conditions of acid-thermal treatment of dust are determined, contributing to the
partial dissolution of iron (II), (III), and aluminium compounds, which ensure the coagulation processes during
wastewater treatment. Model solutions show high efficiency (> 95 %) of water treatment from heavy metal ions by
modified EAF dust.

Keywords: dust from electric arc furnaces; acid treatment; iron ions; aluminium ions; zinc ions

Acknowledgment. The work was carried out under the federal program to support universities “Priority 2030” using
equipment based at the Centre for High Technologies of the Belgorod State Technical University named after
V.G.Shukhov.

Received: 16.11.2022 Accepted: 14.02.2023 Online: 22.03.2023 Pablished: 25.04.2023

Introduction. Steel production and processing are associated with a large amount of
industrial waste [ 1-3]. Most part of this waste does not find proper use and for this reason is stored
in industrial landfills and temporary storage sites. The accumulation of a large amount of
industrial waste and the need for its temporary storage cause a number of serious environmental
and economic problems [4, 5]. An effective solution to these problems can be the involvement
of this waste in the resource circulation as a feed for the production of various materials, which
is a prerequisite for low-waste and waste-free technologies. Such an approach to the disposal
and processing of man-made industrial waste contributes to solving the issues of resource
and energy saving, makes it possible to expand the range of manufactured products, increase
the raw material base and its diversity [6, 7]. In addition, the involvement in the production cycles
of abandoned large-tonnage industrial waste will make it possible to release many hectares
of land now under dumps and tailings and begin their reclamation and fertility recovery [8-10].
The importance of the indicated problem can be judged by the scale of mining and processing
of iron ore. In 2013, Russia produced 102 Mt of iron ore, making it the fifth largest iron ore
producer after China, Australia, Brazil, and India. According to Rosgeolfond, the country’s iron
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ore reserves for 2020 are estimated at about 112 Bt, with more than 60 % of the reserves in the
Kursk Magnetic Anomaly (KMA) in the European part of Russia [11].

The KMA region is one of the largest iron ore (mainly magnetite and hematite) deposits on Earth.
The area of iron ore deposits within the KMA is 120 thousand km?. They are located in three regions
of Russia (Kursk, Belgorod, and Orel) [12-14]. Rich ores were discovered in 1931. Mineralization is
represented by ferruginous quartzites (banded iron formation) occurring together with various Early
Precambrian metamorphic and igneous rocks [15, 16]. High iron zones were formed by hypergene
enrichment of the upper horizons of the banded iron formation. The reserves of ferruginous quartzites
with iron content of 32-37 % are more than 25 Bt, and the amount of enriched ores with iron content
of 52-66 % exceeds 30 Bt. The deposits are developed by open-pit (Stoilensky, Lebedinsky,
Mikhailovsky) and underground (Korobkovsky) mines [17].

Iron ore mining is sometimes viewed as mere mineral extraction, but the industry is fiercely
competitive internationally and is currently under increased pressure to reduce costs due to the recent
significant drop in iron ore prices. Despite modern advances, the international iron ore industry will
have to develop alternative types of ores in the coming decades as the reserves of high iron ore around
the world continue to dwindle. Magnetite and polymetallic ores, which are now mined in China, can
act as a replacement. They have a complex mineral composition and fine grains.

More than 30 % of world steel is produced in electric arc furnaces [18]. During the steelmaking
in such furnaces at temperatures above 1600 °C, many volatile components of the feedstock
evaporate. This gas is cooled, and large particles are collected in cyclones, while smaller particles
are captured in bag filters or electrostatic precipitators. Production of 1 ton of raw steel generated
approximately 10-20 kg of EAF dust. It was estimated that 6 Mt of EAF dust is generated worldwide
every year, while only 2.5 Mt of dust is recycled. EAF dust contains various metal elements, mainly
depending on the type of scrap steel, iron ore, and smelting conditions. In general, the dust consists
of 7-40 wt. % Zn and 30-45 wt. % Fe in the forms ZnFe>04, ZnO, Fe;Os, and Fe3O4. Other minor
metallic elements such as Mn, Al, and Cr are also present in EAF dust and therefore the dust
is classified as a hazardous waste that must be properly disposed of or treated in accordance with the
European Waste Catalogue and the List of Hazardous Waste. Obviously, the processing and disposal
of EAF dust is an urgent task [18, 19].

The seriousness of the recycling management issue arises from the fact that EAF dust is
generated in significant volumes and the amount is constantly increasing. The chemical composition
of the dust varies depending on the type of raw material and steel produced, and these differences can
be significant [20, 21]. Efforts were made around the world to stabilize EAF dust. There are studies
on the use of dust with a high FeO content for asphalt modification, in cement mortars, to produce
sintered bodies with promising mechanical properties [22-24]. Studies evaluating the use of EAF dust
in ceramic and cement compositions show that although the dust properties may vary depending
on the physical and chemical properties of the raw materials and process parameters, it is possible
to develop process circuits and modify the waste (i.e., by hydrometallurgy, pyrometallurgy, etc.)
considering the needs of the target application area [25-27].

Another well-known direction of management and processing of waste containing metals
is leaching, or extraction, of valuable components with various reactants [28]. Selective extractants
are used to separate certain metals from undesirable components and from each other or in groups
[29-31]. The metal-containing filtrate is separated individually by solvent extraction using cationic,
anionic, and neutral extractants. The hydrometallurgical method makes it possible to extract and
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purify metals in multi-element solutions [32-34]. Due to the specific chemical composition and high
dispersion, such dust can be used to obtain coagulants suitable for wastewater treatment [35, 36].

The purpose of this work was a comprehensive study of the mineral composition and physical
and chemical properties of electric steelmaking dust in the production of steel in electric arc furnaces
at the Oskol Electrometallurgical Plant (Stary Oskol, Belgorod Region). When achieving the goal,
we had to solve the following tasks:

» conduct comprehensive studies of the physical and chemical properties of EAF dust;

* determine the influence of conditions of acid treatment of dust on leaching of iron, zinc, alu-
minum from EAF dust;

« assess the possibility of using modified EAF dust as a coagulant in wastewater treatment.

Materials and methods. The studies used EAF dust formed during the melting of metallized
pellets and captured in the dust and gas cleaning system of the steel-smelting shop at the Oskol
Electrometallurgical Plant. EAF dust consists of a light fraction of metal-containing compounds and
is a finely dispersed system of a multi-component composition. For dust treatment, concentrated
hydrochloric acid was used. Hydrochloric acid was chosen as one of the well-known strong mineral
acids, which does not release dangerous substances such as SO, or N,O, into the air.

To increase the reactivity of the dust, it was treated with hydrochloric acid at a temperature of
23 °C and boiled. Boiling was carried out in HCI solutions diluted 1:3 and 1:5 for 0.5; 2, and 3 h.
After the end of boiling, the contents of the reaction vessels were quantitatively transferred into flasks
with a capacity of 1 dm’, filtered; the remaining precipitate was analysed using X-ray diffraction
(XRD), and the concentrations of Fewr, Al, and Zn were determined in the solution.

Microstructural studies were carried out using a TESCAN MIRA 3 LMU electron microscope.
This microscope has the possibility of high resolution (to 1 nm) and energy dispersive microanalysis,
magnification from 4 to 1000000. The investigation was carried out at an accelerating voltage from
200 V to 30 kV with continuous adjustment. The maximum value of the probe current is 200 nA.
The SE secondary electron detector of the Everhart — Thornley type was used to obtain topographic
contrast images. We also used the AdvancedAztecEnergy (IE350)/ X-max80 energy-dispersive
microanalysis system with a guaranteed spectral resolution on the Mn Ko line of 127 eV. The electron
source is a high brightness Schottky cathode. Resolution was 1 nm at 30 kV.

X-ray phase analysis of EAF dust ground in an agate mortar and pressed into a tablet was carried
out using an ARL 9900 WorkStation X-ray fluorescence spectrometer with a built-in diffraction system.

Experimental studies on the treatment of model solutions were conducted out as follows. Model
solutions were prepared containing Fe*", Fe?", A", Zn**, Cu®" ions at concentrations of 10 mg/dm?’.
To 100 cm® of model solutions, a dust suspension in an HCI solution was added in an amount
of 0.5 to 4 cm®, mixed for 30 min, and filtered. In the filtrate after treatment of the model solution,
the residual concentration of the pollutant was determined by the atomic absorption method
on the KVANT-Z.ETA-T device according to the M-MVI 539-03 method.

The particle size distribution of the dust was measured using a Micro Sizer 201 laser particle
sizer, which makes it possible to study particles in the range from 0.2 to 600 um. The bulk density
was found by weighing a known volume of dust and dividing the mass found by the volume.
To determine the true density, the pycnometric method was used in an alcohol solution. In order to
measure the pH of the aqueous extract, 10 g of dust was added to 100 cm® of distilled water with a
pH of 7; the contents of the laboratory container were boiled for 30 minutes, filtered through a paper
filter, the pH of the medium was determined in the filtrate using an Akvilon I-500 device.

Statistical processing was carried out for the experimental data, Student's #-test was
calculated for independent samples. The critical values of the ¢-test for df = 8 are 2.31 (p = 0.05),
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pH ~ 336 (p = 0.01), and 5.04 (p = 0.001). Student's #-test
ﬁ for independent samples was calculated using the formula
10 —
9 . ‘ml m, ’
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n
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- - . 2 2
EAF dust additive per 100 ml of water, g where m; andm, are the sample means; 6, u o, are sample

variance of samples; n, and n, are the number of experi-
Fig.1. Change in the pH of the aqueous medium .
upon the addition of EAF dust ments in each sample.

Discussion of the results. EAF dust of the current
electric steelmaking is a finely dispersed system of complex composition of dark brown colour with
a moisture content to 2.5 % and a bulk particle size (> 60 %) to 0.1 mm. Processing properties of
EAF dust: bulk density ppuk = 0.94 g/cm’; true density pue = 3.64 g/cm’; pH of water extract 11.2;
solubility in water 6.4 %; solubility in 1 n HCI is greater than 82.6 %. The graph of changes in the
pH of the aqueous medium when the dust is added is shown in Fig.1. When the values of hydrate
formation in the solution are reached, the heavy metal ions existing in the solution (and released from
the dust) form poorly soluble hydroxides and are removed from the solution together with coagulation
particles [37].

The mineral composition of the dust, according to XRF estimates, is represented by such com-
pounds as Fe3O4 (FeO-Fe;03), Fe,03, MgO, AlbO3, Si0,, Ca(OH),. Compounds of di- and trivalent
iron are mainly oxides, compounds that are poorly soluble in water and are not able to participate in
exchange reactions in normal conditions [38].

Figure 2 shows X-ray diffraction patterns of initial dust and dust treated with acid diluted 1:3 for
0.5; 2, and 3 h, the ratio of dust to acid solution is 1:5.

Iron peaks in Fig.2, b, ¢ are somewhat lower compared to Fig.2, a, which confirms the fact of
dust dissolution and the transition of metals to a dissolved state. As expected, the lowest peaks are
noted in Fig.2, d, which indicates the highest level of leaching of the slag components.

a ¥ b OJ

[ )
O
[ ]

®Fc,0; O Si0; O FeO-Fe:0; ™MMniOs 7/ MgO W7ZnO  AFe;0s

Fig.2. X-ray patterns of initial EAF dust () and dust treated with acid diluted 1:3 for 0.5 (b),
2(c),3h(d)
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Fig.3. Multilayer maps of the energy-dispersive spectra of the dust surface after 180 min of boiling in HCI diluted 1:3 (a);
1:5 (b) and indicating sections of Fe, Al, and Zn

Multilayer maps of the energy dispersive spectra of the dust surface are shown in Fig.3.

Figure 4 shows micrographs of the dust particles surface and energy dispersive spectra for
samples treated with HCL

The average values of the elemental composition of EAF dust samples are presented in Table 1.

Table 1
Averaged values of the elemental composition of dust after acid treatment
Treatment Treatment conditions Initial content of elements, wt.%
temp;céature, Acid dilution | Treatment | 21.5 1 33.98 | 0.71 | 1.99 1 029 | 891 | 1.72 | 1.75 | 1.14 | 1.1 | 2.51 | 40.12 | 4.87
time, min C (6] Na Mg | Al Si S Cl K Ca | Mn Fe Zn
23 1:5 30 17.13] 30.82 | 0.68 | 1.62 | 0.22 | 8.02 | 0.65 | 1.55 | 0.29 | 0.22|2.31|34.42| 3.42
1:5 120 19.12| 31.14 | 0.27 | 1.50( 0.18 | 6.84 | 0.48 | 0.96 | 0.15 | 0.22|1.60| 36.75| 1.99
1:5 180 18.04 | 31.08 | 0.09 | 1.25| 0.06 | 4.88 | 0.13 | 0.78 | 0.09 | 0.06|1.13|35.72| 1.87
1:3 30 16.73 | 31.06 | 0.33 | 1.59| 0.18 | 8.52 | 1.53 | 0.49 | 1.00 | 0.98|1.14|39.97| 3.52
1:3 120 11.93|31.78 | 0.27 | 1.44| 0.16 | 6.67 | 0.94 | 0.43 | 0.66 | 0.46|1.79| 36.19| 2.50
1:3 180 16.58 | 33.82 | 0.25 | 1.07 | 0.07 | 4.85 | 0.81 | 0.32 | 0.48 | 0.37|0.85|33.92| 2.04
100 1:5 30 16.91|30.42 | 0.67 | 1.6 [ 0.22| 7.92 | 0.64 | 1.53 |0.283]0.22|2.28| 33.98 | 3.38
1:5 120 18.87| 30.74 | 0.263 | 1.48 | 0.18 | 6.75 | 0.47 | 0.95 | 0.15 | 0.22 | 1.58 | 36.28 | 1.96
1:5 180 17.81 30.68 | 0.09 | 1.23 | 0.06 | 4.82 | 0.13 | 0.77 | 0.09 | 0.06|1.12|35.26| 1.85
1:3 30 16.52 30.66 | 0.33 | 1.57 | 0.18 | 8.41 | 1.51 | 0.48 | 0.99 | 0.97|1.13|39.46| 3.47
1:3 120 11.78 | 31.37 | 0.27 | 1.42| 0.16 | 6.58 | 0.93 | 0.42 | 0.65 | 0.45|1.77|35.73 | 2.47
1:3 180 16.37| 33.39| 0.25 | 1.06 | 0.07 | 4.79 | 0.80 | 0.32 | 0.47 | 0.37|0.84|33.48| 2.01
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Fig.4. Dust surface in reflected electrons after boiling in HCI and energy dispersive spectrum: after 30 min of boiling with dilution
1:5 (a), 1:3 (c¢); after 180 min of boiling with dilution 1:5 (b), 1:3 (d)
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Fig.5. Leaching of iron (), zinc (b), and aluminum (c) from EAF dust at different HCI concentrations

It follows from Table 1 that as the acid concentration and the treatment duration increase, the dust
contains an ever smaller amount of elements, Mg, Al, Fe, Zn. Zn content in the dust also decreases
as the treatment duration and the acid concentration increase. The preliminary experiments deter-
mined that 3 hours of EAF dust treatment is sufficient. A further increase in the duration of boiling
leads to unjustified energy costs. Thus, at a 1:5 dilution, as the treatment time increases from 30 to
180 min, the Zn content in the dust decreases from 3.38 to 1.85 %. At a 1:3 dilution, as the treatment
time increases from 30 to 180 min, the Zn content decreases from 3.47 to 2.01 %. Figure 5 shows the
dependence of the intensity of leaching of Feqwr, AI*",

and Zn*>" ions on the acid solution concentration. Table 2
The resulting difference in the concentration of St ,
. . . . . . udent's #-test values
metal ions in solutions at different acid concentrations
is statistically significant (Table 2). Thus, within the  Treatmenttime, | , .0 ftest
framework of this study, hydrochloric acid diluted 1:3; m Fe | 20 | Al
heat treatment temperature 100 °C; duration of boiling 30 L:5 509 | 4.103 |15.503
180 min can be considered the best conditions for trans- 30 13
ferring Fe?*, Fe**, AI**, Zn>" ions into solution. 180 1f5 2386 114356 18701
Modified dust can be used as a coagulation mate- 180 13

rial for wastewater treatment [36].
In an aqueous medium, Fe?", Fe**, A
tentative reactions:

I** cations undergo hydrolysis according to the following

Fe’" + HOH 2 [FeOH]' + H™;
[FeOH]"+ HOH 2 Fe(OH), | + H';
Fe’*+ HOH 2 [FeOHJ*" + H;
[FeOH]** + HOH 2 [Fe(OH).]" + H;
[Fe(OH)]* + HOH 2 Fe(OH); | + H".

The AI** ions are hydrolysed similarly to the Fe** ion:
A" + HOH 2 [AIOH]*" + H;
[AIOH]**+ HOH 2 [AI(OH),]* + H';
[AI(OH),]"+ HOH 2 AI(OH); | + H".
Zn?" ions are hydrolysed similarly to Fe?*.

As it is known, hydrolysis is the interaction of salt dissociation products with water to form large
flakes, which can then be separated from the aqueous medium by decantation or filtration.
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Fig.6. Dependence of treatment efficiency Fig.7. Influence of suspension volume
on suspension volume on the content of metal ions in solution

In the practice of water treatment, salts AL(SOs)3, AICl3, FeCls, Fea(SOs)3, FeSO4, FeCl, and
their mixtures in various combinations are widely used as coagulants [36].

Wastewater from various industrial productions often simultaneously contain ions of many
heavy metals, Ni**, Cu**, Cd**, Co?", Cr** etc. With an increase in the pH of the aqueous medium,
these ions form poorly soluble hydroxides, Ni(OH),, Cu(OH),, Cd(OH),, Co(OH)», Cr(OH)3, which,
due to their high dispersion, form a stable hard-to-remove suspension. In this case, the use of coagu-
lants makes it possible to extract suspended particles from a dispersed medium using coagulation and
purify the solution to the specified requirements.

Due to the fact that the dust composition includes oxides such as CaO, NayO, K,0O, BaO, MgO,
etc., when dust is added to the aqueous medium, they partially dissolve, which invariably leads to an
increase in the pH of the medium. During acid treatment of dust, the pH of the medium also gradually
increases over time due to the dissolution of alkaline components.

The results of studies presented in Fig.6 and 7 show that the treatment efficiency for all ions is
at least 95 %. If it is necessary to achieve a lower residual concentration of metal ions, it is possible
to use the second treatment stage.

Thus, EAF dust can be successfully used to obtain a coagulant suitable for use in water treatment.
This conclusion is confirmed by experimental data. In the course of observations, large flakes of
coagulated particles were noted after adding a coagulating suspension to a finely dispersed system.
After coagulation, a rapid, even sedimentation was observed.

Conclusion. The prospects for the use of steel industry waste as a raw material for coagulant
production are considered. According to the analysis of literary sources, the coagulation material
obtained on the base of EAF dust can be used in wastewater treatment. It was determined that the
recommended conditions for obtaining a coagulation mixture are HCI acid diluted 1:3, boiling dura-
tion is 180 min. These conditions lead to partial dissolution of dust and the transition of Fe**, Fe*",
A*"ions into solution, causing a coagulation effect in the aqueous medium with respect to suspended
fine particles. EAF dust after acid treatment is used as a coagulation mixture, which leads to
wastewater treatment with a high efficiency of 95-98 %.
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