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Abstract

Electric arc furnace (EAF) waste, a mixture of dust and slag, was investigated as a potential
secondary source of zinc. The waste primarily consisted of zinc and iron oxides, with the
presence of refractory zinc ferrite, which hinders the complete recovery of zinc. This is the
first study that examined the effect of mechanical treatment through high-energy planetary
ball milling on the phase transformation, metal speciation, and leachability of the EAF
waste. The raw material was characterized by particle size distribution, morphology, phase
composition, and sequential extraction, and then subjected to milling at different rotation
rates (100-400 rpm). The resulting powders were analyzed using XRD, SEM-EDS, and
sequential leaching, and tested for acid (H,SO4) and alkaline (NaOH) leachability. Milling
progressively reduced particle size, increased surface roughness, and induced structural
changes, including the mechanical activation effect at low milling rates (100 rpm) and
the synthesis of secondary franklinite at higher milling energies (200 rpm and 400 rpm).
Sequential extraction revealed changes in zinc and iron speciation from acid-soluble to
residual fractions for increased milling intensities. Leaching experiments showed rapid
zinc dissolution in both acidic and alkaline solutions, while iron dissolved only in acid. The
highest zinc extractions (67% in HySO4, 55% in NaOH) were obtained from mechanically
activated material at 100 rpm, while zinc leachability decreased for higher milling rates
due to the induced mechanical synthesis of refractory phase. The kinetic model of leaching
of the main components of the EAF was also established.

Keywords: ball milling; EAF waste; franklinite; leaching; mechanical activation;
mechanochemical synthesis; recovery

1. Introduction

Zinc and iron are among the most important technical metals, alongside aluminum and
copper [1,2]. Although these two metals are not officially classified as strategic or critical
raw materials, zinc is recognized as a key resource in countries such as Canada [3], the
United States [4], and Australia [5]. This significance is attributed to the broad range of zinc
applications, which include traditional uses such as steel galvanizing and alloy production,
as well as modern applications in advanced technologies involving precision die-casting,
zinc—air batteries, and various components used in renewable energy systems [1]. As a
result, zinc is forecast to become the fourth most valuable metal in the global market for
selected critical materials between 2027 and 2030, preceded only by copper, lithium, and
nickel [6]. Iron and steel, in turn, remain essential materials for infrastructure development
and play a vital role in the transition toward a sustainable economy, serving mainly as
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fundamental construction materials for technologies such as geothermal, wind, solar,
nuclear, and hydropower systems [7].

The production of secondary zinc and iron (steel) is inherently interconnected, as galva-
nized steel products such as car bodies or construction components are typically recycled in
steel mills after reaching the end of their service life [8,9]. One of the commercially available
technologies capable of utilizing up to 100% scrap for raw steel production is electric arc
furnace (EAF) steelmaking [7]. This process operates by heating the metallic charge with
an electric arc formed between graphite electrodes, enabling the molten material to reach
temperatures of 1400-2000 °C [10]. Although EAF steelmaking accounted for only 29% of
global crude steel production in 2023 [11], it is considered a key technology in the shift
toward low-carbon metallurgy, as it emits more than three times less CO, per tonne of crude
steel compared to the conventional blast furnace-basic oxygen furnace route [12]. Despite
its environmental and energy-related advantages, the EAF process generates considerable
amounts of solid by-products, mostly 10-30 kg of dust and 60-270 kg of slag per tonne of
liquid steel produced [13]. These waste streams contain not only significant amounts of
recoverable iron (20-35%), but also high concentrations of zinc (9-40%) [14-16].

Electric arc furnace dust (EAFD) is the most important by-product of steel scrap
processing, regardless of its classification as hazardous waste [13]. It is often further
treated for zinc recovery using pyrometallurgical techniques, with the Waelz kiln being
the most widely employed method [8,14]. Various hydrometallurgical or combined pyro-
hydrometallurgical approaches have been also investigated, although their application
at commercial scale remains limited [15,16]. The main drawback of hydrometallurgical
treatment lies in the relatively low efficiency of acid or alkaline leaching (atmospheric or
pressure), which typically achieves 50-80% zinc recovery [16]. This is due to the presence
of zinc in the EAFD not only as easily leachable oxide ZnO (2-30%) but predominantly
as refractory franklinite ZnFe,O4 (10-65%). To mitigate this issue, EAFD containing zinc
ferrite has been proposed for conversion into more soluble phases prior to leaching [15,16].
Thus, the pretreatment methods included roasting with calcium oxide [17-19] or cement
dust [20] to form leachable zinc oxide ZnO and insoluble calcium ferrite CaFe;Oy; roasting
with ammonium sulfates to produce soluble zinc sulfate ZnSO, [21,22]; fusion with sodium
hydroxide NaOH to yield soluble sodium zincate NayZnO, [23,24]; and thermal treatment
with polymers such as polyvinyl chloride PVC [25] or tetrabromobisphenol A TBBPA [26]
to generate water soluble zinc compounds like zinc chloride ZnCl, or potassium tetrabro-
mozincate K,ZnBry, respectively. In such cases, the leachability of zinc in various media
like NaOH [17,18,20,23,24] or water [21,22,25,26] exceeded 80%.

Alternatively, pretreatment may involve mechanical or mechanochemical activation,
where intensive high-energy grinding reduces grain size and can induce structural or
chemical transformations in the material [27]. During this mechanical process, particles are
deformed, repeatedly fractured and cold-welded through collisions with the milling balls
and the chamber walls. Mechanical treatment of minerals [27] and secondary resources [28]
enhances then leaching kinetics by increasing the surface area available to the leaching
agent and, possibly, by activating surfaces, thereby enabling leaching at lower temperatures
under atmospheric pressure. Moreover, when carried out in the presence of chemical
additives, mechanochemical treatment can promote reactions within the material, leading
to modifications in its chemical composition and, thus, its solubility. Although these
methods have only occasionally been investigated with respect to industrial EAFD [29,30]
or pure ZnFe,;Oy [31], they undoubtedly demonstrate a beneficial effect on zinc leaching.
For example, Zhang et al. [31] compared the alkaline leachability (6 M NaOH, 90 °C, 12 h)
of mechanically activated ZnFe;O4 and mechanochemically reduced ZnFe,O, using iron
powder. Both treatments were performed in a planetary ball mill with stainless steel balls
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(1-5 mm in diameter; ball-to-ferrite mass ratio of 25:1). After 4 h of mechanical activation,
about 13% of zinc was leached, representing only a slight improvement compared with the
untreated sample (near 2%). In contrast, mechanochemical reduction of ferrite increased
zinc extraction to about 60% when the Fe/ZnFe, O, ratio exceeded 2, and up to 70% after
extended milling (6-12 h). This enhancement in zinc leachability was attributed to the
decomposition of zinc ferrite and the formation of Zn,Fe; Oy solid solutions, as XPS
analysis revealed an increased Fe?* content resulting from the reduction of Fe** by metallic
iron. In other studies, the authors [30] investigated chemical and mechanochemical leaching
of EAF dust (22% Zn, 23% Fe, 3.5% Pb). Mechanochemical leaching was performed directly
in a stirred ball mill (5 M NaOH, 90 °C, 4 h, ball-to-EAFD mass ratio 30:1) and resulted in
increased zinc leachability (45%) compared with conventional leaching of the non-activated
sample (25%). In this case, no structural changes in the material were reported. In turn, Zoz
et al. [29] proposed a two-stage process, consisting of mechanical activation followed by
ammoniacal leaching, performed in the same high-energy ball mill but with horizontal and
vertical orientations, respectively. During milling (20 min, 3 mm steel balls, ball-to-EAFD
mass ratio 10:1, 1300 rpm), the particle size of EAFD (33% Zn, 27% Fe, 1.5% Pb) was reduced
from 5 pm to 1 um, generating numerous structural defects and increasing the reactivity of
the dust. In the subsequent leaching step in ammonia—ammonium carbonate solution, it
was observed that high-energy milling did not overcome the inherent resistance of zinc
ferrite to the leaching agent; however, ZnO was fully dissolved within 0.5 h, compared
with over 1 h for the untreated dust. As in previous studies, no structural changes in the
milled material were reported.

As discussed above, the literature data on mechanical activation of EAF waste and its
effects on structural changes and zinc leachability remains very limited. To address this
gap, the present study was undertaken, focusing on phase transformations in mechanically
activated EAF waste, changes in metal speciation in the material, and metal leaching under
both acidic and alkaline conditions. The aim of this work was to evaluate the effect of ball
milling at different rotation speeds on structural changes in the material, and to establish
correlations between the milling parameter and leaching behavior of key metals.

2. Results
2.1. Raw Material

The raw material was collected from a Polish landfill of electric arc furnace residues.
It was a red-brown powder with a heterogeneous particle size distribution and magnetic
properties (Figure 1). Sieve analysis of the material into five particle-size fractions revealed
that coarse particles larger than 1 mm represented the dominant fraction, accounting for
about 60%, while the remaining finer fractions contributed 5-10% each (Figure 2a).

Figure 1. (a) Macroscopic view of the raw material; (b) Magnetic behavior of the powder.
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Figure 2. (a) Particle size distribution of the EAF waste; (b) Concentrations of the main metals in the
raw material and its individual particle-size fractions. Values represent mean data (1 = 3).

(a)

Wet chemical analysis of each fraction revealed relatively uniform percentages of the
main metals. Zinc and iron were the predominant components, with average contents of
28.3% and 21.5%, respectively. The other analyzed metals, such as lead, manganese, and
calcium, accounted for about 2-3% each (Figure 2b).

A detailed morphological analysis of the largest particles, with diameters on the order
of 0.5-1.5 cm (Figure 3), revealed a cracked and porous material, typical of EAF slag residues.
The slag formed on the surface of the molten bath in the electric arc furnace solidifies upon
cooling into a porous, rock-like material, with the porosity resulting from carbon oxides
generated by the reaction of carbon in the steel scrap with oxygen at high temperatures [16].
EDS analysis of the particle cross-section confirmed the presence of elements characteristic
for the slag, such as aluminum, calcium, magnesium, silicon, and oxygen. Elemental
mapping further revealed uneven distribution of these elements (Figure 4a), while local
analysis indicated the presence of calcium and magnesium aluminosilicates and calcium
ferrite CaFe Oy (Figure 4b). Noteworthy, typical crystalline components of the EAF slag
are larnite CapSiO4, wollastonite CaSiOs, gehlenite Cap Al(AlSi)Oy, bredigite CayMg(SiO4)a,
brownmillerite Cay(AlFe);0s, diopside CaMg(SiOs3), [32]. Nevertheless, none of these
calcium compounds was further confirmed in detectable amounts in the investigated raw
material, except CaFe,Oy.

(b)

Figure 3. Macroscopic view of the large particles (a) and their cross-sections (b); (c,d) SEM micro-
graphs of particle cross-sections.
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Main components:
001 Area (right): 66.7% O; 13.4% Si; 6.5% Ca; 6.8% Mg; 5.7% Al
002 Area (left): 51.0% O; 33.7% Fe; 12.2% Ca

Figure 4. (a) Elemental distribution on the cross-section of large EAF raw material particles; (b) Local
chemical composition.

The finest particle fraction (below 0.125 mm) of the raw material consisted of particles
of various shapes (irregular, sphere-like) and sizes, featuring a characteristic rough surface
(Figure 5). EDS analysis revealed that the main components of this fraction are zinc (35%),
iron (25%), oxygen (25%), and manganese (3%), which are typical for EAF dust [16]. Other
elements usually identified in the EAF dust, such as silicon (1.5%), aluminum (0.5%), and
magnesium (0.4%), were present only in trace amounts.

(b) P L e (C_),

Figure 5. (a) Macroscopic view of the finest particle fraction; (b,c) SEM micrographs of the particles.

It is worth noting that the waste material was not a simple mixture of fine particles of
pure EAF dust (collected from the de-dusting system) and larger particles of pure slag (taken
from the furnace). The EAF waste originated from a storage site where these two materials
had been mixed, allowing for crushing and/or the formation of secondary granules of dust
and/or slag. As a result, the elemental contents in the individual particle-size fractions
were essentially comparable.

X-ray diffraction analysis of the raw material (Figure 6) revealed a mixture of multiple
phases, typical for EAF dust contaminated with slag particles [33,34]. The main identified
compounds include zincite ZnO, franklinite ZnFe,Oy4, and magnetite Fe;0,4, with possible
traces of calcium ferrite CaFe,Oy4, hematite Fe,O3, lead oxide Pb3O4 and silica SiO,. It
is important to note that the phase composition of the EAF waste is somewhat complex,
consisting of different crystalline components whose overlapping diffraction peaks make
unambiguous phase identification faintly problematic.
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Figure 6. X-ray diffraction pattern of the raw material.

2.2. High-Energy Milled Materials

The raw material was subjected to grinding in a high-energy planetary mill equipped
with tungsten carbide balls. The milling was carried out in the presence of water at three
different rotation speeds, ranging from 100 rpm to 400 rpm. The obtained samples were
then compared with the original material in terms of morphology and composition to
identify changes that could influence subsequent leaching behavior.

2.2.1. Morphology

Figure 7 presents the morphology of the raw material and the samples subjected to
mechanical treatment. With increasing rotation rates, and thus higher milling energy, a
gradual reduction in particle size was observed, with the most pronounced effects obtained
at 200 rpm and 400 rpm. At the latter condition, the material was transformed almost
entirely into a powdery form. Milling at 100 rpm had a minor effect on particle size;
however, a distinct increase in surface roughness was noticed. This enhanced roughness
may be attributed to the formation of finer particles on the surfaces of larger ones. It is
noteworthy that the mineral components of EAF waste can be ground to varying degrees
depending on their hardness, which increases in the following order: ZnO (150-180 HV [35])
< ZnFe;Oy4 (200-470 HV [36]) < Fe304 (500-600 HV [37]) < CaFe,O4 (800-900 HV [37])
< Fe;O3 (1000 HV [37]).

(b) (c) (d)

Figure 7. SEM micrographs of the raw material (a) and samples after mechanical treatment at rotation
rates of: (b) 100 rpm, (c) 200 rpm, (d) 400 rpm.

2.2.2. Elemental Composition

The powders before and after mechanical treatment were investigated by EDS to
compare the elemental composition of the materials. The analyses were performed in
different surface areas, and the results are presented in Figure 8. For the raw material
sample (0 rpm), zinc and iron concentrations were found to be about 15 wt% and 5 wt%
higher, respectively, than those obtained by wet chemical analysis (Figure 2b). In contrast,
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the EDS results for the raw sample were consistent with those obtained for the fine raw
material fraction. The difference between the results of spectroscopic and wet analyses
is understandable since EDS provides information only from the surface layer of EAF
particles (locally), whereas chemical dissolution reflects the average bulk composition. It
should also be emphasized that EAF dust and slag particles exhibit distinct surface and
bulk compositions, which result from the reaction mechanisms during the formation of
both wastes. For example, Suetens [38] demonstrated a zinc concentration gradient within
iron oxide particles in EAF dust, with zinc content decreasing from the particle surface
toward its core. On the other hand, compositional heterogeneity is visible directly in slag
grains, whose surfaces are covered with iron oxide residues (Figure 3b), while their centers
display an uneven distribution of elements (Figure 4).

100
B Zn

90
80 A H Fe
70 A uPb
60 B Mn
50 A

— —

— = —

Element concentration, wt%

Ca
40 A
30 4 uSi
20 A Al
10 - o
0
0 100 200 400

Milling rotation rate, rpm

Figure 8. Effect of high-energy milling rotation rates on elemental composition of EAF waste (EDS
surface analysis).

Regardless of the above considerations, a detailed analysis of the elemental com-
position of the powders shows that the composition of the materials changes gradually
with increasing milling rate. This effect is most pronounced at the highest rotation speed
(400 rpm), where the oxygen content doubles compared to the other samples. At the same
time, the proportions of zinc and iron shift toward values characteristic of the average bulk
composition (Figure 2b). The gradual abrasion of surface layers, followed by intensive par-
ticle fragmentation during milling, confirms the heterogeneity of the particle components
and induced elemental changes. However, partial secondary oxidation of the intensely
ground powder cannot be ruled out as the milling process generates elevated temperatures.

2.2.3. Phase Composition

Figure 9 shows the X-ray diffraction patterns of the raw and milled powders. The main
zinc- and iron-containing phases were identified, but changes in the relative intensity of
their characteristic peaks were observed. Figure 10 shows radar plots illustrating changes
in the relative intensities of six peaks of the main phases, namely ZnFe,O4 with Fe;0y4 (due
to possible peak overlapping at characteristic diffraction angles) and ZnO. The relative
peak intensity was calculated as I/Imax, Where Imax is the intensity of the highest diffraction
peak, assumed as 100% (i.e., the peak at a 26 angle of 35.4°, collective for ZnFe,O,/Fe304).
It was found that increasing milling rate gradually decreases the peak intensities of ZnO,
with the largest shift observed between 0 rpm and 100 rpm (Figure 2b). In the case of
franklinite/ magnetite, only three peaks disappear significantly: at 20 of 37° and, to a lesser
extent, at 20 values of 56.6° and 62.2°. Interestingly, the peak at 37° disappears in the
following order of milling rates: 0 rpm > 200 rpm > 100 rpm > 400 rpm, whereas for the
62.2° angle the changes follow the order: 0 rpm = 100 rpm > 200 rpm > 400 rpm (Figure 2a).
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ZnFe,0,/Fe;0,

62.2

56.6

As the peak intensities are proportional to the phase contents in the solid material, these
variations indicate possible transformations among the components, such as the formation
of a hardly soluble Fe;O4—ZnFe,Oy solid solution [39] or the reaction of ZnO with Fe;O3
leading to ZnFe;Oy4 synthesis [40] at the highest milling energy, and the accompanying
structural deformation of franklinite [41].

0 rpm —100 rpm ——200 rpm ——400 rpm
m ZnFe,0, a FeOy ® ZnO

g
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Figure 9. X-ray diffraction patterns of the raw (0 rpm) and high-energy milled (100-400 rpm)
EAF waste.
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| / 3
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37.0 62.7 36.4
——100 rpm

——200 rpm

43.0 47.6 ——400 rpm
(a) (b) (9

Figure 10. Changes in relative intensities of diffraction peaks of main phases of the raw (0 rpm) and
high-energy milled (100-400 rpm) EAF waste: (a) ZnFe,O,/Fe30y, (b) ZnO, (c) plot legend.

2.2.4. Sequential Leaching

Sequential leaching procedures are most commonly employed to quantitatively de-
termine the modes of occurrence of metals in minerals [42,43], although they have also
been applied to zinc speciation in steelmaking dusts [44,45]. Sequential extraction involves
the selective dissolution of metals in consecutive stages, identifying their existence as
water-soluble, ion-exchangeable, reducible (e.g., iron-manganese oxides), acid-soluble (e.g.,
carbonates), oxidizable (e.g., organic matter and/or sulfides), and residual (e.g., silicates)
forms. In this study, a combination of two procedures [42,46] was used, following the
scheme shown in Figure 11. This method employed hydrochloric acid to selectively dis-
solve zinc and iron oxides while preserving franklinite, which remains stable at relatively
low temperatures [47].
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Figure 11. Scheme of sequential extraction of metals from the raw and high-energy milled EAF waste.

Figure 12 presents the distribution of the main metals (Zn, Fe, Pb, Mn) among different
fractions of the raw and milled material. It was found that none of the metals were present
in the water-soluble fraction, while only traces were detected in the oxidizable and reducible
forms. Some zinc and lead were extracted with ammonium acetate, which targets ion-
exchangeable species; however, it is possible that part of the metal oxides reacted with the
reagent due to the ready solubility of zinc and lead acetates. The majority of all metals were
present in the acid-soluble fraction, especially since a relatively concentrated hydrochloric
acid solution was used at this stage. Consequently, soluble chloride species (salts and /or
complexes) were formed. The remaining amounts of metals, such as Zn, Fe, and Mn,
were bound in the solid residue. For comparison, Lanzerstorfer and Preitschopf [45]
reported zinc speciation in EAF dusts using a different sequential leaching procedure. They
found that two-thirds of the total zinc was present as oxide (25%) and ferrite (i.e., 40% in
the residual fraction), while the remaining third was attributed to carbonated (27%) and
reduced (8%) fractions.

1.0 1— 10 1.0
09 09 09
08 08 08 ® Residual fraction
07 07 07 Oxidizable fraction
g 06 e 06 g 06
2 S 2 = Reducible fraction
] S g
& 05 2 05 g 05
= & =
04 04 04 W Acid-soluble fraction
03
03 03 m Ion-exchangeable
02 02 02 fraction
m Water-soluble fraction
0.1 01 0.1
0.0 0.0 0.0
Zn Fe Pb Mn Zn Fe Pb Mn Zn Fe Pb Mn
(b) (c) (d)

Figure 12. Modes of metal occurrence in (a) the raw material and high-energy milled at different
rotation rates: (b) 100 rpm, (c) 200 rpm, (d) 400 rpm. Values represent mean data (1 = 3).

The effect of milling intensity on the speciation of zinc and iron is noticeable. As the
rotation speed increases, their proportion in the residual fraction also increases, except for at
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100 rpm. This may confirm the occurrence of mechanical synthesis and the transformation
of some zinc and iron oxides into poorly leachable secondary franklinite.

Figure 13 shows X-ray diffractograms of the solid residues from the sequential ex-
traction. The plot includes potential phases that could be present in the solids, though
some peaks may overlap. These phases include franklinite, magnetite, hematite, calcium
ferrite, and silica. No peaks associated with zinc oxide were detected. The behavior of
iron oxides is challenging to interpret due to covering with peaks of other phases, but it
seems that these iron phases are of minor importance. Nevertheless, significant changes are
evident at the diffraction angle of about 30.3°. In the raw material, a distinct double peak is
observed at 20 = 35.14° and 26 = 35.42°, corresponding to the main reflections of franklinite
and magnetite, respectively. Upon milling, the magnetite peak disappeared, indicating its
reaction with acid, while the franklinite peak remained at the same position, confirming its
chemical resistance.

A 0 rpm —100rpm ——200rpm ——400rpm ® ZnFe,O,
.
n
4 Fes0, Fe, O, ¢ CaFe,O, Si0,
g
«
:E* A
e u
B
S . o
[
; J AR _a
20 30 40 50 60 70 80 90 100 110 120
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Figure 13. X-ray diffraction patterns of solid residues after sequential leaching of the raw (0 rpm) and
high-energy milled (100-400 rpm) EAF waste.

A closer examination of the identified peaks revealed that their intensities changed
with increasing milling rates. The diffractograms were processed to obtain background-
subtracted intensities, where the signal at non-diffracting angles equals zero. The radar
plots shown in Figure 14a,b indicate that the peak intensities attributed to franklinite were
the same for the raw material and powder milled at 100 rpm, but at higher milling rates,
the intensity values significantly increased, especially at 400 rpm.

CaFe,O,
2theta, deg 0 rpm
I, counts j:z L., 250
& counts 2gp
50 150
2theta, deg 0t 2theta, deg 100

50
35.1° 400 rpm 0 100 rpm

2theta, deg
0 rpm
——100 rpm
- o
——200 rpm 20=264

—400 rpm 200 rpm
(b) (0
Figure 14. Changes in background-subtracted intensities Ij,4 of diffraction peaks of main phases of

the solid residues after sequential leaching of the raw (0 rpm) and high-energy milled (100-400 rpm)
EAF waste: (a) ZnFe,Oy at various 26, (b) plot legend, (c) CaFe;O4 at 26 of 26.4°.
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Interestingly, for the ball milling at 100 rpm, diffraction peaks corresponding to
CaFe,O4 were the strongest, while at higher milling energies, these peaks diminished
(Figures 13 and 14c). These observations confirm that at the milling rate of 100 rpm, the
EAF waste undergoes mechanical activation, facilitating the dissolution of zinc and iron
oxides, while leaving ZnFe,O, and CaFe, Oy largely unaffected. In contrast, higher milling
energies promote the mechanical synthesis of secondary ZnFe,O,.

2.3. Acid and Alkaline Leaching
2.3.1. Leaching

The raw and milled powders were subjected to leaching experiments in sulfuric acid
and sodium hydroxide solutions, each at the same concentration of active species (4 M H*
or OH™), to evaluate the effect of high-energy milling on metal solubility. Both reagents
are considered classical leaching agents with lower aggressiveness compared to HCI used
previously in the sequential extraction. H,SOj is inexpensive and readily reacts with metal
oxides, though it lacks selectivity toward zinc and iron oxides. In turn, NaOH selectively
dissolves zinc oxide, without affecting the iron compounds. The experiments were carried
out at a slightly elevated temperature (60 °C) and with a high liquid-to-solid ratio (L/S =
50) to minimize reagent consumption effects and ensure unobstructed reaction progress.
Comparative results for both leaching conditions are presented in Figure 15.
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Figure 15. Effect of leaching time on metal extraction from the raw (0 rpm) and high-energy milled
(100400 rpm) EAF waste in: (a) 2 M H;SO4, (b) 4 M NaOH. Values represent mean + standard
deviation (n = 3).
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As expected, clear differences were observed between the behavior of acidic and
alkaline solutions, with the analyzed metals (Zn, Fe, Mn, Pb) exhibiting distinct leaching
kinetics. In sulfuric acid, considerably higher extraction degrees were obtained compared
to sodium hydroxide. Zinc dissolved very rapidly in both media, reaching its maximum
extraction levels (65-78% in H,SO,, 40-55% in NaOH) within about 30 min, with a no-
ticeable effect of milling rate. In contrast, iron leaching occurred only in acidic solution
(42-47% in HpSOy4, 0.1-0.9% in NaOH), and the milling rate had virtually no influence
on its dissolution. Interestingly, the kinetic curves suggest a two-step dissolution process,
with a distinct inflection after approximately 20-30 min. The leaching reagents showed
selective action toward manganese and lead: manganese was leached gradually only under
acidic conditions (50-58% in H,SO4, 0% in NaOH), whereas partial dissolution of lead
oxide occurred principally in alkaline solution (1-3% in HpSO4, 20-24% in NaOH) reaching
relatively stable concentrations levels within 10 min.

2.3.2. Solid Residues

The solid residues collected after leaching were washed and dried. Phase analysis
(Figure 16) showed that zinc and calcium ferrites, as well as magnetite, always remained
either unreacted or only partially dissolved, regardless of the milling intensity or the type
of leaching solution used. Zinc oxide readily reacted with acid, whereas in alkaline solution
undissolved residues or secondary precipitates were detected. Lead oxide initially present
in the material reacted with acid and then precipitated as lead sulfate PbSOy. In contrast,
Pb3O4 appeared to be only weakly affected by NaOH, as it was identified in the leaching
residues, which may explain the variability in lead ion concentrations observed in the
kinetic curves.

250 500
A
A 450 n
- B ZnFe,0, ¢ CaFe,0, 4 Fe,O, PbSO, B ZnFe,0, ¢ CaFe,O, 4 Fe,O,
200 400
'E 2 350 1 ® 7nO Pb,0O,
&
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£ A 2
2 z
£ 100 1 ] L
= . =
.
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0
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Figure 16. Typical X-ray diffraction patterns of solid residues after leaching of the raw and high-energy
milled (100-400 rpm) EAF waste in: (a) 2 M H,SOy, (b) 4 M NaOH.

Analysis of the background-subtracted diffractograms indicates that peak intensities
depend on the milling rate. The radar plots (Figure 17) for four main 20 angles attributed
to franklinite/magnetite confirm structural changes occurring in the EAF waste during
ball milling. Based on the different responses of ferrites and oxides to acidic and alkaline
leachants, these changes can be inferred primarily from the diffraction peaks at about 30°
and 35°, as well as from two additional peaks despite partial overlap of the latter with
other phases. Sulfuric acid, being a non-selective reagent, reacts first with iron oxides
Fe;O3 and Fe304 and may also slightly attack ZnFe;Oy, as suggested by the bend on the
kinetic curves. However, the intensities of the characteristic peaks of franklinite increased
markedly (Figure 17a), confirming its growing fraction in the solid residues at 200 rpm
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ZnFe,0,/Fe;0,

62.2°

and 400 rpm, i.e., at milling rates at which mechanosynthesis of secondary franklinite can
take place.

2theta, de;
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Figure 17. Changes in background-subtracted intensities Ij,; of ZnFe;O4/Fe304 diffraction peaks
of main phases of the solid residues of the raw (0 rpm) and high-energy milled (100-400 rpm) EAF
waste after leaching in: (a) H,SOy, (b), NaOH, (c) plot legend.

In contrast, NaOH shows little reactivity toward franklinite and iron oxides, leaving
them in the solid residue (Figure 17b). Although the effect of milling rate differs in this
case, an evident increase in the intensity of franklinite peaks, and thus its fraction in the
residue, is observed with higher milling intensities.

3. Discussion

The results of the experiments demonstrate the influence of mechanical treatment on
the structural properties, speciation of EAF waste, and zinc leachability in both acid and
alkaline solutions. However, due to the limited number of literature reports, it is difficult
to compare the obtained data with other experiments. As mentioned in the Introduction,
only one study [31] examined the effect of mechanical activation on zinc leaching from the
EAF dust, but it involved extended mechanical treatment (4 h, no milling rate was shown)
and more aggressive leaching conditions (6 M NaOH, 90 °C, 12 h). Moreover, no data are
available regarding acid leaching of EAF dust after mechanical treatment.

Nonetheless, the leaching effects were strongly dependent on milling intensity
(Figure 18). At a low milling rate (100 rpm), mechanical activation was identified as
the key factor behind the significant improvement in zinc leachability. At a medium milling
rate (200 rpm), despite the crushing the solid particles, which positively influenced leaching
results, an accompanying process began to play a role, leading to the formation of sec-
ondary refractory zinc ferrite. This, in turn, reduced the effectiveness of metal leaching. At
the highest milling energy (400 rpm), intense secondary synthesis of franklinite occurred,
and despite the significant reduction in material particle size, the resulting zinc extraction
was lower compared to untreated EAF waste.

c Particle size reduction
£

o

<

b= e

% -i:%%%  Mechanosynthesis

& e’ of ZnFe,0,

Ball milling rate

Figure 18. General scheme of changes in zinc extraction caused by structural transformations in EAF
waste induced by increasing milling rate.
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Comparison of the molar concentrations of zinc and iron ions in the acid leaching
solution (Figure 19) showed a preferential transfer of zinc from the EAF waste, which is
understandable since iron oxides are more resistant to HySO4 attack. The Zn/Fe concentra-
tion ratio was lower for the material milled at the highest rotation rate, confirming that the
extraction of zinc was hindered by the changes induced in the EAF waste. Interestingly,
in all cases, this ion concentration ratio decreased with time, reaching after 30 min stable
values of 1.9 and 1.6 for milling rates of 0-200 rpm and 400 rpm, respectively. These ratios
are somewhat higher than the Zn/Fe molar ratio of 1.1 in the solid EAF waste.

8
- H,SO,
0 rpm
6 - ®m 100 rpm
¢ 200 rpm
51 4 400 rpm

Zn/Fe molar concentration ratio

Time, min

Figure 19. Time-dependent Zn/Fe molar concentration ratio during acid leaching of the raw (0 rpm)
and high-energy milled (100-400 rpm) EAF waste.

It is worth noting that the observed trends in the leaching kinetics of zinc and iron
from EAF waste in HySOy are similar to the dissolution behavior of franklinite in the acid of
comparable concentration. Tkac¢ova et al. [40] showed that the dissolution behavior of zinc
ferrite prepared by mechanical synthesis was dependent on the acid concentration and in a
3 M solution, the Zn/Fe concentration ratio decreased over time, while in a 1 M solution, it
increased, finally reaching a plateau at a Zn/Fe ratio of 1.05. Additionally, they reported
that during the dissolution of non-activated ferrite, zinc dissolved first, followed by iron
(Zn/Fe > 1). In contrast, when mechanically activated ferrite was dissolved, iron dissolved
prior to zinc. This change was attributed to the transition of zinc ferrite into a metastable
state due to mechanically induced (reversible) inversion and partial deformation of the
anion sub-lattice in octahedral geometry. As the degree of inversion of the mechanically
activated zinc ferrite increased, the rate of metal dissolution in acid also increased. Further
studies [48] indicated that under mechanical activation, the normal spinel structure of zinc
ferrite converts into a metastable inverse spinel structure, with the degree of inversion
increasing with ball milling time. It was concluded that the mechanically induced reactivity
of zinc ferrite results from its high degree of dispersity and structural metastability, which
are associated with the mechanically induced disorder and the nanoscale nature of its
structure. However, no further investigation of the leaching behavior was conducted.

On the other hand, Lumongsod et al. [39] revealed that ZnFe,O4 and Fe3O4 can form
solid solutions in the EAF dust, with each component exhibiting distinct leachability in
acids. To investigate this, they synthesized by high-temperature solid-state reaction a series
of (1 — x)ZnFe;O4-xFe30y spinel solid solutions, where x denotes the molar percentage
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of magnetite. It was found that almost complete zinc dissolution in HCl1 (1 M, 2 h) was
achieved only for x = 30% at an elevated temperature of 85 °C (while only 20% extraction
occurred at 50 °C). The enhanced dissolution of the spinel solid solution at this composition
was attributed to a transition from normal to inverse crystal structure for x in a range of
20-30% Fe30O4. The larger Fe?* ions in both the tetrahedral and octahedral sites at this spinel
inversion composition destabilized the crystal structure, weakening the Fe?*~O bonds,
making them more susceptible to acid attack during leaching. Therefore, by the authors
concluded that by modifying the EAF dust with Fe3O4 to achieve optimal composition of
the solid solution, the leachability of both zinc and iron could be significantly enhanced.

The different reactivity of EAF waste components is reflected in their leaching kinetics.
Zoraga et al. [49] showed that ZnO, ZnFe,0,, and Fe,O5 follow distinct kinetic models in
nitric acid HNOj3. ZnO reacts too rapidly to determine kinetics, franklinite dissolution fits
a pseudohomogeneous reaction model, and iron oxide is best described by the shrinking
core model. Considering these differences, this study applied the shrinking core models
to investigate the factors controlling zinc and iron leaching in H»SO4 and NaOH, assum-
ing homogeneous spherical particles and constant reaction temperature. The following
equations [49,50] were examined for the kinetic models of:

(i) A film diffusion-controlled process:

1—(1—x%3=kt 1)
(ii) A chemical reaction-controlled process:
1—(1-x"Y3=kt 2)
(iif) A solid product layer-controlled process:
1-3(1-x%*%+2(1—x)=kt )

(iv) A mixed controlled process, i.e., a combination of film diffusion and chemical
reaction:
(1-x)3+1/3In1 —x) — 1=kt 4)

where: x—fractional conversion of zinc or iron, k—reaction rate constant, t—reaction time.
Furthermore, a first-order pseudohomogeneous reaction model was considered, fol-
lowing the dependence below [49,50]:

—In(1 — x) =kt (5)

The dependencies (1)-(5) were plotted in the corresponding coordinate systems. It was
found that zinc dissolution in acid occurs so rapidly that it was impossible to accurately
determine the reaction model, and no linear fit of the data could be obtained in any case.
Similarly, it was not possible to determine the kinetics of iron leaching in NaOH due to
the lack of reaction between the components. Consequently, the reaction models for zinc
leaching in NaOH and iron leaching in HySO,4 were established, yielding the best linear fits
for a mixed-controlled model (Figure 20). The rate constants were 0.002-0.006 min~! for
zinc leaching in NaOH and 0.004 min ! for iron leaching in HySOy4.



Molecules 2025, 30, 4055 16 of 20

0.05 0.03

Zn in NaOH Fe in H,SO,
— 0rpm Re=094 - 0rpm R2=0.99
004 m | .
= =100 rppm = =100 rpm 4
. 200 rpm = o 0021  ©200rpm
g 0034 4400 rpm g 4400 rpm
= R
+ " +
2 = 2
T 002 T R2=0.90 -
< —-a % 001
0
|-I< .. L& 0 =
=~ . a7 P R2=0.91 =~
0.01 P 4 --- .-t
- a .- - 3
e > s
ooe-- &
0 - - - - 0 - - - - - -
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time, min Time, min

(a) (b)
Figure 20. Kinetic model relationship for leaching of: (a) Zn in NaOH, (b) Fe in H,SOj4.

The kinetic evaluation of the reactions during the leaching of EAF waste shows that
the reaction types do not align with either chemical or diffusion-based kinetic models of
dissolution. Instead, the leaching processes are controlled by interface transfer and diffusion
across the solid product layer (like slag component and/or secondary precipitates detected
in the solid residues—Figure 16), both of which influence the reaction rate. Compared to
the leaching of zinc and iron from pure EAF dust, this behavior is different, but it should be
noted that the material was not typical dust and contained slag-like particles. For example,
Kukurguya and Havlik [51] concluded that zinc leaching from EAFD using 0.5-1 M H,SO4
can occur in two steps. The first rate-limiting step was accepted as the diffusion of acid
during the reaction with ZnO, while the second step, where acid reacts with ZnFe;O4, was
controlled by the chemical reaction. In contrast, iron dissolved more slowly than zinc, with
its rate-limiting step being the chemical reaction. In turn, kinetic studies of direct EAFD
leaching in 2.5 M NaOH solution indicated that the reaction was chemically controlled
following the shrinking core model [52].

Finally, it is worth noting some aspects related to the milling process. The tungsten
carbide balls used in the experiments have a Vickers hardness significantly higher than
that of the EAF waste components. After milling, no damage or surface scratches were
detected, and no significant mass loss of the balls was observed. For example, at a milling
rate of 400 rpm, the total mass change for 10 balls was 0.002 g, corresponding to 0.003% of
their total mass, which is essentially within the measurement error. The EDS analysis of
the EAF waste, conducted before and after milling at various rates, revealed no tungsten
contamination, as no W peaks were detected, confirming the appropriate selection of the
milling media.

On the other hand, the introduction of a high-energy milling step affects the economic
viability of the entire hydrometallurgical treatment of EAF waste. Although subsequent
zinc recovery steps, such as solution purification and final product recovery, were not
performed, an additional energy demand for the pretreatment operation can be expected.
Assuming a 10 g sample and using the experimentally determined power consumption
values, it was calculated that for rotation speeds of 100-400 rpm, the energy consumption
ranged from 49 to 63 kWh/kg. It should be emphasized that these data refer to laboratory-
scale conditions, and further potential application of high-energy planetary milling for
mechanical activation requires additional development, including optimization of milling
time, selection of milling additives (e.g., water versus isopropanol), and consideration of
chemical additives to induce mechanochemical changes in the refractory franklinite.

4. Materials and Methods

Industrial EAF waste was obtained from an undisclosed waste source in Poland. The
raw material was characterized in terms of particle size distribution using sieve analysis
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(five fractions with particle sizes ranging from below 0.125 mm to over 1 mm) and chemical
composition. The pre-ground material (for 1 min, laboratory roller-ring mill, Test-Chem,
Radlin, Poland) was mechanically activated in a planetary high-energy ball mill (Micro Mill
Pulversite 7, Fritsch, Idar-Oberstein, Germany) at different rotation rates (100-400 rpm) and
the same conditions of time (4 h; milling sequence: 15 min milling/5 min break), balls (WC
balls, 10 mm in diameter, ball-to-EAFD mass ratio 7.5:1) and batch (10 g EAF waste with2 g
water). To determine the power consumption (in watts), measurements were performed
using an ORNO OR-WAT-419 plug-in meter (Orno-Logistic Ltd., Gliwice, Poland), which
allowed for the calculation of the amount of electrical energy consumed by the device over
a given period and providing insights into energy efficiency of the milling. After milling
was completed, the resulting powder was carefully collected, dried in glass crystallizer in
vacuum drying oven (DZ-1BC II, Chemland, Stargard, Poland), and subsequently used for
further investigations.

Both the raw and milled samples were analyzed for morphology as well as chemical
and phase composition. Sequential analysis of all samples was performed to determine
association of main metals with water-soluble, ion-exchangeable, acid-soluble, reducible,
oxidizable, and residual fractions. Sequential extraction of 0.5 g of the EAFD powders was
performed according to the scheme shown in Figure 11, following a modified procedure
adapted from [42,46]. In each step, 20 cm? of solution was used. The suspensions were
subjected to ultrasonic treatment for 1 h at 30 °C, followed by phase separation via cen-
trifugation (5000 rpm, 5 min). Residual solids from each step were water washed and then
treated with appropriate leaching reagents in subsequent extraction stages. The final solid
residues were water-washed, dried and analyzed by X-ray diffractometry.

The leaching experiments were carefully conducted according to a pre-established
methodology, with the reported results representing averaged values. Leaching tests for the
raw and milled materials were conducted in 200 cm? of 2 M H,SO;4 or 4 M NaOH at 60 °C,
with a liquid-to-solid ratio of 50 and magnetic stirring of 400 rpm. During the 1 h leaching
period, 2 cm? aliquots of the solution were taken at regular intervals to determine metal
ion concentrations. After leaching, the solid residues were washed, dried, and subjected to
phase analysis.

Chemical analysis of the solid phases was carried out using wet digestion in hot
aqua regia (2 h, 140 °C) in microwave digestion system (Magnum II, ERTEC, Wroctaw,
Poland), followed by metal ion determination in obtained solutions using microwave
plasma atomic emission spectroscopy (MP-AES 4200, Agilent, Santa Clara, CA, USA). The
same method was used for analysis of metal ion concentrations in all solutions. Phase
composition of solid samples was analyzed by X-ray diffraction using CuKy radiation
(Miniflex 600 diffractometer, Rigaku, Tokyo, Japan). The morphology of the raw and
milled EAFD and local metal distribution (point analysis, mapping) was examined using a
scanning electron microscope equipped with energy dispersive X-ray spectroscopy (JCM-
6000 Plus, JEOL Ltd., Tokyo, Japan).

The reported values represent averages of triplicate experimental data (n = 3).

5. Conclusions

The mechanical treatment of EAF waste through high-energy ball milling affects the
structural properties, metal speciation and leachability. Although, the effect of milling rate
on metal extraction is not particularly spectacular, yet it is unquestionable. Increasing the
milling intensity results in a reduction in particle size but improves the accessibility of
zinc for leaching processes only to a limited extent. At the lowest milling rate (100 rpm,
49 kWh/kg), mechanical activation enhanced zinc dissolution (by about 10%, up to 78%
in HpSO4 and up to 55% in NaOH), likely due to the reduction in particle size, increased
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surface roughness, and the release of mineral components, making them more accessible for
attack by strong acid or base solutions. In contrast, at higher milling rates (200 or 400 rpm,
50 or 63 kWh/kg), secondary synthesis of zinc ferrite occurred, reducing the efficiency of
zinc leaching. The leaching kinetics of the main components of the EAF waste seems to be
controlled by both interface chemical reaction and diffusion across the solid product layer.

This research study paves the way for optimizing milling parameters to enhance
zinc leachability while minimizing the formation of undesirable secondary phases such
as franklinite. At the same time, the experimental results raised further research ques-
tions, including whether ion substitution of Fe?* by Zn?* in magnetite can occur during
high-energy milling to form ZnFe,Oy (as spinel or inverse spinel), whether a ZnFe,O4—
Fe30y4 solid solution can be generated, and whether calcium ferrite may react with ZnO
to produce franklinite by substitution of Ca?* ion. Another important aspect that has
emerged is the development of methodologies for the quantitative determination of in-
dividual phases, whether by chemical analysis or diffraction-based approaches (e.g., the
Rietveld method), as these remain essential for a deeper understanding of the changes in
the complex composition of milled EAF waste.

Author Contributions: Conceptualization, E.R.; methodology, E.R., M.S. and P.P; validation, E.R.,
M.S. and P.P; formal analysis, E.R.; investigation, M.S., PP. and E.R.; data curation, E.R.; writing—
original draft preparation, E.R.; writing—review and editing, E.R.; visualization, E.R.; supervision,
E.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author(s).

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

EAF Electric arc furnace
EAFD  Electric arc furnace dust
EDS Energy dispersive X-ray spectroscopy

References

1.  International Lead and Zinc Study Group. The World Zinc Factbook. International Lead and Zinc Study Group: Lisbon, Portugal,
2024. Available online: https://www.ilzsg.org/ (accessed on 1 August 2025).

2. Watari, T.; Nansai, K.; Nakijama, K. Major metals demand, supply, and environmental impacts to 2100: A critical review. Res.
Conserv. Recycl. 2021, 164, 105107. [CrossRef]

3. The Canadian Critical Minerals Strategy. Available online: https://www.canada.ca/en/campaign/critical-minerals-in-canada/
canadian-critical-minerals-strategy.html (accessed on 1 August 2025).

4. U.S. Geological Survey Releases 2022 List of Critical Minerals. Available online: https://www.usgs.gov/news/national-news-
release/us-geological-survey-releases-2022-list-critical-minerals (accessed on 1 August 2024).

5. Updates to Australia’s Critical Mineral List. Available online: https://www.industry.gov.au/news/updates-australias-critical-
minerals-list (accessed on 1 August 2025).

6.  Statista. Forecast Market Value of Selected Critical Materials Worldwide from 2027 to 2030. Available online: https://www.
statista.com/statistics /1361230 /forecast-global-market-value-of-critical-materials/ (accessed on 1 August 2025).

7. DebRoy, T.; Elmer, ].W. Metals beyond tomorrow: Balancing supply, demand, sustainability, substitution, and innovations. Mater.

Today 2024, 80, 737-757. [CrossRef]


https://www.ilzsg.org/
https://doi.org/10.1016/j.resconrec.2020.105107
https://www.canada.ca/en/campaign/critical-minerals-in-canada/canadian-critical-minerals-strategy.html
https://www.canada.ca/en/campaign/critical-minerals-in-canada/canadian-critical-minerals-strategy.html
https://www.usgs.gov/news/national-news-release/us-geological-survey-releases-2022-list-critical-minerals
https://www.usgs.gov/news/national-news-release/us-geological-survey-releases-2022-list-critical-minerals
https://www.industry.gov.au/news/updates-australias-critical-minerals-list
https://www.industry.gov.au/news/updates-australias-critical-minerals-list
https://www.statista.com/statistics/1361230/forecast-global-market-value-of-critical-materials/
https://www.statista.com/statistics/1361230/forecast-global-market-value-of-critical-materials/
https://doi.org/10.1016/j.mattod.2024.09.007

Molecules 2025, 30, 4055 19 of 20

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

Kania, H.; Saternus, M. Evaluation and current state of primary and secondary zinc production—A review. Appl. Sci. 2023, 13,
2003. [CrossRef]

Corneille, A.; Agarwal, A.; Seguineaud, C.; Ventricelli, V.; Conesa, R. Unlocking Potential in the Global Scrap Steel Market:
Opportunities and Challenges; OECD Science, Technology and Industry Policy Papers, No. 170; OECD publishing: Paris, France,
2024. [CrossRef]

Karbowniczek, M. Electric Arc Furnace Steelmaking; CRC Press: Boca Raton, FL, USA, 2021.

World Steel Recycling in Figures 20192023, 15th ed.; Bureau of International Recycling: Brussels, Belgium, 2024. Available online:
https:/ /www.bir.org/images/uploads/publications/Ferrous_report_2019-2023.pdf (accessed on 29 June 2025).

Hasanbeigi, A. Steel Climate Impact—An International Benchmarking of Energy and CO, Intensities; Global Efficiency Intelligence:
St. Petersburg, FL, USA, 2022.

Remus, R.; Aguado-Monsobet, M.A.; Roudier, S.; Sancho, L.D. Best Available Techniques (BAT) Reference Document for Iron and Steel
Production. Industrial Emissions Directive 2010/75/EU; EC Joint Research Centre: Seville, Spain, 2013.

Wang, J.; Zhang, Y.; Cui, K; Fu, T.; Gao, J.; Hussain, S.; AlGarni, T.S. Pyrometallurgical recovery of zinc and valuable metals from
electric arc furnace dust—A review. J. Clean. Prod. 2021, 298, 126788. [CrossRef]

Binnemans, K.; Jones, P.T.; Fernandez, A.M.; Torres, V.M. Hydrometallurgical processes for the recovery of metals from steel
industry by-products: A critical review. . Sustain. Metall. 2020, 6, 505-540. [CrossRef]

Rudnik, E. Hydrometallurgical treatment of EAF by-products for metal’s recovery: Opportunities and challenges. Metals 2025, 15,
914. [CrossRef]

Gamutan, J.; Koide, S.; Sasaki, Y.; Nagasaka, T. Selective dissolution of leaching zinc from lime treated electric arc furnace dust by
alkaline medjia. J. Environ. Chem. Eng. 2024, 12,111789. [CrossRef]

Chairaksa-Fujimoto, R.; Maruyama, K.; Miki, T.; Nagasaka, T. The selective alkaline leaching of zinc oxide from electric arc
furnace dust pre-treated with calcium oxide. Hydrometallurgy 2016, 159, 120-125. [CrossRef]

Miki, T.; Chairaksa-Fujimoto, R.; Maruyama, K.; Nagasaka, T. Hydrometallurgical extraction of zinc from CaO treated EAF dust
in ammonium chloride solution. J. Hazard. Mater. 2016, 146, 90-96. [CrossRef] [PubMed]

Bayoumi, R.A.; Abdelmonem, N.M.; Soliman, M. A ; Ismail, .M.; Refaat, A.A. Hybrid hydro-pyrometallurgical process for Zn
recovery from electric arc furnace dust. J. Phys. Conf. Ser. 2022, 2305, 012009. [CrossRef]

Wu, H; Li, J; Teng, W.; Chen, Y,; Liu, W.; Ren, S.; Yang, ].; Liu, Q. One-step extraction of zinc and separation of iron from
hazardous electric arc furnace dust via sulphating roasting-water leaching. J. Environ. Chem. Eng. 2023, 11, 11155. [CrossRef]
Ju,].; Yang, W.; Long, T.; Deng, S.; Yang, C. High-efficiency separation and recovery of Zn and Fe from EAF dust via ammonium
salt roasting-water leaching: Process optimization and mechanistic insights. Process Saf. Environ. Prot. 2025, 199, 107276.
[CrossRef]

Sajal, W.R.; Ahmad, S.; Gulshan, F. Optimisation of hybrid process to recover zinc from electric furnace dust using design of
experiment approach. Can. Metall. Quart. 2025, 64, 664—679. [CrossRef]

Youcai, Z.; Stanforth, R. Integrated hydrometallurgical process for production of zinc from electric furnace dust in alkaline
medium. J. Hazard. Mater. 2000, 80, 223-240. [CrossRef]

Al-Harahsheh, M.; Altarawneh, S.; Al-Omari, M. Selective dissolution of zinc and lead from electric arc furnace dust via oxidative
thermolysis with polyvinyl chloride and water-leaching process. Hydrometallurgy 2022, 212, 105898. [CrossRef]

Al-Harahsheh, M.; Kingman, S.; Hamilton, I. Microwave treatment of electric arc furnace dust with tetrabromobisphenol A:
Dielectric characterization and pyrolysis-leaching. |. Anal. Appl. Pyrol. 2017, 128, 168-175. [CrossRef]

Balaz, P. Mechanical activation on hydrometallurgy. Int. J. Miner. Process. 2003, 72, 341-354. [CrossRef]

Ou, Z,; Li, J.; Wang, Z. Application of mechanochemistry to metal recovery from second-hand resources: A technical overview.
Enwiron. Sci. Process. Impacts 2015, 17, 1522-1530. [CrossRef] [PubMed]

Zoz, H.; Kaupp, G.; Ren, H.; Goepel, K.; Naimi-Jamal, M.R. Recycling of EAF dust by semi-continuous high kinetic process. In
Proceedings of the 2006 Powder Metallurgy World Congress and Exhibition, Busan, Republic of Korea, 24-28 September 2006.
Zhang, C.; Wang, J.; Bai, ].; Zhao, Y. Recovering of zinc from solid waste bearing sphalerite or zinc ferrite by mechano-chemical
extraction in alkaline solution. Proc. Environ. Sci. 2012, 16, 786-790. [CrossRef]

Zhang, C.; Zhuang, L.; Wang, ].; Bai, J.; Yuan, W. Extraction of zinc from ferrites by alkaline leaching: Enhancing recovery by
mechanochemical reduction with metallic iron. J. S. Afr. Inst. Min. Metall. 2016, 116, 1111-1114. [CrossRef]

Yildirim, I.Z.; Prezzi, M. Chemical, mineralogical, and morphological properties of steel slag. Adv. Civ. Eng. 2011, 2011, 463638.
[CrossRef]

Machado, ].G.M.S,; Brehm, FEA.; Moraes, C.A.M.; dos Santos, C.A.; Vilela, A.C.E; da Cunha, ].B.M. Chemical, physical, structural
and morphological characterization of the electric arc furnace dust. J. Hazard. Mater. 2006, 136, 953-960. [CrossRef] [PubMed]
Simonyan, L.M.; Alpatova, A.A.; Demidova, N.V. The EAF dust chemical and phase composition research techniques. J. Mater.
Res. Technol. 2019, 8, 1601-1607. [CrossRef]


https://doi.org/10.3390/app13032003
https://doi.org/10.1787/d7557242-en
https://www.bir.org/images/uploads/publications/Ferrous_report_2019-2023.pdf
https://doi.org/10.1016/j.jclepro.2021.126788
https://doi.org/10.1007/s40831-020-00306-2
https://doi.org/10.3390/met15080914
https://doi.org/10.1016/j.jece.2023.111789
https://doi.org/10.1016/j.hydromet.2015.11.009
https://doi.org/10.1016/j.jhazmat.2015.09.020
https://www.ncbi.nlm.nih.gov/pubmed/26448494
https://doi.org/10.1088/1742-6596/2305/1/012009
https://doi.org/10.1016/j.jece.2023.111155
https://doi.org/10.1016/j.psep.2025.107276
https://doi.org/10.1080/00084433.2024.2357899
https://doi.org/10.1016/S0304-3894(00)00305-8
https://doi.org/10.1016/j.hydromet.2022.105898
https://doi.org/10.1016/j.jaap.2017.10.013
https://doi.org/10.1016/S0301-7516(03)00109-1
https://doi.org/10.1039/C5EM00211G
https://www.ncbi.nlm.nih.gov/pubmed/26283597
https://doi.org/10.1016/j.proenv.2012.10.107
https://doi.org/10.17159/2411-9717/2016/v116n12a3
https://doi.org/10.1155/2011/463638
https://doi.org/10.1016/j.jhazmat.2006.01.044
https://www.ncbi.nlm.nih.gov/pubmed/16494997
https://doi.org/10.1016/j.jmrt.2018.11.005

Molecules 2025, 30, 4055 20 of 20

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Roy, T.K. Assessing hardness and fracture toughness in sintered zinc oxide ceramics through indentation technique. Mater. Sci.
Eng. A 2015, 640, 267-274. [CrossRef]

Tran, D.H.; Pham, A.T.; Nam, N.H.; Thuy, K.X,; Truong, A.D.; Le, T.; Le, V.C.; Hong, N.T.M.; Hai, P; Hop, D.T.B.; Dogruer, M.
Effect of ZnFe;O4 addition on the phase stability, hardness and superconducting properties of Bi-2223 phase. Ceram. Inter. 2025,
51, 30974-30983. [CrossRef]

Asada, M.; Omori, Y.; Sanbongi, K. Study on the properties of calcium ferrites in Fe-Ca-O system—Study on the properties of
self-fluxing sinters. Trans. ISI] 1968, 8, 245-250. [CrossRef]

Suetens, T.; Guo, M.; Van Acker, K.; Blanpain, B. Formation of the ZnFe,O, phase in an electric arc furnace off-gas treatment
system. . Hazard. Mater. 2015, 287, 180-187. [CrossRef]

Lumongsod, M.N.; Gamutan, J.; Hara, K; Sasaki, Y.; Nagasaka, T. Enhanced leaching of zinc ferrite by the formation of a solid
solution with magnetite in hydrochloric acid solution. Metall. Mater. Trans. B 2023, 54B, 2291-2301. [CrossRef]

Tkacova, K.; éepelék, V,; Stevulovéa, N.; Boldyrev, V.V. Structure-reactivity study of mechanically activated zinc ferrite. J. Solid
State Chem. 1996, 123, 100-108. [CrossRef]

Harris, V.G.; Sepelék, V. Mechanochemically processed zinc ferrite nanoparticles: Evolution of structure and impact of induced
cation inversion. J. Magn. Magn. Mater. 2018, 465, 603-610. [CrossRef]

Tessier, A.; Campbell, P.G.C.; Bisson, M. Sequential extraction procedure for the speciation of particulate trace metals. Anal. Chem.
1979, 51, 844-851. [CrossRef]

Davidson, C.M.; Thomas, R.P.; McVey, S.E.; Perala, R.; Littlejohn, D.; Ure, A.M. Evaluation of a sequential extraction procedure for
the speciation of heavy metals in sediments. Anal. Chim. Acta. 1994, 291, 277-286. [CrossRef]

Sammut, M.L.; Rose, J.; Masion, A.; Fiani, E.; Depoux, M.; Ziebel, A.; Hazeman, ]J.L.; Proux, O.; Borschneck, D.; Noack, Y.
Determination of zinc speciation in basic oxygen furnace flying dust by chemical extractions and X-ray spectroscopy. Chemosphere
2008, 70, 1945-1951. [CrossRef]

Lanzerstorfer, C.; Preitschopf, W. Steelmaking dust: Speciation of zinc by sequential leaching. Inz Min. 2020, 1, 79-82. [CrossRef]
Kang, C.; Yang, S.; Qiao, J.; Zhao, Y.; Dong, S.; Wang, Y.; Duan, C.; Liu, J. Extraction of valuable critical metals from coal gangue
by roasting activation—sulfuric acid leaching. Int. J. Coal Prep. Util. 2024, 44, 1810-1827. [CrossRef]

Nufiez, C.; Vifials, . Kinetics of leaching of zinc ferrite in aqueous hydrochloric acid solutions. Metall. Trans. B 1984, 158, 221-228.
[CrossRef]

Druska, P; Steinike, U.; éepelék, V. Surface structure of mechanically activated and mechanosynthesized zinc ferrite. J. Solid State
Chem. 1999, 146, 13-21. [CrossRef]

Zoraga, M.; Ilhan, S.; Kalpakli, A.O. Leaching kinetics of electric arc furnace dust in nitric acid solutions. Int. ]. Chem. Kinet. 2020,
52,933-942. [CrossRef]

Bingol, D.; Canbazoglu, M.; Aydogan, S. Dissolution kinetics of malachite in ammonia/ammonium carbonate leaching. Hydromet-
allurgy 2005, 76, 55-62. [CrossRef]

Kukurugya, E; Vindt, T.; Havlik, T. Behavior of zinc, iron and calcium from electric arc furnace (EAF) dust in hydrometallurgical
processing in sulfuric acid solutions: Thermodynamic and kinetic aspects. Hydrometallurgy 2015, 154, 30-32. [CrossRef]
Jarupisitthorn, C.; Pimtong, T.; Lothongkum, G. Investigation kinetics of zinc leaching from electric arc furnace dust by sodium
hydroxide. Mater. Chem. Phys. 2002, 77, 531-535. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.msea.2015.05.107
https://doi.org/10.1016/j.ceramint.2025.04.289
https://doi.org/10.2355/isijinternational1966.8.245
https://doi.org/10.1016/j.jhazmat.2015.01.050
https://doi.org/10.1007/s11663-023-02841-1
https://doi.org/10.1006/jssc.1996.0157
https://doi.org/10.1016/j.jmmm.2018.05.100
https://doi.org/10.1021/ac50043a017
https://doi.org/10.1016/0003-2670(94)80023-5
https://doi.org/10.1016/j.chemosphere.2007.09.063
https://doi.org/10.29227/IM-2020-01-44
https://doi.org/10.1080/19392699.2023.2301311
https://doi.org/10.1007/BF02667324
https://doi.org/10.1006/jssc.1998.8284
https://doi.org/10.1002/kin.21411
https://doi.org/10.1016/j.hydromet.2004.09.006
https://doi.org/10.1016/j.hydromet.2015.03.008
https://doi.org/10.1016/S0254-0584(02)00119-0

	Introduction 
	Results 
	Raw Material 
	High-Energy Milled Materials 
	Morphology 
	Elemental Composition 
	Phase Composition 
	Sequential Leaching 

	Acid and Alkaline Leaching 
	Leaching 
	Solid Residues 


	Discussion 
	Materials and Methods 
	Conclusions 
	References

