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Abstract: This study combined X-ray fluorescence spectroscopy (XRF), inductively coupled plasma
optical emission spectrometry (ICP-OES), X-ray diffraction (XRD), mineral liberation analysis (MLA),
scanning electron microscopy-energy-dispersive X-ray spectroscopy (SEM-EDS), and density functional
theory (DFT) to characterize zinc-bearing constituents in electric arc furnace (EAF) dust from a steel
plant in Hebei, China, across multiple length scales. ICP-OES gave Zn and Fe contents of 33.48 and 19.05
wt.%, respectively, in general agreement with the XRF results. Screening semi-quantification by XRD-
RIR indicated that the relative contents of the Zn-bearing Fe-based spinel-type oxide group, ZnO, and
KCl among the identified crystalline phases were 81.3%, 15.2%, and 3.5%, respectively. Because the
diffraction peaks of several spinel endmembers overlap, the first value does not represent the
abundance of pure ZnFe,O,. MLA assigned a calculated mass fraction of 67.96 wt.% to the spinel-type
Zn-Fe oxide class and 76.57% of Zn to this operational class. SEM-EDS of selected regions showed that
the spinel-type Zn-Fe oxide class was dominated by Zn and Fe, whereas the Mg-bearing Zn-rich
composite oxide class contained Zn, Mg, Ca, and Fe; both classes showed non-stoichiometric,
multicomponent characteristics. Fine-particle attachment and agglomeration observed by SEM indicate
that some coarse MLA objects may correspond to fine-grained intergrowths or agglomerates. DFT
comparison of ideal ZnFe,O, and ZnO structural endmembers showed that the Fe-O network
contributes substantially to framework stability in the spinel model and that the two structures differ in
their local atomic-force responses to vacancy perturbations. The resulting framework integrates bulk
phase confirmation, particle-scale occurrence, and atomic-scale structural comparison, providing a
structural basis for future activation and selective recovery of zinc-bearing phases.

Keywords: electric arc furnace dust, zinc-bearing phases, process mineralogy, mineral liberation
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1. Introduction

Large amounts of electric arc furnace (EAF) dust are generated during EAF steelmaking, generally at
approximately 10-20 kg per tonne of crude steel produced (Sofilic et al., 2004; Machado et al., 2006). As
a typical metallurgical secondary solid waste, EAF dust is characterized by high generation volume,
complex composition, and enrichment of heavy metals. It commonly contains Zn, Fe, Pb, Ca, and Cl,
with a relatively high Zn content, and therefore has both environmental risk and resource value
(Trifunovic et al., 2022; Xue et al., 2023). Improper disposal may allow heavy metals such as Zn and Pb
to contaminate soil and groundwater (Lin et al., 2017), whereas the relatively high Zn grade makes EAF
dust a potentially valuable secondary zinc resource (Wang et al., 2021). Efficient separation and recovery
of Zn from EAF dust are therefore important for waste minimization, environmental protection, and
the green and circular development of the iron and steel industry.

Current Zn recovery routes for EAF dust mainly include pyrometallurgical treatment,
hydrometallurgical leaching, and combined pyro-hydrometallurgical processes (Oustadakis et al., 2010;
Borda and Torres, 2022; Khebri et al., 2025), and their performance depends strongly on the occurrence
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state of Zn. Spinels in EAF dust are commonly compositionally variable solid solutions that may be
expressed as (Zn,Mn,Fe;_,_,)Fe;O, and may contain Mg, Cr, and other cations, rather than pure
ZnFe,0O, (Pickles, 2011). Accordingly, experimentally identified material is described here as spinel-
type Zn-Fe oxide, whereas ZnFe,O, denotes only the idealized DFT reference model.

Process mineralogy can quantify phase abundance, element distribution, particle size, intergrowth,
and liberation in complex secondary resources (Hagni et al., 1991; Gu, 2003; Schulz, 2021). MLA
combines backscattered-electron imaging with energy-dispersive X-ray spectra to obtain statistically
based particle-scale information (Fandrich et al., 2007; Schulz et al., 2019), but remains a local, two-
dimensional SEM-EDS method. It cannot uniquely distinguish stoichiometric ZnFe,O,, magnetite-
based spinels, and multicomponent spinel solid solutions with similar mean EDS compositions;
moreover, a coarse segmented object may be an agglomerate rather than a single crystal. MLA was
therefore used together with bulk XRD and bulk chemical analysis, and agreement and disagreement
among the methods are discussed explicitly.

Bulk chemical analysis, XRD, and process mineralogy reveal overall composition, crystalline phase
type, and particle-scale occurrence, respectively, but do not fully resolve intrinsic differences in local
bonding and defect response among crystal frameworks. Within a consistent computational framework,
DFT can compare the coordination, M-O bonding, and vacancy-induced local response of ideal Zn-
bearing compounds, helping to relate particle-scale interface exposure to atomic-scale structural
stability (Yao et al., 2013; Meng et al., 2019; Salcedo Rodriguez et al., 2020; Rezende et al., 2022). For
compositionally complex spinel-type oxides that cannot be further separated reliably by conventional
XRD and EDS, stoichiometric ZnFe,O, and ZnO can serve as ideal endmembers of the spinel framework
and wurtzite structure, respectively. Their comparison identifies intrinsic structural differences and
provides testable structural hypotheses for subsequent activation and leaching studies.

Published studies show substantial source-dependent variations in bulk Zn and Fe contents,
ZnO/spinel proportions, particle morphology, and aggregation state in EAF dust (Hagni et al., 1991;
Guézennec et al., 2005; Machado et al., 2006; Martins et al., 2008; Suetens et al., 2015; Alcaraz et al., 2020).
These variations reflect differences in feed materials, furnace operation, off-gas thermal history, and
dust collection. The present study first uses bulk chemical analysis and XRD to establish overall
composition and major crystalline phases, then applies MLA and SEM-EDS to characterize particle-
scale occurrence, liberation, boundary exposure, and local composition of the Zn-bearing constituents.
Ideal ZnFe,O, and ZnO are subsequently used as reference compounds to compare M-O bonding and
atomic-force responses to vacancies. This bulk confirmation-particle occurrence-structural endmember
sequence provides a basis for understanding the complex Zn-bearing phases in EAF dust and for
designing subsequent separation and recovery tests.

2. Materials and methods

Approximately 50 kg of EAF dust was collected from the steelmaking dust-collection system.
Immediately after sampling, the material was placed in double-sealed polyethylene bags and stored at
room temperature under dry, dark conditions. The bulk sample was thoroughly homogenized by
coning and then repeatedly reduced by quartering to an approximately 1 kg laboratory sample. Before
each analytical subsample was taken, the laboratory sample was remixed, after which separate portions
were obtained for chemical analysis, XRD, and MLA.

2.1. Chemical analysis

The bulk elemental composition was first screened using a handheld X-ray fluorescence spectrometer
(XRF; Thermo Scientific Niton XL2 Scientific, USA), and metallic elements were independently
quantified using an inductively coupled plasma optical emission spectrometer (ICP-OES; Thermo
Fisher Scientific iCAP 7600, USA). Sample preparation followed the approach of Machado et al. (2006).
A 0.40 g portion was treated sequentially with 3 mL HCl, 5 mL HNOj3, and 1 mL HF and microwave-
digested at 600 W for 45 min. After solid-liquid separation, the acid-soluble fraction was transferred to
a 100 mL volumetric flask and diluted to volume. The insoluble residue was mixed with 1.0 g
Na,B.,O; 10H,0, fused at 1050 °C for 20 min, cooled, dissolved in 25 mL HCl, and diluted to 100 mL.
The acid digest and the solution obtained from residue fusion were analyzed separately by ICP-OES,
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and the two results were combined to obtain the total contents of Zn, Fe, Ca, Mg, and the other measured
metallic elements. XRF was used for elemental screening and auxiliary comparison, whereas
quantitative discussion of metallic elements was based on ICP-OES.

2.2. XRD analysis

An EAF-dust portion obtained after thorough homogenization and splitting was analyzed by X-ray
diffraction using a Shimadzu XRD-6000 diffractometer with Cu Ka radiation (Kay, A = 1.5406 A). The
tube voltage and current were 40 kV and 40 mA, respectively; the scan range was 5°-90° (20), with a
step size of approximately 0.02°. Crystalline phases were matched from their characteristic diffraction
peaks against standard patterns, and the reference intensity ratio (RIR) method was used for screening
semi-quantification of the principal crystalline phase groups (Chung, 1974).

2.3. MLA and SEM-EDS analyses

The MLA system comprised an FEI scanning electron microscope, an EDAX energy-dispersive
spectrometer, and MLA650 automated mineral-analysis software. Before mount preparation, the
approximately 1 kg laboratory sample was thoroughly remixed, and a 1.0 g analytical subsample was
obtained by staged splitting rather than by direct surface scooping to minimize size and density
segregation. The subsample was added gradually to epoxy resin and mechanically stirred at
approximately 300 rpm for 3 min to distribute particles throughout the resin. This mixing step was
intended to improve spatial distribution within the mount; no separate ultrasonic treatment, chemical
dispersant, or dry deagglomeration procedure was applied before embedding. After curing, the mount
was ground, polished, cleaned, dried, and carbon-coated. A total of 11,607 two-dimensional particle
objects were identified and counted on the analyzed polished section, with a cumulative projected object
area of approximately 14.56 mm? in the MLA particle layer. Operational classes were established from
backscattered-electron images and EDS spectra, and their calculated mass fractions, element
distributions, two-dimensional apparent sizes, liberation, and intergrowth were quantified.
Morphology and local composition of the principal Zn-bearing classes were further examined using a
Bruker XFlash 6|30 EDS detector at an accelerating voltage of 20 kV.

2.4. DFT calculation methods

First-principles calculations were performed for ideal normal-spinel ZnFe,O, and wurtzite ZnO using the
CASTEP module of Materials Studio. Exchange-correlation energy was treated with the GGA-PBE
functional (Perdew et al., 1996), and ionic core-valence electron interactions were described using ultrasoft
pseudopotentials. The plane-wave cutoff energy was 380 eV. Brillouin-zone integration employed
Monkhorst-Pack sampling (Monkhorst and Pack, 1976): the k-point meshes were 4 x 4 x 4 and 2 x 2 x 1 for
bulk and surface ZnFe,O, models, respectively, and 6 x 6 x 4 and 4 x 4 x 1 for the corresponding ZnO
models. Geometry optimization used the Fine quality setting, an SCF convergence tolerance of 2.0 x 107°
eV/atom, a maximum of 500 iterations, and density mixing for electronic minimization. ZnFe,O,(111) and
ZnO(001) surface models were constructed with 15 A vacuum layers. M-O bond lengths and Mulliken bond
populations were compared after structural optimization, and Zn, Fe, and O vacancies were introduced to
examine atomic-force responses in defective configurations. Ideal ZnFe,O, and ZnO were used as reference
endmembers of the spinel framework and wurtzite structure, respectively.

3. Results and discussion
3.1. Chemical characterization

X-ray fluorescence spectroscopy (XRF) and inductively coupled plasma optical emission spectrometry
(ICP-OES) were used to cross-check the bulk chemical composition of the EAF dust. XRF provided rapid
screening over a relatively broad element range, and the instrument's direct elemental-channel results
are listed in Table 1.

XRF showed that Zn and Fe were the most abundant metallic elements, at 33.82 and 18.04 wt.%,
respectively, giving a Zn/Fe mass ratio of 1.87. The sample also contained Ca (2.75 wt.%), Cl (3.12 wt. %),
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Mn (1.02 wt.%), K (0.97 wt.%), Pb (0.54 wt.%), and S (0.48 wt.%), together with minor Cr and Al. Table
2 presents the bulk ICP-OES results obtained after acid digestion and residue fusion and used for
independent quantification of Zn, Fe, Ca, Mn, Mg, Pb, Cr, and Al

Table 1. XRF elemental composition of the EAF dust

Element Content (wt.%) 20 (wt.%)  Element Content (wt.%) 120 (wt.%)

Zn 33.82 1.36 Mg 0.78 0.031
Fe 18.04 0.34 Pb 0.54 0.035
Ca 2.75 0.083 S 0.48 0.019
Cl 3.12 0.051 Si 0.24 0.026
Mn 1.02 0.040 Cr 0.14 0.019
K 0.97 0.031 Al 0.12 0.015

Note: The reported uncertainties are the instrument-displayed +20 values and are not standard deviations from replicate
measurements. All concentrations are direct outputs from the elemental channels and were not normalized to 100%. The

instrument-displayed balance (Bal) was an unquantified remainder and is not listed as a single chemical component.

Table 2. ICP-OES elemental composition of the EAF dust

Element Content (wt.%) Element Content (wt.%)
Zn 33.48 Mn 1.73
Fe 19.05 Pb 0.59
Ca 6.05 Al 0.34
Mg 1.68 Cr 0.25

Note: Only the elements quantified in the present ICP-OES analysis are listed. Results are expressed as elemental mass

fractions and were not normalized to 100%.

ICP-OES gave Zn and Fe concentrations of 33.48 and 19.05 wt.%, respectively. Their absolute
differences from the XRF values were 0.34 and 1.01 percentage points, showing general agreement
between the two methods for the principal elements. XRF values for Ca, Mg, and Mn (2.75, 0.78, and
1.02 wt.%, respectively) were lower than the corresponding ICP-OES results (6.05, 1.68, and 1.73 wt.%).
These differences may reflect the calibration mode of the handheld XRF instrument, matrix effects in
the complex powder, and lower sensitivity to relatively light elements. ICP-OES results were therefore
used as the quantitative basis for bulk metallic elements, whereas XRF supplied complementary
information on Cl, K, and S.

The ICP-OES results give a Zn/Fe mass ratio of 1.76, substantially higher than the theoretical value
of 0.585 for stoichiometric ZnFe,O,; even if all Fe formed this ideal endmember, it could not
accommodate all Zn in the sample. Machado et al. (2006) reported 9.24-12.00 wt.% Zn and 42.00-48.96
wt.% Fe in two EAF dusts. Holloway and Etsell (2008) reported 9.40 wt.% Zn and 31.90 wt.% Fe, whereas
Pasquoto et al. (2018) reported Zn/Fe values of 37.50/25.80 wt. % and 28.60/56.10 wt.% for two samples.
Relative to these materials, the present sample is distinctly Zn-rich and comparatively Fe-poor. This
bulk ratio documents Zn enrichment but cannot by itself identify the Zn hosts or determine individual
phase abundances.

3.2. XRD analysis

The XRD pattern of the EAF dust is shown in Fig. 1. The major discernible crystalline phases or phase
groups were a Zn-bearing Fe-based spinel-type oxide, zinc oxide (ZnO; zincite), and potassium chloride
(KCL; sylvite). Strong signals from ZnO and spinel-type oxides show that these are the principal
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crystalline Zn-bearing constituents, while KCl is consistent with the K and CI detected by bulk chemical
analysis.
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Fig. 1. XRD pattern of the EAF dust

The three discernible crystalline phase groups were screened semi-quantitatively using the RIR
method and normalized to the total identified crystalline phases (Table 3). The Zn-bearing Fe-based
spinel-type oxide group accounted for 81.3 wt.%, exceeding ZnO (15.2 wt.%) and KCI (3.5 wt.%), and
thus indicating pronounced enrichment of spinel-type crystalline material.

Table 3. Screening XRD semi-quantification of the principal crystalline phases in the EAF dust.

Relative content

Code Phase or phase group (wt.%)
A Zn-bearing Fe-based spinel-type oxide 81.3
ZnO (zincite) 15.2
C KCl (sylvite) 35

ZnFe,0,, Fe;0,, and multication spinel solid solutions containing Mg, Mn, Cr, and other elements
have similar crystal structures and overlapping characteristic peaks, making their individual
endmembers difficult to distinguish reliably by conventional XRD. Phase group A is therefore reported
collectively as a Zn-bearing Fe-based spinel-type oxide group. Its semi-quantitative value represents
overlapping spinel phases rather than the mass fraction of pure ZnFe,O,.

The crystalline phase composition of EAF dust varies substantially among sources. Alcaraz et al.
(2020) reported nominal ZnFe,O, and ZnO contents of 75% and 20% in carbon-steel EAF dust. Pasquoto
et al. (2018) reported corresponding values of 37.0% and 31.4% for one sample and 66.8% and 11.0% for
another, whereas Machado et al. (2006) estimated approximately 29% and 2%. The present sample has
a relatively high abundance of the spinel phase group, while ZnO lies within the published range.
Differences may reflect feed materials, smelting and gas-cleaning conditions, and phase-classification
protocols. Because the present analysis combines several spinel constituents that conventional XRD
cannot separate, its value should not be equated strictly with literature results refined as pure ZnFe,O,.

3.3. MLA and SEM-EDS analyses

MLA assigned a calculated mass fraction of 67.96 wt.% to the spinel-type Zn-Fe oxide class, followed
by the Mg-bearing Zn-rich composite oxide class (15.23 wt.%), calcite (4.58 wt.%), Zn-Fe-Ca oxide (2.63
wt.%), and Zn-Fe-Al oxide (2.27 wt.%); the ZnO class accounted for 1.50 wt.%. Because the MLA classes
were established primarily from BSE brightness and EDS spectra, the spinel-type Zn-Fe oxide class may
include spinel-related Zn-Fe oxides of different compositions as well as mixed classification objects
formed by fine ZnO or other intergrown oxides.
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Both XRD and MLA identify spinel-related Zn-Fe oxides as the dominant component. The XRD-RIR
value of 81.3 wt.% is the relative abundance of the spinel phase group normalized to the identified
crystalline phases, whereas the MLA value of 67.96 wt.% is a calculated mass fraction assigned to an
operational class within the MLA dataset. The former is based on crystal structure and the latter on
particle-scale chemical classification, so the two quantities are not directly equivalent. The XRD ZnO
value (15.2 wt.%) is higher than the MLA class value (1.50 wt. %), possibly because fine ZnO attached to
Zn-Fe oxides or intergrown with other fine constituents was incorporated into mixed EDS classes. Two-
dimensional sectioning and the uncertainty of screening RIR semi-quantification may also contribute.
The methods therefore agree on the dominant Zn-bearing constituent but differ in their specific
allocation of ZnO and complex composite oxides.

Table 4. MLA operational classes and calculated mass fractions in the EAF dust (wt.%).
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Fig. 2. MLA class composition and distribution characteristics of the EAF dust.

The BSE image and MLA phase map in Fig. 2 show irregular particles with a broad two-dimensional
apparent size distribution. Coarser objects were assigned mainly to the spinel-type Zn-Fe oxide class,
whereas the Mg-bearing Zn-rich composite oxide, Zn-Fe-Ca oxide, and Zn-Fe-Al oxide classes
commonly occurred near particle margins, cracks, or pores, reflecting compositional heterogeneity and
fine-scale intergrowth. This spatial distribution may be associated with local enrichment of multication
constituents, attachment of fine particles, entrainment of slag droplets or flux particles, and subsequent
reactions during off-gas transport. Some coarse objects are internally heterogeneous in BSE brightness
or classification and may comprise sintered particles or weakly bound fines. MLA size is therefore
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interpreted as the two-dimensional apparent size of segmented objects rather than the actual size of
individual crystals.

The coexistence of coarse Zn-Fe oxide objects, fine Zn-rich particles, irregular fragments, and porous
aggregates is consistent with multiple EAF-dust formation pathways. Zn may volatilize from the bath
or feed and subsequently oxidize and condense as fine ZnO in the off-gas. Metal and slag droplets may
be ejected by the electric arc, oxygen jets, and bursting CO bubbles, while charged fines can be entrained
directly. During transport and collection, particles may undergo further oxidation, reaction,
coalescence, and agglomeration (Guézennec et al.,, 2005). The observed morphologies provide
qualitative support for this integrated mechanism, but do not permit a unique formation pathway to be
assigned to an individual object.

3.3.1. Element occurrence

Table 5 lists the distributions of Fe, Ca, Mg, and Zn among the operational classes within the MLA
analysis area. Zn was distributed mainly to the spinel-type Zn-Fe oxide and Mg-bearing Zn-rich
composite oxide classes, at 76.57 % and 16.95%, respectively; together they accounted for 93.52% of total
Zn. The ZnO class hosted 1.94% of total Zn. At the MLA classification scale, Zn therefore occurs
predominantly in Zn-Fe- and Zn-Mg-related composite oxide objects.

The spinel-type Zn-Fe oxide class hosted 67.61% of Fe, while the Mg-bearing Zn-rich composite
oxide, Zn-Fe-Al oxide, and Zn-Fe-Ca oxide classes hosted 9.85%, 5.37%, and 3.75%, respectively. Fe was
thus concentrated mainly in several types of Zn-bearing composite oxides. Mg was distributed chiefly
to the Mg-bearing Zn-rich composite oxide (63.91%) and MgO (17.98%) classes. Ca was concentrated in
calcite (37.80%), with 27.64% and 12.41% also assigned to the spinel-type Zn-Fe oxide and Zn-Fe-Ca
oxide classes, respectively.

The cross-distribution of Fe, Ca, and Mg among several Zn-bearing classes reflects compositional
heterogeneity and fine-scale intergrowth within the major Zn-bearing objects. Possible contributions
include coexistence of multication constituents, intergrowth with Ca- or Mg-rich microphases, and
mixed signals within the EDS interaction volume. Overall, Zn is enriched in complex oxide objects
dominated by Zn-Fe and Zn-Mg components rather than in a single ideal stoichiometric endmember.

Table 5. Distribution of major elements among the MLA operational classes (%)

Class Fe Ca Mg Zn
Spinel-type Zn-Fe oxide 67.61 27.64 0.97 76.57
Mg-bearing Zn-rich composite oxide 9.85 7.56 63.91 16.95
Hematite 6.48 1.42 2.99 0

Zn-Fe-Al oxide 537 0.99 0.74 1.76
Zn-Fe-Ca oxide 3.75 1241 2.10 1.05
Calcium ferrite 3.17 6.53 1.26 0.12
Calcite 2.01 37.80 0.53 1.00

ZnO 0.59 0.31 - 1.94

Ca-Fe pyroxene 0.27 0.54 0.14 0.02
Zn-bearing dolomite 0.25 2.28 4.06 0.11
Zn-Fe-Mg oxide 0.13 0.03 2.66 0.15
MgO - 0.03 17.98 0.01

Zn-Mg silicate 0.02 0.75 1.87 0.01
Other 0.50 1.71 0.79 0.31

Total 100 100 100 100
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3.3.2. Apparent particle-size distribution

The apparent size distributions of the MLA-segmented objects are shown in Fig. 3. These data describe
two-dimensional objects on a polished section and may include primary particles, composite particles,
and agglomerates.
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Fig. 3. Two-dimensional apparent size distributions of the principal MLA operational classes

Fig. 3 shows that the two-dimensional apparent size distribution of the spinel-type Zn-Fe oxide class
is shifted toward the coarse-size range and spans a comparatively broad interval, indicating that this
class commonly forms larger segmented objects. In contrast, the Mg-bearing Zn-rich composite oxide,
Zn-Fe-Ca oxide, and Zn-Fe-Al oxide classes occur mainly in finer size ranges and commonly form small
objects or localized enriched regions. These differences describe the relative object sizes and spatial
distributions of the operational classes on the polished section.

3.3.3. Representative SEM-EDS compositions and morphological features

To characterize local composition and morphology, the two most abundant Zn-bearing operational
classes, the spinel-type Zn-Fe oxide class (67.96 wt.%) and the Mg-bearing Zn-rich composite oxide class
(15.23 wt.%), were selected for BSE observation and EDS point analysis. High-magnification SEM
imaging of unmounted powder was also used to examine fine-particle morphology and aggregation.
Points G-I and A-F are indicated in Figs. 4a and 4b, respectively, and Fig. 4c shows the high-
magnification surface morphology of the unmounted powder.

The BSE images in Figs. 4a and 4b show that coarse objects commonly have irregular or near-
rounded outlines and marked internal brightness variations. The area in Fig. 4c comprises
submicrometre spherical, near-spherical, and irregular fine particles. Finer particles adhere to the
surfaces of some larger particles and form agglomerates with irregular boundaries, demonstrating a
multiscale particle structure and pronounced agglomeration. These features are consistent with fine-
particle aggregates reported for EAF dust by Guézennec et al. (2005) and Suetens et al. (2015). Near-
spherical particles may be associated with vapour-phase condensation or droplet solidification, whereas
irregular particles may originate from entrained droplets or charged fines; coalescence and local
sintering during off-gas transport and collection may further promote agglomeration.

Normalized EDS results for points A-F and G-I are listed in Tables 6 and 7, respectively, to compare
the local compositions of regions with different BSE brightness. Zn and Fe were the major metallic
elements at A-F, with minor Ca and Mn. Points G-I were enriched in both Zn and Mg and also contained
Ca and Fe, indicating compositional heterogeneity within both classes.
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Fig. 4. Representative SEM morphologies and EDS point locations in the EAF dust: (a) points G-I in the Mg-
bearing Zn-rich composite oxide class (BSE); (b) points A-F in the spinel-type Zn-Fe oxide class (BSE); and (c)

aggregates of fine spherical, near-spherical, and irregular particles (SE)

Table 6. Normalized EDS compositions of the spinel-type Zn-Fe oxide class (wt. %)

Point (e} Ca Mn Fe Zn Zn/Fe atomic ratio
A 8.80 2.25 1.77 24.87 62.31 214
B 10.54 3.18 1.56 23.43 61.29 2.23
C 12.63 1.69 1.36 20.04 64.28 2.74
D 11.69 1.89 1.63 26.84 57.95 1.84
E 1047 1.60 1.33 2248 64.12 244
F 10.73 2.36 1.59 21.99 63.33 2.46
Mean 10.81 2.16 1.54 23.28 62.21 ~2.3

Zn and Fe were the principal metallic elements at all points A-F, ranging from 57.95 to 64.28 wt.%
and from 20.04 to 26.84 wt.%, respectively, together with minor Ca (1.60-3.18 wt.%) and Mn (1.33-1.77
wt.%). The Zn/Fe atomic ratios of 1.84-2.74 are substantially higher than the theoretical value of 0.50
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for stoichiometric ZnFe,O,, demonstrating pronounced Zn enrichment and precluding simple
assignment of these regions to ideal stoichiometric ZnFe,O,. Together with internal BSE-brightness
differences, the data support description of this MLA class as compositionally variable, spinel-related
Zn-Fe oxide. The local variations may reflect cation substitution, Zn-rich microregions, or sub-
resolution intergrowth, although point EDS alone cannot distinguish these possibilities rigorously.

Table 7. Normalized EDS compositions of the Mg-bearing Zn-rich composite oxide class (wt.%)

Point O Mg Ca Fe Zn Zn/ l\fif()torrﬁc
G 38.12 12.97 7.50 5.06 36.35 1.04
H 36.38 15.16 5.27 7.01 35.74 0.88
I 35.76 12.98 8.29 8.63 34.34 0.98
Mean 36.75 13.70 7.02 6.90 35.48 ~0.96

Note: G, H, and I correspond to the points in Fig. 4a; Zn/Mg atomic ratios were calculated from the normalized mass

fractions.

Zn, Mg, Ca, and Fe were detected at all points G-1. Zn and Mg ranged from 34.34 to 36.35 wt.% and
from 12.97 to 15.16 wt.%, respectively, with Zn/Mg atomic ratios of 0.88-1.04, indicating co-enrichment
in the selected areas. The points also contained 5.27-8.29 wt.% Ca and 5.06-8.63 wt.% Fe and showed
clear multication compositions and point-to-point variation. This MLA operational class is therefore
described as an Mg-bearing Zn-rich composite oxide. Its local composition may represent a multication
oxide or sub-resolution intergrowth of fine Zn-, Mg-, Ca-, and Fe-rich phases, rather than a single Zn-
Mg oxide phase.

The selected EDS regions in both major Zn-bearing classes show multielement coexistence and
within-class compositional variation, while high-magnification SEM reveals fine-particle attachment
and agglomeration. A coarse MLA-segmented object does not necessarily represent a single coarse
grain; it may comprise a fine-grained intergrowth or an agglomerate. The corresponding size data
therefore denote two-dimensional apparent object sizes on the polished section rather than actual
primary-grain sizes.

3.3.4. Intergrowth characteristics

Liberation and association statistics for the principal MLA operational classes are presented in Table 8.
The reported liberation degree of the spinel-type Zn-Fe oxide class was 68.86%, higher than those of
calcite (43.22%), the Mg-bearing Zn-rich composite oxide class (42.52%), and the Zn-Fe-Ca oxide class
(37.75%). The spinel-type class therefore occurred more frequently as relatively independent objects on
the two-dimensional polished section, whereas the Mg-bearing Zn-rich composite oxide and Zn-Fe-Ca
oxide classes displayed more extensive particle contact and intergrowth.

Further examination of the remaining association terms showed that associations with Ca-bearing
silicate, albite, and quartz were each no greater than 0.11%, indicating limited direct intergrowth
between these silicates and the principal Zn-bearing classes. In addition to shared boundaries between
mineral classes, the MLA association matrix contains non-mineral categories such as Pores and
Low_Counts. When normalized to the total boundary length of the target class on the two-dimensional
section, Pores associations ranged from 9.72% to 27.11%; the highest value was for calcite, followed by
the Zn-Fe-Ca oxide and spinel-type Zn-Fe oxide classes. Pores denotes regions segmented as voids
within or adjacent to MLA objects and may include internal voids, resin-filled gaps between contacting
or agglomerated particles, and local polishing pull-outs. It therefore measures boundary association
with the Pores category on a two-dimensional section and cannot be interpreted directly as the true
porosity of the bulk sample (Fandrich et al., 2007; Sylvester, 2012). Low_Counts accounted for 2.52%-
5.09% and primarily represents regions with insufficient effective EDS counts or spectra that could not
be matched reliably to the reference library. Such regions may occur in very small mineral domains, at



11 Physicochem. Probl. Miner. Process., 62(4), 2026, 226745

mineral boundaries, in mixed excitation volumes, or near preparation artefacts and do not correspond
to a defined mineral phase (Schulz et al., 2019). These liberation and association statistics characterize
boundary exposure, physical liberation, and spatial contact among MLA operational classes on a two-
dimensional polished section.

Table 8. Intergrowth relationships of the principal MLA operational classes (%)

Association
Class Liberation
MgO ZnO Calcite Hematite
Spinel-type Zn-Fe oxide 68.86 0.22 0.39 1.73 0.58
Mg:-bearing Zn-rich 052 0.41 038 1.86 0.82
composite oxide
Calcite 43.22 0.05 0.10 - 0.46
Zn-Fe-Ca oxide 37.75 0.01 0.18 7.16 1.06
Zn-Fe-Al oxide 50.86 0.22 0.48 1.28 1.11
Association
Mg-bearing
Class Spinel-type o Zn-rich Zn-Fe-Ca Zn-Fe-Ca
. Zn-Fe silicate . . o
Zn-Fe oxide composite oxide silicate
oxide
Spinel-type Zn-Fe oxide - 0.12 7.12 1.05 0.08
Mg-bearing Zn-rich 35.31 0.09 - 1.24 0.12
composite oxide
Calcite 17.31 0.04 3.75 3.28 0.05
Zn-Fe-Ca oxide 22.95 0.22 5.45 - 0.02
Zn-Fe-Al oxide 25.40 0.05 6.06 0.45 0.12
Association
Class Zn-Fe-Al Zn-Fe-Mg Zn-bearing Ca-Fe Calcium
oxide oxide dolomite pyroxene ferrite
Spinel-type Zn-Fe oxide 1.19 0.10 0.18 0.05 0.43
Mg-bearing Zn-rich 141 0.06 0.26 0.09 0.47
composite oxide
Calcite 0.60 0.01 0.22 0.05 1.09
Zn-Fe-Ca oxide 0.46 0.06 0.15 0.11 2.21
Zn-Fe-Al oxide - 0.03 0.05 0.02 0.45
Association
Class :
Ca—.b.earmg Albite Quartz Pores Low_Counts
silicate
Spinel-type Zn-Fe oxide 0.02 0.04 0.05 13.71 4.08
Mg-bearing Zn-rich 0.05 0.04 0.06 9.72 5.09
composite oxide
Calcite 0.02 0.01 0.11 2711 252
Zn-Fe-Ca oxide 0.07 0.03 - 18.26 3.85

Zn-Fe-Al oxide 0.01 0.05 0.06 10.66 2.64
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3.3.5. Two-dimensional free-surface characteristics

The free-surface ratio (FSR) was used to characterize boundary exposure of the different MLA classes
on the two-dimensional polished section. It was defined as the boundary length between the target class
and the external particle background divided by the total boundary length of that class, consistent with
exposed-perimeter methods for assessing mineral liberation and surface exposure (Lastra, 2002;
Fandrich et al., 2007; Leifiner et al., 2016):
L ree

FSR = Lff—% X 100% 1)
where Lgee is the two-dimensional free-boundary length between the target class and the external
particle background (mounting resin); L; is the boundary length shared between the target class and
adjacent class j; and XjL;is the total non-free boundary length. FSR ranges from 0% to 100%, and a higher
value indicates a greater proportion of the target class boundary adjoining the particle exterior on the
two-dimensional section.

D [ee]
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2D free-surface ratio, FSR (%)

Fig. 5. Cumulative distributions of the two-dimensional free-surface ratio for the principal MLA operational
classes

Fig. 5 shows that the FSR distribution of the spinel-type Zn-Fe oxide class is shifted toward higher
values. The cumulative proportions of objects with FSR values above 60% and 80% were 84.61% and
42.90%, respectively, indicating a high degree of boundary exposure on the analyzed section. In
contrast, the curves for the Mg-bearing Zn-rich composite oxide and Zn-Fe-Ca oxide classes are shifted
toward lower FSR values, indicating greater contact with other classified materials. This trend agrees
with the preceding liberation and association results.

Under conditions of adequate wetting and dispersion, greater boundary exposure can provide
favourable geometry for contact and interfacial mass transfer between a target class and a reaction
medium. The relatively high FSR of the spinel-type Zn-Fe oxide class thus indicates that it is not
predominantly enclosed on the two-dimensional section. Phase reactivity, however, also depends on
crystal framework, local bonding, and defect response. Ideal ZnFe,O, and ZnO were therefore
compared by DFT to identify intrinsic structural differences between two representative Zn-bearing
oxides and to provide an atomic-scale reference for the stability of actual multication spinel-type oxides.
The effects of elemental substitution and real defects must still be considered when extrapolating the
results.
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3.4. Electronic-structure calculations for Zn-bearing phases in EAF dust

Ideal normal-spinel ZnFe,O, and wurtzite ZnO were selected as reference compounds to compare M-
O bonding and atomic-force responses to vacancies at the atomic scale. These models represent ideal
endmembers of the spinel framework and ZnO lattice and complement the preceding particle-scale
liberation and boundary-exposure results by providing an atomic-scale reference for intrinsic structural
stability. Multication substitution, inversion, and other defects in actual EAF-dust phases may alter the
numerical results; the following comparison is therefore restricted to the basic structural differences
between ideal endmembers.

3.4.1. Crystal structures and model construction

The geometrically optimized ideal ZnFe,0,(111) and ZnO(001) surface configurations obtained using
the parameters in Section 2.4 are shown in Fig. 6.

(a) ZnFe,0,(111) (b) ZnO(001)

Fig. 6. Geometrically optimized surface configurations of ideal ZnFe,O,4(111) and ZnO(001) reference
models

In ideal normal-spinel ZnFe,O,, tetrahedrally coordinated Zn and octahedrally coordinated Fe form
a continuous three-dimensional framework through shared O atoms. Wurtzite ZnO consists of
tetrahedrally coordinated Zn and O connected in a hexagonal sequence. Differences in cation
coordination and M-O network topology provide the structural basis for comparing local bonding and
vacancy responses. Spinels in actual EAF dust may contain cation substitutions, inversion, and non-
stoichiometric defects and can therefore be viewed as compositionally complex derivatives of this ideal
framework.

3.4.2. Comparison of M-O bond strengths

Mulliken bond population and bond length were used as descriptors to compare local bonding in the
two ideal Zn-bearing oxides. Within the same computational framework, a larger positive bond
population and a shorter bond length generally indicate a stronger local interaction. The comparison
identifies relative bonding characteristics of the M-O networks and is not used to calculate dissolution
rates or reaction activation energies directly.

Table 9. Bonding descriptors for ideal ZnFe,O,(111) and ZnO(001) models.

Parameter ZnFe,0,4(111) Fe-O ZnFe,0,4(111) Zn-O Zn0O(001) Zn-O
M
ean bond 0.374 0.350 0.48
population
M I h
ean bond lengt 1.866 2,013 1.88
(A)
Minimum bond 1.719 1.842 1.85
length (A)

Maxi inole-
imm sing'e 0.65 055 0.54
bond population

As shown in Table 9, Fe-O bonds in the ideal ZnFe,;O,4(111) model have a maximum population of
0.65 and a minimum length of 1.719 A; their mean bond population and length are 0.374 and 1.866 A,
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respectively, indicating strong local interactions for some Fe-O bonds. The mean population and length
of Zn-O bonds in the same model are 0.350 and 2.013 A, respectively, and indicate weaker local bonding
than the mean Zn-O population of 0.48 and mean length of 1.88 A in ZnO(001). These results suggest
that stability of the ideal spinel framework cannot be interpreted from Zn-O bonds alone; the continuous
Fe-O network also makes an important contribution, and a perturbation at a Zn site may be
accompanied by cooperative adjustment of the surrounding Fe-O coordination network.

3.4.3. Vacancy-induced atomic-force responses

Zn, Fe, and O vacancies were introduced into the ZnFe,O,(111) and ZnO(001) surface models to
compare local defect responses in the two ideal structures. The corresponding structures are shown in
Figs. 7 and 8, and the calculated values are listed in Table 10. Atomic force describes the departure of
the local coordination environment from the original equilibrium configuration after vacancy
introduction and is used here as a descriptor for comparing local responses of the ideal frameworks.

Fig. 8. Defective structures of ideal ZnO(001): (a) pristine surface; (b) V-Zn; and (c) V-O
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Table 10. Atomic-force descriptors after vacancy introduction (eV/A)

Maximum atomic
System Mean Fe force Mean Zn force Mean O force

force

ZnFe,0,4(111) surface 0.026 0.020 0.024 0.049
ZnO(001) surface - 0.20 0.14 1.39
ZnFe,0, (V-Fe) 2.817 0.902 1.318 3.849
ZnFe,0, (V-0) 0.804 0.133 0.544 1.482
ZnFe,O, (V-Zn) 1.930 0.855 1.014 3.491
Zn0O (V-0) - 0.02 0.02 0.07
ZnO (V-Zn) - 0.55 0.29 1.39

Table 10 shows that the maximum atomic forces in the V-Fe and V-Zn configurations of ideal
ZnFe,0,(111) are 3.849 and 3.491 eV / A, respectively, exceeding 1.482 eV/ A for V-O. The selected cation
vacancies thus generate more pronounced local perturbations in the spinel framework. In the V-Zn
configuration, the mean force on Fe sites (1.930 eV/A) is higher than that on Zn sites (0.855 eV/A),
showing that removal of a Zn site induces a substantial response in the neighbouring Fe-O coordination
network. By comparison, the selected vacancy configurations in ideal ZnO(001) show smaller overall
force responses. These results demonstrate different local responses of the two ideal structures to cation
removal and suggest that activation of a spinel framework may involve cooperative adjustment of its
Fe-O network; this interpretation requires validation by subsequent experiments.

3.5. Implications for resource utilization of EAF dust

The combined bulk composition, particle-scale occurrence, and ideal-endmember calculations indicate
that future valorization studies on this sample should distinguish ZnO and soluble salts from the
dominant spinel-related Zn-Fe oxides. The latter show comparatively high liberation and boundary
exposure on the two-dimensional section, suggesting that subsequent treatment should consider
structural activation of the spinel framework in addition to particle dispersion and mass transfer.
Because some coarse objects may be agglomerates of fine particles, the need for further grinding should
be evaluated by comparing size and liberation before and after controlled dispersion.

The KCI and ZnO identified by XRD provide a phase basis for stepwise treatment. Water washing
or mild pre-leaching may be evaluated as candidate steps for reducing the soluble-salt load and
preferentially separating more reactive components. Thermal, mechanical, or chemical activation can
then be coupled with different leaching media for the spinel-related fraction. The Fe-O bonding network
and vacancy response in the ideal ZnFe,O, model suggest that reaction systems capable of perturbing
the cation-oxygen framework merit examination, with ZnO-rich material used as a structural and
reactivity control.

Subsequent process evaluation should consider Zn extraction, Zn/Fe selectivity, reaction kinetics,
reagent consumption, and residue-phase evolution, together with solution purification and residue
utilization. The proposed sequence of pretreatment for burden reduction, spinel activation, selective Zn
leaching, solution purification, and residue utilization follows from the present mineralogical
characterization and structural-endmember comparison, but its applicability and operating conditions
require validation by leaching experiments.

4. Conclusions

ICP-OES gave Zn and Fe contents of 33.48 and 19.05 wt. %, respectively, with a Zn/Fe mass ratio of 1.76,
showing that the EAF dust is Zn-rich. Screening semi-quantification by XRD-RIR indicated relative
abundances of 81.3%, 15.2%, and 3.5% for the Zn-bearing Fe-based spinel-type oxide group, ZnO, and
KCl, respectively, among the identified crystalline phases. Spinel-related oxides were thereby
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confirmed as the dominant crystalline group, but this result does not represent the mass fraction of pure
ZnFe,0,.

MLA assigned a calculated mass fraction of 67.96 wt.% and 76.57% of total Zn to the spinel-type Zn-
Fe oxide class. The high and variable Zn/Fe atomic ratios at points A-F and the co-enrichment of Zn,
Mg, Ca, and Fe at points G-I indicate non-stoichiometric, multicomponent characteristics in the major
Zn-bearing operational classes. Fine-particle attachment and agglomeration observed by SEM further
indicate that coarse MLA-segmented objects may include fine-grained intergrowths or agglomerates;
their sizes should therefore be interpreted as two-dimensional apparent object sizes.

The two-dimensional liberation degree of the spinel-type Zn-Fe oxide class was 68.86%, and 84.61%
of the objects had FSR values above 60%, indicating comparatively high boundary exposure on the
analyzed section. DFT comparison of ideal ZnFe,O, and ZnO structural endmembers showed that the
Fe-O network contributes substantially to framework stability in the spinel model and that the two
structures differ in their atomic-force responses to vacancy perturbations. This endmember comparison
provides an atomic-scale reference for the structural stability of actual multication spinel-type oxides
and motivates subsequent validation focused on spinel activation and Zn/Fe selectivity.
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