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ARTICLE INFO ABSTRACT

Keywords: Steel galvanization, essential for corrosion protection, results in zinc-enriched waste streams during recycling,
Hydrogen presenting both environmental challenges and opportunities for resource recovery. Electric arc furnace dust
Reduction (EAFD), generated at rates of 15-25 kg per ton of recycled steel, contains up to 40 % Zn and represents a sig-
EAFD ape . . . . .

Zin nificant secondary Zn resource. The current industrial practice relies on the Waelz process, which successfully
Recovery recovers Zn but fails to recover Fe, generates substantial slag (700 kg per ton EAFD), and emits over 2000 kg CO»
Kinetics per ton of recovered Zn.

Here, we demonstrate that hydrogen-based direct reduction of EAFD enables efficient Zn recovery while
significantly reducing environmental impact but requires precise temperature control between 900 and 1200 °C.
This research is the first to systematically explore the temperature and gas composition dependencies in
hydrogen-based EAFD reduction, offering novel insights into optimizing recovery processes. Through a sys-
tematic investigation of reduction kinetics and microstructural evolution, we demonstrate that reaction rates
decrease by two orders of magnitude within a narrow 50 °C temperature window due to particle sintering and
micro-pore collapse. These findings reveal a critical trade-off between kinetic enhancement and structural
degradation.

The identified mechanisms indicate that optimal reduction requires a precise balance between kinetic accel-
eration below 1150 °C (showing a five-fold increase in mass loss rates) and the prevention of structural
degradation above this critical threshold. Process efficiency is further controlled by reaction-generated HyO,
creating local thermodynamic barriers that require careful management. These findings establish temperature
control as the key parameter for maximizing Zn and Fe recovery efficiency, providing critical guidance for the
industrial implementation of hydrogen-based EAFD treatment.

1. Introduction

Galvanizing steel products accounts for 60 % of global zinc pro-
duction and remains zinc’s primary industrial application, owing to its
good corrosion protection properties [1]. However, recycling galvanized
steel scrap—a critical step toward promoting circular resource use—-
produces hazardous waste streams, such as electric arc furnace dust
(EAFD) and converter dust [2,3]. These dusts are produced at rates of
15-25 kg per ton of steel in electric arc furnace (EAF) operations [4,5].
They contain valuable amounts of zinc (Zn), with concentrations
reaching up to 40 %, depending on the composition of the recycled scrap
and the operating conditions of the furnace [6,7]. Currently, Waelz kilns
primarily treat these dusts. While they effectively recover Zn, they do
not recover the substantial iron content [8]. Although the Waelz process
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achieves high zinc recovery rates, it generates approximately 700 kg of
slag per ton of treated EAFD. This slag contains 30-50 % Fe as Fe oxide
and 1-4 % residual Zn [9,10]. Depending on regional regulations and
the specific parameters of the Waelz process, slag may be repurposed as
construction material or disposed of in landfills, leading to a loss of
valuables. Moreover, the process’s carbothermic reduction pathway
results in substantial CO, emissions, exceeding 2000 kg per ton of Zn
recovered [11].

To address the environmental challenges associated with the Waelz
process, hydrogen-based direct reduction has emerged as a promising
low-carbon alternative. Unlike carbothermic methods, hydrogen
reduction eliminates carbon emissions from the reduction reaction,
providing a pathway to decarbonize Zn recovery. Recent industrial ef-
forts have explored hydrogen-based direct reduction technologies,
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including rotary kiln designs developed by Salzgitter and batch-process
systems utilizing pressurized reactors, as researched by Greenlron and
documented in multiple patents over recent years [11-15]. However,
the implementation of hydrogen-based reduction technologies remains
in its infancy, facing numerous technical challenges that need to be
addressed.

A key challenge in hydrogen-based reduction is the optimization of
reaction conditions, particularly temperature, to maximize Zn recovery
efficiency. Reduction temperature influences reaction kinetics, micro-
structural changes, and the sintering behavior of dust particles.
Although detailed kinetic studies have been conducted on the hydrogen-
based reduction of zinc oxide (ZnO) from liquid slags [16-18], research
on the solid-state direct reduction of Zn and Fe oxides in electric arc
furnace dust (EAFD) is limited. Most recent publications concentrate on
broader hydrogen-based steelmaking processes or specific case studies,
often neglecting the underlying kinetic mechanisms and optimal oper-
ating conditions necessary for efficient Zn recovery [19-23]. Therefore,
a comprehensive investigation into the temperature-dependent
behavior of EAFD during hydrogen reduction is essential to bridge this
knowledge gap.

This study investigates how temperature and gas composition con-
trol the reduction behavior of electric arc furnace dust (EAFD) during
hydrogen-based processing. We examine the effects of reduction tem-
perature (900-1200 °C) and Hy and HyO composition on reaction ki-
netics and microstructural evolution. Through thermogravimetric
analysis and subsequent material characterization, we establish quan-
titative relationships between reduction conditions and Zn recovery
efficiency. These insights establish fundamental principles and practical
guidelines for the process engineering of efficient hydrogen-based re-
covery of EAFD.

2. Materials and methods
2.1. Dust material

The electric arc furnace dust (EAFD) investigated in this study was
provided by Georgsmarienhiitte GmbH (Germany). Physical character-
ization revealed a trimodal particle size distribution, determined by
laser diffraction analysis, with D10 = 0.30 pm, D50 = 1.3 pm, and D99
= 20.0 pm. The specific surface area, measured using N2 adsorption
(Micromeritics TriStar II 3020) following the Brunauer-Emmett-Teller
(BET) method, was 8.4 mz/g.

The chemical composition was determined through complementary
analytical techniques: X-ray fluorescence (XRF) for major elements,
inductively coupled plasma mass spectrometry (ICP-MS) for trace ele-
ments, and scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM-EDX) for composition analysis. Table 1 summarizes
the chemical composition data. Mineralogy was determined using X-ray
Diffraction (XRD) by means of a Rigaku SmartLab SE diffractometer in
6-0 configuration (Cu-Ko radiation: A = 1.54 A at 40 kV. 40 mA) to
evaluate the mineralogy of the samples. It revealed that the main phases

Table 1
Analysis of the investigated EAFD.

XRF (wt.-%)

ZnO Fe,03 CaO MgO Al,03 SiOy MnO Cry03
26.2 44.3 35 1.8 1.0 35 3.0 1.0
K.0 Na,O0 cl PbO CuO P,0s S Ciot.
0.6 4.6 0.7 0.2 0.4 0.2 0.4 2.0
ICP-MS (wt.-%)

Co % Hg % Cd % Sn % P % Mo %
<0.02 <0.01 0.06 0.10 0.05 <0.02
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in the material are franklinte, zincite and halite (NaCl).
2.2. Sample preparation

EAFD samples were dried at 105 °C for 24 h in a laboratory oven to
remove moisture. For each experiment, 350 mg of dried EAFD was
compacted using a custom-designed electromechanical press at 14 MPa.
The specimens were pressed to final dimensions of 7.5 mm diameter and
3.75 mm height, yielding a geometric surface area of 176.7 mm? and a
bulk density of 2.1 g/cm®. These dimensions ensured uniform gas
diffusion paths <3.75 mm through the sample’s macroporous structure,
minimizing mass transport limitations during reduction experiments.
Sample morphology and exact dimensions were documented using
digital microscopy Keyence VHX-7000 prior to reduction experiments.

2.3. Thermogravimetric reduction procedure

Reduction experiments were conducted in a customized Linseis
thermogravimetric analyzer, previously described in detail by Brandner
et al. [24]. Temperature control was achieved using a type C thermo-
couple integrated into the sample holder. Samples were heated at 25
K/min to 200 °C, followed by 40 K/min heating in nitrogen (5.0 grade,
80 mL/min) until reaching the target temperature. After 15 min of
temperature homogenization, the atmosphere was switched to hydrogen
(3.0 grade, 80 mL/min) for the 120-min reduction period. Samples were
subsequently cooled at 25 K/min under inert conditions.

2.4. Reaction thermodynamics and kinetic analysis

The primary reduction reactions and their Gibbs free energy changes
(Table 2) were calculated using FactSage thermochemical software.
Reaction kinetics were evaluated through numerical differentiation of
the continuous mass loss data with respect to time, providing instanta-
neous reaction rates throughout the reduction process.

2.5. Post-reduction sample analysis

Reduced samples were characterized dimensionally using a Keyence
VHX-7000 digital microscope. Microstructural analysis was performed
using a JEOL IT300 SEM equipped with an Oxford X-Max>° EDX de-
tector. Selected samples were prepared metallographically through resin
embedding, grinding, and polishing for cross-sectional analysis.

3. Results and discussion

The thermogravimetric analysis revealed distinct temperature-
dependent reduction behavior of EAFD between 900 and 1200 °C
(Fig. 1). The reduction proceeds through a moving reaction front,
characterized by three mechanistic regimes: surface-controlled kinetics
from 900 to around 1100 °C where thermodynamics limit the kinetics of
ZnO reduction, an optimal reduction window at around 1150 °C, and
solid-state diffusion-limited regime beginning between 1150 and
1200 °C.

The reduction of EAFD proceeds through multiple simultaneous re-
actions, each limited by thermodynamic requirements especially

Table 2
Main reduction reactions and Gibbs free energy changes at 900 °C and 1200 °C.
Reaction A G [kJ] @ AGI[kJ] @
900 °C 1200 °C
3Fe203(s) + Ha(g) = 2Fe304(s) + H20(g) —99.41 —123.34
Fe304(s) + Ha(g) = 3FeO(s) + Ho0(g) —10.15 —25.09
FeO(s) + Hay(g) = Fe(s) + Hy0(g) 5.68 3.29
3ZnFez04(s) + Ha(g) = 3Zn0O(s) + —41.45 —67.97
2Fe304(s) + H20(g)
ZnO(s) + Ha(g) = Zn(g) + Hy0(g) 46.49 3.27
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Fig. 1. Results from reduction tests in the thermogravimetric analyzer showing the (a) temperature profiles (b) the mass development over time and (c) the relative

mass loss rate versus the relative mass.

regarding the Ho/H2O ratio (Table 3). These requirements change with
temperature, creating distinct reaction patterns at different process
conditions. As Hy gas penetrates from the sample surface inward, all
reduction reactions progress concentrically and top down. The reaction
of Fey03 to Fe304 occurs readily throughout the accessible sample vol-
ume due to its minimal Hy/H20 requirement (<0.01). At 900 °C, sub-
sequent reduction steps establish reaction zones of decreasing depth:
The Fe304 to FeO conversion (Hp/H20 > 0.4) forms the deepest reaction
front, enabling reduction across a substantial sample volume. The FeO to
Fe reduction zone (Hy/HoO > 1.3) follows with a narrower reaction
front and consequently smaller active reaction volume. ZnO reduction,
requiring the highest Hyo/H20 ratio (>12.6 at pz, = 0.1 bar), establishes
the most restricted reaction front width, resulting in the smallest active
reaction volume and thus limiting the overall zinc removal rate despite
occurring simultaneously with the iron oxide reductions.

Increasing the temperature from 900 °C to 1200 °C fundamentally
transforms the reaction front architecture. While Fe;Os reduction
maintains its presence throughout the accessible sample volume, the
required Hy/H20 ratio for ZnO reduction drops remarkably to 0.1 for a
Pzn of 0.1 bar - matching the thermodynamic conditions for Fe304 to FeO
conversion. This enables ZnO and Fe3O4 reductions to proceed with
similarly deep reaction fronts, creating an expanded reaction volume for
zinc removal. Only the final FeO to Fe conversion (Ha/H20 > 1.8) forms
a more confined reaction zone. The significantly larger reaction volume
for ZnO reduction, combined with its higher molecular mass loss (81 g/
mol compared to 16 g/mol for iron oxide steps), substantially acceler-
ates the detected mass loss rate at higher temperature. This synergy
between expanded reaction volume and higher mass loss per mole
particularly enhances zinc removal rates at elevated temperatures.

While higher temperatures initially benefit the process through
expanded reaction zones and improved conversion rates, sintering ef-
fects between 1150 and 1200 °C establish a critical upper temperature

Table 3
Minimum required ratio between Hj to H20 to reach thermodynamic equilib-
rium (AG = 0).

Reduction Reaction Required H,/H,0 at

900 °C 1200 °C
3Fe;03 + Hy = 2Fe304 + Ho0 <0.01 <0.01
Fe304 + Hy = 3FeO + Hy0 0.4 0.1
FeO + H, = Fe + Hy0 1.8 1.3
Zn0 + Hy = Zn(g)" + H20 12.6 0.1

# Assuming Zn partial pressure of 0.1 bar.
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limit. The collapse of the EAFD’s microporous structure begins imme-
diately at 1200 °C but intensifies during wiistite formation, as it has the
lowest melting and sintering temperature of all iron oxides. This struc-
tural degradation shifts the rate-limiting mechanism from gas-phase
diffusion through the macro and micropore structure of the sample to
solid-state diffusion. The micropore collapse in the wiistite region marks
a critical point where the mass loss rate at 1200 °C falls significantly
below the 900 °C trial, demonstrating the dominance of diffusional
limitations over thermodynamic advantages.

The visual appearance and structural integrity of reduced samples
varied markedly across the temperature range studied (Fig. 2). Samples
reduced between 900 and 950 °C exhibited a fine-grained texture
without signs of sintering, characterized by increased fragility indicating
enhanced specific surface area. Despite their distinctly different optical
appearance from samples treated at higher temperatures
(1100-1200 °C), the mass loss during reduction was similar, suggesting
comparable metallization degrees. As reduction temperature increased
to 1000 °C, samples developed improved structural integrity with
characteristic black coloration, attributed to fine-grained metallic iron
particles potentially interspersed with residual oxides. At 1050 °C,
distinct metallic surface characteristics emerged, due to increased sin-
tering and densification. Samples reduced at 1100 °C and 1150 °C
showed similar features with slightly enhanced surface densification,
corresponding to peak reduction rates. A major morphological trans-
formation occurred at 1200 °C, where samples developed a distinctive
glittering surface appearance, indicating extensive micropore collapse
to a macropore structure.

Microstructural evolution was characterized using scanning electron
microscopy (SEM) with secondary electron detection (SED), providing
direct evidence of temperature-dependent structural changes (Fig. 3). At
1100 °C, the microstructure consisted of fine-grained particles with a
highly porous network of interconnected micropores, indicating mini-
mal sintering and enabling efficient gas diffusion pathways - consistent
with the sustained reaction rates observed in TGA data. SEM-EDX
analysis was performed on this reduced sample and revealed a ZnO
concentration of 0.2 %. A significant transition occurred at 1150 °C,
where pronounced sintering led to a denser, more compact structure
through the coalescence of iron monoxide (FeO) and metallic iron (Fe)
phases. This partial collapse of micropores reduced available gas diffu-
sion pathways, correlating with declining mass loss rates in later
reduction stages. Notably, extended reduction durations at this tem-
perature significantly impair sample kinetics, though this effect remains
undetected in our short-duration reduction experiments using small
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Fig. 3. SEM-SED pictures (1000x magnification) of sample (a) after 1100 °C (b) 1150 °C and (c) 1200 °C reduction.

samples with gas diffusion paths limited to 3.75 mm. The most dramatic
transformation appeared at 1200 °C, where the microstructure revealed
complete micropore collapse, leaving only macropores in an otherwise
fully dense material. This structural densification confirms the transition
to a solid-state diffusion-limited regime, explaining the steep decline in
reaction rates despite more favorable thermodynamics at this tempera-
ture. The progressive microstructural evolution, particularly evident
between 1100 °C and 1200 °C, directly aligns with TGA findings and
emphasizes the critical role of sintering dynamics in limiting reduction
efficiency at elevated temperatures. Notably, 1150 °C emerges as a
threshold temperature, balancing optimal reduction kinetics with
structural integrity before excessive densification impedes gas transport.
Gas atmosphere composition, particularly the HoO/H> ratio, signif-
icantly influences reduction kinetics alongside temperature. Thermog-
ravimetric experiments at 1000 °C and 1150 °C, using systematically
varied HoO/H, ratios between 0 and 1.2, revealed temperature-specific
mass loss patterns and reaction kinetics (Fig. 4). Two gas-related
mechanisms control the reduction rates: First, Hy concentration at re-
action sites determines collision frequency between Hy molecules and
metal oxides, directly affecting reaction probability. Second, the rate of
Hy0 removal from reaction zones influences local thermodynamic
conditions. Reaction front formation under elevated bulk H,O concen-
trations reduces the HyO diffusion gradient from sample to gas phase.
The resulting Hy0 accumulation at reaction sites decreases local ther-
modynamic driving forces, limiting reaction front penetration depth and
kinetically active sample volume, thus reducing overall reaction rates.
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At 1000 °C, mass loss profiles initially show rapid reduction of Fe;O3
to Fe304 and ZnFe;04 decomposition to ZnO and Fe3O4. For HoO/Hy
ratios up to 0.1, subsequent reduction proceeds with stable rates
throughout the sample volume, indicating chemical reaction control
rather than macropore diffusion limitations. As HoO/H, ratios increase
to 0.4, mass loss rates progressively decrease while maintaining the
achievable reduction degree, suggesting the formation of reaction fronts
with reduced kinetically active volume due to H,O accumulation in the
sample pores. Above HyO/Hj ratios of 0.6, overall mass loss decreases,
indicating thermodynamic limitations that prevent complete FeO to Fe
conversion.

At 1150 °C, the reaction pattern changes fundamentally. After initial
Feo03 and ZnFey04 reduction, a second distinct rate maximum appears
at approximately 90 % relative mass, corresponding to accelerated ZnO
reduction at higher temperatures. The subsequent continuous rate
decrease reflects a shrinking reaction front moving inward from the
sample surface, with reaction kinetics controlled by the decreasing
active surface area. While the final reduction degrees remain the same
for HoO/H, ratios up to 0.6 at both temperatures, the experiment at
H0/Hp = 1.2 at 1150 °C shows decreased mass loss due to thermody-
namic limitations for Fe metallization.

4. Conclusion

This study provides fundamental mechanistic insights into the
temperature-dependent reduction behavior of electric arc furnace dust
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Fig. 4. Effect of gas composition and temperature on EAFD reduction kinetics. (a,d) Gas flow profiles, (b,e) mass evolution over time, (c,f) and mass loss rates over

time at 1000 °C and 1150 °C, respectively.

(EAFD) during hydrogen-based direct reduction. A key contribution is
the identification and mechanistic explanation of a critical temperature
threshold (~1150 °C) that dictates process viability. While kinetics are
significantly enhanced below this threshold (up to five-fold increase
compared to 900 °C), we demonstrate that exceeding it triggers rapid
micropore collapse due to sintering, particularly in FeO-rich regions.
This shifts the process to a diffusion-limited regime, drastically impair-
ing reduction efficiency despite favorable thermodynamics. Further-
more, we elucidated the detrimental, self-limiting role of reaction-
generated H,0, which imposes local thermodynamic barriers and pro-
motes structural degradation via sintering, further constraining the
optimal operating window.

These mechanistic insights directly explain operational challenges
potentially encountered in high-temperature reduction processes and
underscore why precise temperature control is paramount. Establishing
the existence and cause of this upper temperature limit is a critical
contribution for future process design, setting a maximum operating
temperature to maintain structural integrity and high reaction rates.
Identifying these limitations also highlights key areas for future
research, including the impact of EAFD compositional variations, the
potential of structural stabilizers (e.g., CaO) to extend the operating
window, scale-up considerations, and practical temperature control

strategies.

Ultimately, this fundamental understanding of the coupled kinetics,
thermodynamics, and microstructural evolution advances the develop-
ment of hydrogen-based reduction technologies. By defining the critical
parameters and operational boundaries governing EAFD reduction, this
work provides essential knowledge supporting efficient Zn and Fe re-
covery, contributing to steel industry decarbonization efforts and pro-
moting circular resource utilization.
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