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Sustainable Ironmaking Toward a Future Circular Steel
Economy: Exploiting a Critical Oxygen Concentration
for Metallurgical Cu Removal from Scrap-Based Melts

Isnaldi R. Souza Filho,* Alisson K. da Silva, Omer K. Biiyiikuslu, Dierk Raabe,

and Hauke Springer*

A circular steel economy based on recycling scrap is severely hampered by the
increasing accumulation of Cu returning from more and more electrified prod-
ucts, which severely limits processing, application, and safety of steels. As of yet,
no viable strategies for its removal have been developed, and the increasing Cu
contamination can only be diluted with fresh primary iron. This is not only
evoking CO, emissions from conventional reduction processes, but also merely
delays the problem until global demands allow for a circular steel economy.
However, the ongoing transformation toward green steel making may offer
pathways to overcome this complex metallurgical challenge. It is demonstrated
that Cu can be effectively evaporated from Fe—~Cu-O melts—representing Fe ore
mixed with Cu-contaminated steel scrap—during hydrogen plasma-based
smelting reduction. This evaporation is found to be strongly influenced by the Cu
activity determined by the concentration of oxygen in the liquid, with a critical O
concentration of about 22 wt%. Even without the presence of hydrogen, Cu
concentrations can thereby be drastically reduced from 1 to less than 0.1 wit%.
Potentials and challenges for leveraging these fundamental findings on a labo-
ratory scale for future industrial production of green steel are outlined and

1. Introduction

Steel is not only the most important
load-bearing metallic material,"l but it is
also the most recycled material on the globe
(e.g., ~#460 million tons of steel scraps were
recycled in 2020).%* The recycled quanti-
ties already exceed those of all other mate-
rials combined, and fostering this trend
represents a huge leverage to effectively
and instantaneously fight global warm-
ing.[**! The reason for this is that melting
steel scrap in electric arc furnaces (EAFs)
avoids the gargantuan CO, emissions from
conventional blast furnace and oxygen con-
verter production by up to 85%.!° This sce-
nario is in reach and already realized in
industry (i.e., crude steel production via a
scrap-based EAF route), to a fraction of
about 22% of the global market.”
However, an increasing use of mixed steel
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scrap means that impurity elements

intrude and accumulate in the recycled

steel.®'1 Most of these undesired addi-

tions can be removed during metallurgical
processing, for example by partitioning them into the slag.””! This
does not, however, work for copper (Cu), an element that has two
faces: it is a key enabler for sustainability,"***! required for the
electrification of production and transportation (Figure 1a),!'*l
but it is also the most difficult element to remove from molten
steel.’”! Cu increasingly enters and contaminates scrap streams
due to the growing amounts of electrical components (Figure 1b)
and brazed joints in vehicles,****” thus developing into a grand
challenge and serious obstacle in scrap-based green steel mak-
ing.® The difficulty to remove Cu from the molten scrap is
due to its high solubility and thermodynamic stability in liquid
Fe, which requires strategies based on low pressure atmospheres
to induce its preferable evaporation, as its vapor pressure is
higher than that of iron.['®11 Also, Cu is more noble than Fe,
which impedes its conversion into more easily removable com-
pounds such as slag-forming oxides.!"”

The increasing amounts of Cu in steels start to cause serious
and highly detrimental effects on steel manufacturing, applica-
tion and product safety, with the so-called hot shortness—i.e.,
a dramatically reduced ductility at elevated temperature
(>1000 °C)—as the most significant problem (an example of a

© 2024 The Authors. Steel Research International published by Wiley-VCH GmbH
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Figure 1. Current and future trends of the usage of Cu in electric vehicles. Structural problems caused by Cu contamination in steels. a) Current and future
trends of the usage of Cu in electric vehicles. Structural problems caused by Cu contamination in steels; total amount of Cu utilized in electric vehicle (EV)
variants (hybrid and battery electric ones) compared with the corresponding weight of 21 kg found in automobiles of internal combustion engine based on
data from ref. [14]. lllustration of a Cu wire system in a commercial hybrid vehicle based on images from ref. [57]. b) Evolution and projection for 2030 of
the Cu demands from electrical vehicles based on data from ref. [17]. ¢) Surface cracks induced by hot shortness in a Mn-containing steel sheet.
d) Evolution of the quantities of Cu encountered in steel scraps versus the mass of Cu that is tolerable in end-use products. Reproduced under
the terms of the CC-BY license.®®l Copyright 2017, American Chemical Society, https://doi.org/10.1021/acs.est.7b00997.

steel plate compromised by hot shortness is shown in
Figure 1c).” 1t is caused by the formation of a liquid Cu-rich
phase below the surface oxide scale during annealing of cast
slabs, combined with the applied stresses of the hot forming pro-
cesses such as forging or rolling. This severely limits the param-
eter window required for thermomechanical processing, the key
step to transform mechanically inferior cast microstructures into
high-performance structural materials. Together with other often
unwanted effects such as precipitation hardening, the maximum
limit of Cu in almost all commonly used steel grades is less than
0.1 wt%.>!) However, the ever-growing accumulation of Cu in
steel scraps is predicted to surpass by 2050 the concentration of
Cu that is tolerable in end-use products, as shown in Figure 1d.*!
This scenario will not only constrain the global steel recycling,
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but also make the removal of Cu to remain as one of the key
challenges for a circular steel economy.

However, a 100% circular steel economy is not yet possible,
due to the still increasing global demand for steel.'? This means
that feeding fresh Fe into the material flow chain remains nec-
essary.?!I This is the point where hydrogen comes into play, as an
alternative reductant to the current fossil-based iron and steel
making.*>**! We found that the use of hydrogen surprisingly
opens up an excellent opportunity to solve both problems, i.e.,
the contaminant issue explained earlier, to enhance recyclability
in steel making, and the decarburization of the primary sector,
where Fe is currently produced from its ores through carbon-
based reduction.*¥ Hydrogen-based reduction techniques are
at the verge of widespread technical adoption, with solid-state
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direct reduction”>*~*") already proven at industrial scale (e.g.,

through the Circored process'®®) and the emerging hydrogen
plasma reduction (HyPR)?*=* (pilot stage) as the most relevant
processes. The latter is especially interesting from an energy effi-
ciency standpoint,** where Fe ore is molten and reduced in one
step in a modified arc melting furnace under only small partial
pressures of hydrogen (e.g., 10% H,),?>*%** ideally produced
with renewable energy. While investigating the fundamental
reduction reactions over HyPR, it was revealed that almost all
accompanying elements brought in with the ore decrease in con-
centration, resulting in exceptionally pure Fe as the basis for steel
production.??! Interestingly, also a reduction of the Cu content
could be observed, albeit from rather small amounts (about
0.01 wt%) stemming from ore contamination.*”)

The utilization of hydrogen-containing plasmas as a heating
source to evaporate Cu from steels was already reported
for smelting treatments at a low absolute pressure of
1.3 x 10*Pa.P**"! For the same purpose, other protocols also
suggest the use of inert argon plasma treatments at even lower
pressures (0.13 x 10° Pa).*®! While the impact of the pressure on
the Cu removal in molten steels—nearly devoid of oxygen—is
clear, a thorough investigation about the role of the global oxygen
content—specifically ranging from ~30% (Fe,0O;) to 0% (Fe)—as
a trigger for Cu evaporation in Fe-based melts has not yet been
conducted. These observations motivated to investigate the
potential to efficiently remove Cu from any iron or oxide melt,
may it have intruded from the ores or from the scrap, in the con-
text of HyPR, where O is constantly removed from the melt.

We found that Cu can be effectively evaporated from Fe-Cu-O
melts when they reach a critical global oxygen content of ~22 wt%.
This fact motivated us to further investigate and confirm that the
evaporation of Cu from mixtures of Cu-bearing steel scrap
and fresh iron ore—whose global O content is near the critical
one—also occur under inert argon plasma arcs. The Fe-O melt
once purified from Cu (collected from the atmosphere of the reac-
tor) can be processed with a reducing hydrogen plasma to achieve
full conversion into metallic iron. Our approach combines primary
synthesis and recycling; thus, it does rely on feeding fresh iron ore
into the production chains. However, in this approach, the fresh
feedstock is not simply aimed to dilute the undesired Cu (as the
universally accepted solution for Cu contamination in steels), but
rather it serves as an agent to effectively trigger its evaporation,
thus offering also the potential to recover this valuable element
for further use. With this work, we aim at providing scientific-
based findings to help at least delay the projected time when a
circular steel would be significantly hampered by the accumulated
Cu amounts, as shown in Figure 1d.

2. Experimental Section

2.1. Synthesis of Fe-Cu and Fe—~Cu-O Melts Containing
1Twt% Cu

To prepare the binary Fe-Cu and ternary Fe-Cu-O melts, 0.15 g
of Cu flakes (99.98% purity) were respectively mixed with either
15 g of pure iron (99.99 % purity) or 15 g of lab-grade hematite.
The chemical composition of hematite was 28.9 wt% O, 0.10 wt%
Si, 0.09 wt% Mn, 0.087 wt% Al, 0.025 wt% Ca, 0.048 wt% Mg,

steel research int. 2024, 95, 2300785 2300785 (3 of 12)

www.steel-research.de

0.04 wt% Ti, and traces of P, S, Na, K (with Fe as balance).
The resulting composition of Cu in these mixtures was approxi-
mately 1% on a weight basis, i.e., the final composition of the
binary and ternary mixtures was Fe-1%Cu and Fe-1%
Cu—29%0, respectively.

2.2. Synthesis of Fe-Cu-O Melts Containing 22 wt% O

For the synthesis of the Fe-Cu-O melts containing a global oxy-
gen composition of 22 wt%, ~12 g of magnetite (97% purity on a
metal basis) was mixed with 3 g of Fe scraps containing 1 and
Swt% Cu. These mixtures are hereafter named “charge 1”
and “charge 2”, respectively (e.g., in Figure 6). Magnetite was
selected as the oxygen-carrier substance due to its lower tendency
of undergoing thermal decomposition during heating and melt-
ing when compared with hematite (see Figure 4b), thus keeping
the concentration of oxygen inside the melt as constant as possi-
ble around 22 wt% (see Figure 6b). However, when considering
most abundant hematite ore variants, one might also evaluate the
possibility of using an ore/scrap ratio of 2.75/1, thus also provid-
ing a global oxygen content of 22 wt%. This seemed to be of par-
ticular importance in the context of current HyPR pilot reactors
which were mostly charged with hematite and required scraps as
a facilitator agent for arc ignition (due to their higher electrical
conductivity than that of FeO ores).”!

2.3. Processing of Fe-1%Cu and Fe-1%Cu-O Melts with
Hydrogen Plasma

The processing of the mixtures synthesized according to the pro-
tocol described in Section 2.1 was performed in a small-scale
Biihler arc melting furnace equipped with a tungsten electrode
of 6.34 mm diameter. The Fe—-Cu and Fe—Cu—O mixtures were
independently placed on the water-cooled Cu hearth of the fur-
nace, located immediately below the electrode. The furnace
chamber (18L) was flooded with a lean gas mixture of
Ar-10%H, at a total pressure of 0.9 x 10° Pa. Simultaneous
melting and reducing were achieved by igniting a plasma arc
(length of ~20 mm) between the tip of the electrode and the
material at a current of 800 A. Complete melting was achieved
with only 6s of exposure to the plasma. Each sample was sub-
jected to several melting/reducing-solidification cycles, varying
from 1 to 15 ones. Each cycle lasted 1 min in total (i.e., during
one single cycle, the sample was processed under plasma for
1 min). After the completion of each individual cycle, the furnace
chamber was replenished with a fresh gas mixture of Ar-10%H,
to provide adequate stoichiometric reducing atmospheres for the
subsequent cycles. Rapid solidification conditions were imposed
to the samples by the water-cooled Cu hearth once the arc was
turned off.

2.4. Processing with Inert Argon Plasma

The magnetite/scrap samples prepared according to Section 2.2,
and previously referred to as “Fe-Cu-O melts containing 22 wt%
O”, were processed up to 30 min under argon plasma ignited at a
lower current of 400 A, and not 800 A as in the case of the experi-
ments described in Section 2.2. The same arc melting furnace
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described in Section 2.3 was used to conduct the argon plasma-
based processing experiments.

For the corresponding Fe—Cu—O melts with 1wt% Cu and
29wt% O, 15g lab-grade hematite was mixed with 0.15g of
copper flakes (similarly to the procedure described in the
Section 2.1). The mixtures were processed in the same arc
melting furnace under an argon plasma ignited with a current
of 800 A.

2.5. Microstructural and Chemical Characterization

After solidification, the representative Fe—~Cu-O sample reduced
for 5 min (with hydrogen plasma) was cut using a diamond wire.
The corresponding cross section of this sample was metallo-
graphically prepared for high-resolution scanning electron
microscopy (SEM) using a Zeiss Merlin microscope. To elucidate
the local chemical partitioning of solidified sample, complemen-
tary energy-dispersive X-ray spectroscopy was employed at an
accelerating voltage of 15kV.

All solidified Fe-Cu and Fe—Cu-O samples were subjected to
inductively coupled plasma optical emission spectrometry meas-
urements for determination of the corresponding Fe and Cu con-
tents. The oxygen content of the samples was inferred via phase
stoichiometry, determined via Rietveld refinement of the X-ray
diffraction (XRD) data acquired for the unreduced oxide portions
of the Fe—Cu-O samples. For this purpose, these samples were
hammered to magnetically separate their millimeter-sized iron
domains from the oxide ones, as conducted in a preceding
study.””! The latter portions were further crushed and the
particles possessing sizes below 90 pm mesh was probed via
XRD. XRD analysis were conducted using a D8 Advance A25-
X1 diffractometer coupled with a cobalt Ka X-ray source, and
operated at 35kV and 40 mA. Rietveld refinement was per-
formed with the aid of the software Bruker Topas v. 5.0.
Further details are given in a preceding work.””!

2.6. Thermodynamic Simulations

Equilibrium calculations were performed using the ThermoCalc
software together with the TCS Metal Oxide Solutions Database
(TCOX10) for the description of the liquid phases and the SSUB5
SGTE (Scientific Group Thermodata Europe) Substances
Database for the description of the gas phase including metallic
and oxide vapors. The liquid phase is described by a two sublat-
tice model considering the following species: (Fe*",Cu™)p(VA™<,
FeOLS,CuO,O_Z)Q, where charged vacancies and the stoichio-
metric factors P and Q which vary with the composition are intro-
duced to keep electroneutrality.**=**!

3. Results

3.1. Plasma Smelting Experiments

Figure 2a shows a picture of a representative HyPR experiment
conducted in an arc melting furnace filled with a gas mixture of
Ar-10%H, (see Section 2.3). The arrow indicates the turbulent
flow of the molten Fe ore caused by the direct interaction of the
melt with the plasma arc. Such complex stirring events are
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essentially indispensable for adequate mass transport toward
the reaction interface between melt and plasma arc where the
chemical reactions are effectively occurring over HyPR
(Figure 2a), thus allow for the advancement of the process./**]
Figure 2b displays the evolution of the Cu composition of a
binary Fe—1%Cu alloy processed with both inert (Ar) and reduc-
ing (Ar-10%H,) plasma. It shows that the concentration of Cu in
this alloy slightly decreases to 0.6% only after 10 min exposure to
the hydrogen containing plasma variant. Figure 2c depicts the
changes in the O and Cu concentrations of a ternary Fe—-O—-Cu
liquid mixture during argon plasma processing. This material
was produced by mixing hematite (Fe,Os) plus 1% metallic
Cu flakes, that is, its initial composition was ~29 wt% O and
1wt% Cu (Fe as balance). This figure shows that Cu remains
nearly constant around 1wt% over the process (horizontal line
in Figure 1c). The O content decreases to 26 wt% after 1 min
exposure to hydrogen-free Ar plasma, mainly due to thermal
decomposition of the Fe oxide. Figure 2d depicts the chemical
composition changes over HyPR of the same ternary Fe—-O—Cu
mixture composed of hematite plus 1% metallic Cu. In this case,
the Cu concentration remarkably decreases from 1 to 0.1 wt%
along with the reduction of the molten Fe oxide. This indicates
that the presence of oxygen in the melt favors the Cu evaporation
over the course of the hydrogen plasma reduction.

The O, Fe, and Cu losses that occur during reduction of the
Fe—O-Cu-based melt are shown in Figure 2e-g, respectively.
These figures illustrate that the Cu evaporation proceeds in three
distinct regimes (vertical dashed lines). Figure 2g reveals that
~75% of the Cu that is dissolved in the molten material gets evap-
orated within the initial 5min of process, occurring concomi-
tantly with 50% reduction (i.e., 50% O loss, Figure 2e).
Conversely, no appreciable Cu evaporation occurs within the pro-
cess interval between 5 and 10min, where full reduction is
achieved. Most of the remaining Cu is removed by exposing
the fully reduced material to a 10% hydrogen—-argon plasma
(15 min). These observations suggest that the Cu evaporation
is dependent on the O global concentration of the Fe—~O-Cu melt.
The content of Fe maintains nearly unchanged during 1min
reduction and only ~8% of Fe loss occurs with 5 min of exposure
to hydrogen plasma (Figure 2f). In the final stages of the reduc-
tion process, i.e., between 5 and 10 min, we observe an undesired
evaporation of Fe (up to 20%) while no substantial evaporation of
Cu occurs. This observation suggests that there is an optimal
reduction interval where Cu can be removed from the Fe-Cu-O
without losing valuable Fe.

Figure 3a shows the solidified Fe,05-1%Cu mixture after
5 min reduction. The remaining iron oxide domains are found
atop a millimeter-sized iron portion (shiny contrast) which is
located in the bottom of the sample. The region highlighted
as “1” in Figure 3a was further probed via high-resolution
SEM. The microstructure of the oxide portion and the corre-
sponding local chemical partitioning are shown in Figure 3b.
This figure shows a few micron-sized Fe domains entrapped
within wiistite (Fe,O) dendrites due to the fast solidification rates
imposed by the adopted experimental conditions (Section 2.1).
Copper is preferentially partitioned to such Fe domains.
Figure 3c shows a detailed inspection of the interdendritic
regions of the microstructure, particularly the one labeled as
“2” in Figure 3b. Figure 3c shows a metallic submicron-sized
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Figure 2. Experimentally determined chemistry of the Fe—Cu binary and Fe—Cu-O ternary systems exposed to both inert argon and reducing hydrogen-
containing plasmas. a) Picture of the HyPR process. The arrow indicates the turbulent flow of the melt. b) Changes in Cu content of a binary Fe-1%Cu
alloy processed under both inert Ar and reducing Ar—=10%H, plasmas. c¢) Changes in O and Cu contents in a Fe—O—-Cu liquid system originally containing
~29 wt% O and 1 wt% Cu (Fe as balance) over melting with Ar plasma. d) Changes in the global chemical composition of a Fe~29%0-1%Cu system over
exposure to a lean hydrogen plasma (Ar—10% H,). Corresponding individual element losses in terms of ) O, f) Fe, and g) Cu. Cu evaporation occurs in
three distinct regimes during HyPR as indicated by the vertical dashed lines. The arc plasma was ignited at a current of 800 A in all experiments.

Cu particle, suggesting strong local deviations from the equilib-
rium where all Cu is expected to be dissolved either in the iron or
oxide phases.

3.2. Thermodynamic Simulations

The reduction of the Cu-containing molten Fe oxide under equi-
librium conditions was calculated with the aid of thermodynamic
simulations using the software Thermo-Calc in conjunction with
the databases TCOX10 and SSUB5 SGTE (see Section 2.4). For
this purpose, it was set as an initial condition a 10 g oxide liquid
with a chemical composition of 29 wt% O and 1wt% Cu (Fe as
balance), i.e., the composition pertaining to the mixture of Fe,O5
plus metallic Cu that was investigated here. The molten material
was kept at a constant temperature of 1850 °C and increasing
quantities of a gas mixture of Ar-10%H, were added to the sys-
tem. This means that the system is not a closed one and elemen-
tal partitioning is permitted between the liquid and gas phases
during the simulations. The total pressure was 0.9 x 10° Pa. The
temperature of 1850°C was chosen based on the minimal
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interfacial temperature of a hydrogen plasma arc and liquid iron,
as estimated in ref.[37].

Figure 4a shows the changes in the absolute mass (in grams)
of the different constituents, namely, gas and oxide and metallic
liquids as a function of the amount of hydrogen added to the
system (given in grams). Correspondingly, Figure 4b shows
the evolution of the global oxygen of the molten material (grey
curve) together with the reduction degree (golden curve), which
was calculated based on the oxygen loss from the oxide liquid. In
this figure, the horizontal dashed line indicates an oxygen loss of
about 13% (viz., reduction), induced by the thermal decomposi-
tion of Fe,Os; when submitted to the boundary conditions
adopted in the calculations.

Under equilibrium conditions, metallic liquid starts forming
at a reduction degree of 34% which is achieved by exposing the
oxide liquid to about 0.3 g of hydrogen (Figure 4a,b). At this reac-
tion stage, the global O content of the melt is 22.3wit%
(Figure 4b). Further reaction promotes the gradual formation
of the Fe-enriched liquid so that the full conversion is achieved
with ~0.9g of hydrogen. The two vertical dashed lines in
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Figure 3. Microstructural and local chemical characterization of the Fe-Cu-O melt partially reduced with hydrogen plasma. a) Cu-containing Fe,O;
sample reduced for 5 min under a lean hydrogen plasma Ar-10%H,. b) Microstructure of the specimen visualized in the region labeled as “1” in
(a). The corresponding local chemical partitioning is also given in terms of elemental maps for Fe, O, and Cu; c) detail of the interdendritic region
of the sample (labeled as “2” in (b)), revealing the presence of a copper particle with a size of ~1 pm.
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Figure 4. Thermodynamic simulations of the hydrogen-based reduction of a Fe—Cu—O melt at 1850 °C. a) Evolution of the absolute mass of the con-
stituents of the system as a function of the provided hydrogen (in the form of a gas mixture of Ar—=10%H). The vertical dashed lines highlight the
miscibility gap between the oxide and metallic liquids. b) Evolution of the global oxygen content of the Fe~Cu—O melt exposed to deliberative increasing
amounts of hydrogen (grey curve). Corresponding reduction degree calculated based on the oxygen loss of the oxide liquid (golden curve). Evolution of
the Cu content (in grams) in all constituents of the system as a function of c) provided amounts of hydrogen and d) as a function of the global oxygen
content of the system.
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Figure 4a,b highlights the miscibility gaps between oxide and
metallic liquids.

Figure 4c shows the Cu partitioning among the gaseous and
liquid constituents as a function of the increasing quantities of
H, molecules (provided to the system as a gas mixture of Ar-10%
H,) inserted into the system. Cu preferably evaporates from the
oxide liquid in the early stages of reduction so that ~75% of all Cu
contained in the melt is partitioned into the gas before the for-
mation of metallic liquid. For the reduction interval progressing
along the miscibility gap (i.e., the interval delimited by the verti-
cal dashed lines in Figure 4c), there is an apparent stagnation of
Cu evaporation. This means that the remaining Cu dissolved in
the oxide liquid partitions preferably to the metallic melt rather
than evaporating. Further evaporation of Cu only occurs by over-
exposing the fully converted metallic liquid to quantities above
0.9 g H, (Figure 4c). Figure 4d reproduces the findings observed
in Figure 4c as a function of the global oxygen of the melt. This
figure clarifies that the substantial evaporation of Cu (x75%)
occurs for O concentrations of up to 22.3 wt%.

While the results conducted for a temperature of 1850 °C dis-
play a fair agreement with the experimental Cu evaporation
trends documented in Figure 2g, temperature gradients can cer-
tainly exist from the melt zones directly underneath the cathode
toward the side walls of the furnace, that is, we can assume tem-
peratures between 1850 and 2000 °C at the reaction interface,’”
whereas the regions far from the electrodes might be slightly
above the melting point of the Fe and FeO oxides (e.g.,
1650-1700 °C). In fact, typical tapping temperatures commonly
found in industrial arc melting furnaces are close to of
1650 °C."”) To investigate the impact of the temperature on
the preferential evaporation of Cu, and eventual undesired
evaporation of Fe from Fe-Cu—O melts, the thermodynamic cal-
culations displayed in Figure 4 were reproduced for a tempera-
ture range between 1650 and 2000 °C, as shown in Figure 5.

Figure 5a,b show the fractions of Cu and Fe, respectively, par-
titioned to the gas phase over the course of hydrogen-based
reduction of a Fe-29%0-1%Cu melt. For the sake of clarity,
the calculated values are plotted against the global oxygen content
ranging from 27% to 20%. These figures reveal that up to ~50%
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of the total Cu can be removed from the melt at typical tapping
temperatures (1650-1700 °C) while maintaining the losses
associated with Fe at a negligible level (=0.3%). At 1850 °C,
and as experimentally observed in Figure 2f,g, a substantial
Cu evaporation of ~75% is accompanied of a minor Fe loss of
only 2%. At higher temperatures, i.e., at regions immediately
underneath the plasma arc, the evaporation of Cu can be as high
as ~#90%; however, one should consider that the accompanying
evaporation of Fe can increase up to 8%. In all cases, the
maximum evaporation of Cu is reached at about 22wt% O,
immediately preceding the formation of metallic Fe.

These results were obtained under equilibrium conditions and
do not consider the highly reactive hydrogen species existing in a
reducing plasma (e.g., H, H', H*?** and the kinetics-
associated aspects of the experimental process (i.e., mass trans-
portation to the hotter zones existing at the reaction interface,
i.e., melt/plasma interface).*”) However, they present a fair
agreement with the findings obtained experimentally, suggesting
that Cu evaporation over the course of the hydrogen-based reduc-
tion of molten iron ores is thermodynamically feasible.

4. Discussion

The results in Figure 2 suggest that Cu removal is highly depen-
dent on the global O concentration of the molten material. The
simulation results in Figure 4 and 5 also evidence the thermo-
dynamic feasibility of Cu removal from Fe—Cu-O melts, under-
pinning the experimental observations (Figure 2). To Dbetter
understand the corresponding underlying mechanisms, thermo-
dynamic calculations were conducted and the results are shown
in Figure 6. This figure shows the distribution map for the activ-
ity values of Cu in the Fe-Cu-O ternary liquid system. These
values are plotted as a function of the global O and Cu contents
at a fixed temperature of 2000 °C (this temperature was chosen
here to exemplify as close as possible the scenario existing at
regions of the melt existing immediately underneath the cathode,
i.e., at the reaction interface). The map in Figure 6 reveals that
the Cu activity reaches a maximum value at a global O

(®)o.10 —————
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o 1700°C
= 1650°C’
(0]
= 0.05
B
c
S
B
©
8
Fe ~0.3%
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global O content (wt.%)

Figure 5. Thermodynamic simulations of the hydrogen-based reduction of a Fe-Cu-O melt at temperatures ranging from 1650 to 2000 °C. a) Fraction of
the total Cu partitioned into the gas phase. b) Corresponding fractions of the total gas that evaporates by exposing the melt to increasing amounts of a gas
mixture of Ar—10H,. Results are plotted as a function of the global oxygen content of the liquid system.
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Figure 6. Distribution map for the Cu activity in a Fe~O—Cu ternary system. The corresponding values are plotted as function of global oxygen and copper
composition (in wt%) at a fixed temperature of 2000 °C. The metallic liquid at 2000 °C was selected as the reference state for the metallic components and
gaseous oxygen as the reference state for oxygen. The star symbol highlights the maximum Cu activity at a global O content of 22 wt% for a representative

Cu concentration of 1 wt%.

composition near 22 wt% (marked by the star-shaped symbol for
a representative global Cu composition of 1 wt%). At this O con-
centration, the maximum copper evaporation rate was inferred
from the simulations shown in Figure 4d and 5b as well.
These observations suggest that the Cu activity in the liquid solu-
tion, which is strongly affected by the O content, determines its
evaporation, in accordance with the Raoult’s law,*®! modified for
nonideal mixture cases, i.e., the vapor pressure of an element in
the vapor phase is directly proportional to its activity in the
corresponding liquid solution.

The activity a is a convenient representation of the “effective
concentration” of a given component in a mixture and it is related
to the chemical potential y; of the component i through the
relation:*”!

0
Hi=H]

o= e (1)

where 4¢ is the reference chemical potential of the component i,
Ris the gas constant, and T'is the absolute temperature. Since the
chemical potential is given by the partial molar derivative of
the Gibbs energy in function of the amount of this component,
the increase of the Cu activity with the decrease of the O content
in the oxide liquid relates directly to the higher affinity of O with
Fe as compared to Cu. The “effective concentration” of Cu in the
liquid increases with the decrease of the O content (i.e., within
the interval from 30 to ~22wt% global oxygen) because the
change of Gibbs energy related to the formation of Fe—O-based
substructures (e.g., FeOys5) in the liquid is lower than that one
related to the formation of Cu-O-based ones (e.g., Cu,0) in
the same liquid. Therefore, copper is less effectively bonded
inside the ionic liquid and evaporates more easily in the form
of metallic Cu vapor, as O is removed. With further removal
of oxygen and beyond a global O composition of 22 wt%, the for-
mation of metallic liquid proceeds and the interaction between

steel research int. 2024, 95, 2300785 2300785 (8 of 12)

Cu and Fe becomes predominant. Thus, the activity of Cu is
reduced and its evaporation gets more difficult.

The current industrial solution to keep the Cu concentrations
within steels below critical levels relies on diluting with fresh pri-
mary iron. This only delays the problem for future generations
though (Figure 1d), as sooner or later, once global demand
induced by infrastructure development is met, only losses by
for example corrosion and wear would need replenishing.
Such a future circular steel economy, while being extremely
attractive due to the substantial energy savings it allows for,
would be significantly hampered by the Cu concentrations accu-
mulated to this point. Furthermore, a considerable amount of
valuable Cu would become trapped within the global steel value
chain und thereby become unavailable for other products being
critically dependent on it, particularly in sectors highly associated
with electrification (e.g., the electrified transport sector).

It thus becomes clear that it is of enormous importance to
actively utilize the remaining time when the production of fresh
primary iron based on the reduction of ores is still required and
done on a large global scale. Interestingly, the findings docu-
mented in Figure 6 indeed suggest that new opportunities exist
in the framework of an already transforming steel industry.
However, not via the already established secondary production
route of remelting scraps in EAF-based “mini mills”, but rather
to switch streams and use the Cu contaminated steel scrap in the
primary steel production route. As sketched in Figure 7a, the
observed peak of Cu activity in the Fe-Cu-O liquid system
can be exploited to remove Cu from the molten constituents
for clean iron production. The hypothesis is that Fe scraps which
are contaminated with Cu, could be molten in an arc melter
(ensuring reliable ignition), and then subsequently add Fe ore
so that the resulting mixture displays a chemical composition
in terms of O near the critical one (represented in Figure 7a
as a “critical O interval” to consider possible experimental

© 2024 The Authors. Steel Research International published by Wiley-VCH GmbH
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Figure 7. Theoretical scenario to remove Cu from steel scraps during primary iron production in future HyPR reactors or even in modified EAFs.
a) Schematic representation of the plasma-based Cu evaporation route proposed in this work. b) Changes in Fe, Cu, and O contents of a feedstock
composed of Fe ores (magnetite) and a Cu-containing Fe scraps (Fe—1%Cu and Fe—5%Cu, respectively, referred to as charges 1 and 2), both simulta-
neously charged into the same reactor and processed under inert argon plasma. Fraction of elements evaporated over the experiments with c) charge 1

and d) charge 2.

deviations). At this condition, melting the material with an inert
plasma arc (e.g., argon) would enable enhanced evaporation of
Cu without the need for using a reducing hydrogen-containing
plasma (Figure 7a). Once the Cu amount is considerably reduced
to acceptable levels, the inert plasma can be replaced by the mod-
erately reducing one, to transform the oxide liquid into pure iron
(see “reduction step” in Figure 7a), at optimal (low) fractions
levels of the costly green hydrogen.?%>®>!! The reduction step,
however, could also be conducted with another reducing agent
as C-based substances (in the case of conventional ironmaking
routes) or greener ones (e.g., ammonia).

The validation of this hypothesis was performed with a new set
of experiments in which a 15 g liquid Fe—Cu-O system was fab-
ricated by mixing magnetite and Cu-containing Fe scraps
(namely, Fe—19Cu and Fe-5%Cu scraps and respectively named
as “charge 1” and “charge 2” in Figure 7b), see Section 2.2. These
hypothetical scraps, containing Cu amounts beyond those values
observed in scraps processed through shredders and other con-
ventional scrap sorting approaches (0.2-0.4 wt%),? were used
here to showcase the potential of the proposed approach in
extreme cases of contamination. The global O composition of

steel research int. 2024, 95, 2300785 2300785 (9 of 12)

the resulting mixtures was ~22 wt%, which nearly coincides with
the critical one. The global Cu content in the charges 1 and 2 are
0.2 and 1 wt%, respectively. The materials were processed for 10
and 30 min under an inert argon plasma ignited at 400 A under
an absolute pressure of 0.9 x 10° Pa. With 30 min of process, the
concentration of oxygen in the melt slightly decrease to 21%
(charge 1) and 19% (charge 2)—Figure 7b, most likely due to
thermal evaporation. The evaporation of Cu was remarkably
achieved in Dboth melting experiments, as revealed in
Figure 7b—d) that shows the fraction of elements partitioned into
the gas during the melting of charges 1 and 2, respectively.
Figure 7c shows that the absolute Cu loss reaches ~85% for
the charge 1 with a small competing Fe evaporation of only
4%, thus agreeing with the thermodynamic calculations reported
in Figure 4 for the temperature of 1950 °C. Figure 7d also shows
that appreciable #60% of all Cu in charge 2 (which is five times
more enriched in Cu than charge 1) was evaporated after 30 min
melting, thus validating the concept of the proposed method
even in scenarios of extreme high contamination.

To shed light on the thermodynamic possibility of applying
our method in a modified EAF, containing refractory lining

© 2024 The Authors. Steel Research International published by Wiley-VCH GmbH
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chemically resistant against aggressive acidic FeO-based melts**!
and operated under oxidizing atmospheres (i.e., air), we per-
formed a new set of calculations where 10 g of a Fe—~O—Cu melt
displaying 22 wt% O and 1 wt% Cu (Fe as balance) was exposed
to deliberative increasing amounts of air (i.e., 79% N, and 21%
O,) at temperatures ranging from 1650 to 2000 °C and under
atmospheric pressure. The maximum amount of oxygen pro-
vided was 100 g (which corresponds to a total of ~15 moles of
air), representing ~20 melting cycles in our lab-scale furnace
(Section 2.1) or approximately 20min of processing. The
obtained results are shown in Figure 8. This figure revels that,
from a thermodynamic perspective, Cu can also be evaporated at
the critical oxygen composition even under an oxidizing atmo-
sphere. This analysis also reveals that the magnitude of the
Cu evaporation is dependent on the temperature of the system,
with ~80% evaporation in regions possibly existing near the reac-
tion interface (at 2000 °C, Figure 8a) and ~20% occurring in posi-
tions far from the electrodes (1650 °C, Figure 8b). The losses
associated with the absolute masses of Fe can reach a maximum
of 1% at 2000 °C, but it is as negligible as 0.02% at 1650 °C. These
findings might open the path for using Cu-containing scraps in
pilot and future industrial HyPR reactors that require scraps on
top of the charged ore to facilitate the initial ignition of the arc. In
this sense, one might also consider the possibility of evaporating
Cu under air while melting the whole volume charged into the
reactor, allowing for liquefying the system without costly hydro-
gen or other inert gases. Thus, melting and purification of the
melt together with recovery of Cu from the off-gas could occur
in the preceding stages of the hydrogen-plasma reduction of the
Fe-O melt.

Our experimental process model is scaled for a small volume,
therefore, representing only the core of the plasma-based
processes (e.g., HyPR), i.e., the liquid zone directly underneath
the plasma.

Although process time and kinetics are not directly transfer-
able to an industrial scale production, the model can be applied
for studying fundamental metallurgical chemistry of the HyPR,
Ar plasma, and EAF melting routes. The approach as sketched in
Figure 7a does of course still rely on feeding fresh ore into the
chain of production. However, it is now—in this approach—not
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simply used for diluting the undesired Cu, but rather to effec-
tively remove it, thus offering also the potential to extract this
valuable element as a secondary resource for further use. It
thereby not only makes Cu available again for its designated
usage, but also eliminates or at least delays the projected time
when a circular steel would be significantly hampered by the
accumulated Cu amounts. To address the basic theoretical
approach into larger aggregates and charging volumes, technical
challenges (e.g., achieving and maintaining the desired atmo-
sphere) and kinetics aspects must be carefully evaluated. For
instance, when considering the possibility of implementing
the findings of this study in existing EAFs with capacities for
treating a several hundred tons,'*” one should bear in mind
the minute portions of the melt (~1%) that could be actually
heated at 2000 °C in the regions that are immediately exposed
to the plasma. Therefore, mass transportation toward the reac-
tion front (between the melt and arc) is imperative to be main-
tained with appropriate convention of the liquid, induced either
by magnetic stirring and pulsed arcs for example or enhanced by
the geometry of the furnace vessel.** Irrespectively of kinetics
aspects for mass transportation, our thermodynamic calculations
suggest that substantial evaporation of Cu can also occur at tem-
peratures commonly found in EAF (1650 °C), and not only at the
reaction front. Nevertheless, the parallel evaporation of Fe needs
to be considered (Figure 8), as well as the role of graphite as the
electrode material. The scalability also needs to consider the most
suitable refractory linings to preserve inner structures of the arc
melting furnaces against the aggressive arc radiation and
FeO-containing melts.’*! This is especially relevant as existing
EAFs are currently designed to operate with a small fraction
of slags,**i.e., melts with low content of oxygen, differently from
the mixtures utilized in our laboratory scale experiments.
Similarly important are technological solutions to capture the
evaporated Cu. Iron ores are also accompanied of minor fractions
of gangue-related intruding tramp elements such as sulfur, phos-
phorus, and others, elements that might be detrimental to the
properties of the produced steel. Therefore, the purification of
such elements should also be considered in the process either
via their preferential evaporation, by exploiting the fact that most
of gangue oxides existing in iron ores have higher vapor pressure
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Figure 8. Equilibrium between a Fe-1%Cu-22%0 melt and different amounts of oxygen present in air at temperatures varying from 1650 to 2000 °C.
a) Fractions of the total Cu partitioned into the gas phase as a function of the provided oxygen at 2000 °C. b) Corresponding fractions of Fe evaporated.
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than that of iron and its oxides;**! or via the deliberative addition
of slag forming compounds to adjust the chemistry of the bath
and permit mass partitioning of undesired elements into the slag
portion® while simultaneously maintaining the global oxygen
content around the critical one to enhance Cu evaporation.
Only by addressing these aspects in large scales, a suitable energy
balance can be properly evaluated, thus helping the process oper-
ate at optimized energy consumption. These observations
together with the scientific findings reported here aim at support-
ing the development of the next generation of green steel reactors
currently found in pilot-plant scale.>®

5. Conclusion

The increasing Cu contamination in steel scraps, especially com-
ing from electrical components of vehicles, represents a huge
challenge to steel recycling and is projected to impede a future
circular steel economy. Removing Cu from Fe-based melts is
hampered by thermodynamic constrains, and Cu in recycled
steel acts detrimental to its integrity during thermomechanical
processing (hot shortness). Here, we provide results that offer
a new perspective for removing Cu from Fe-Cu—O melts using
arc melting furnaces, by using the contaminated scrap-based
material in the primary production of iron as long as it is still
required on a huge global scale until a circular steel economy
is viable. We found that the evaporation of Cu from Fe-Cu-O
melts is highly dependent on its O concentration. The maximum
removal of Cu via evaporation occurs at the critical O composi-
tion of 22 wt%, where the activity of Cu in the molten Fe-Cu-O
mixture is maximized. These findings suggest that we can charge
Cu-containing steel scraps together with iron ores in a plasma
reactor so that the final global O composition lies around the crit-
ical one. By melting this mixture with an inert plasma or under
an oxidizing atmosphere, the evaporation of Cu is favored and
the purified resulting Fe-O melt could be readily used for a sub-
sequent reduction step using hydrogen or circular carbon-based
substances as reducing agents. Before the implementation of the
proposed method into industrial reactors, technical aspects
should be considered, including solutions for collection of Cu
from the gas phase, adoption of adequate slag-forming com-
pounds, and suitable refractory linings. Mass transport toward
the reaction interface is mandatory to be achieved through liquid
convention, either induced by the transferred arcs themselves
or enhanced by magnetic stirring. By implementing all of
these items, energy balance monitoring can be appropriately
employed. With this work, we aim to provide scientific-based evi-
dences to open the possibility of combining recycling, purifica-
tion, and iron manufacturing in one single reactor for future
green and clean steel production, while simultaneously collecting
valuable Cu for secondary use—and not simply diluting it in steel
products.
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