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Abstract
Metallurgical waste streams contain minor yet significant contents of valuable and scarce elements which are commonly 
lost due to their low concentrations. The necessity of developing efficient recycling methods of these chemically diverse 
material systems is constantly gaining both public and technological attention since resource demands of high-technology 
elements are expected to rise drastically in the future. A novel approach to recover diluted elements from slags is the concept 
of Engineered Artificial Minerals (EnAM) which aims at entrapping target elements in separable crystalline phases. In this 
study, slag synthesis through flame spray pyrolysis (FSP) and characterization experiments are combined with theoretical 
density functional theory (DFT) calculations to identify potential EnAM for Co recovery. Upon validating the viability of 
stoichiometric slag synthesis and the DFT framework, it is shown that the actual occurrence of flame-synthesized phases can 
be predicted considering their computed enthalpy of formation. The thus-defined compositional space, which is spanned by 
potentially forming slag compounds, is employed to identify promising additives for EnAM formation. Systematic analysis 
of the additive effect on crystallization revealed that Co crystallizes in a Fe–Mg-Co–O cubic spinel, making this phase a 
good EnAM candidate.
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Introduction

It has been projected that the demand for cobalt will increase 
by up to 1500% to realize carbon neutral technologies in the 
European Union by 2050 [1]. Keeping its importance for the 
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green energy future in mind, cobalt has been classified as a 
critical raw material due to its inhomogeneous geological 
occurrence. The development of robust and efficient recy-
cling technologies up to the establishment of circular value 
chains for critical raw materials, especially for high-tech-
nology elements such as cobalt, is of great socio-ecological 
interest and marks an important step towards sustainable 
resource handling [2].

Metallurgical slags are a known secondary source for val-
uable elements and have been gaining significant attention 
regarding recyclability [3–7]. Copper slags, often referred to 
as fayalitic slags, are a Fe-rich metallurgical waste generated 
as a by-product during smelting, converting and refining of 
copper ore. Along with conventionally applied fluxes in met-
allurgical processes, their predominating chemistry is com-
prised of the system FeO–SiO2–CaO–MgO–Al2O3. However, 
the composition of copper slags is much more diverse depend-
ing on various factors such as the ore used, the processing 
history of the slag and added slag modifiers to favorably tune 
its properties. For example, basic oxides such as CaO and 
MgO are added to control the melting temperatures [8] and 
the viscosity of the molten slag [9]. Hence, a vast number of 
additional elements may be found in copper slags such as Ni, 
Zn, Mn, Ti, S, Na, K, Pb, Sn, and Cr as well as minor contents 
of valuable Mo, Co, and residual Cu from the metallurgical 
extraction. Considering Co, its content reportedly varies from 
as low as 0.043 wt% [10] to as much as 4.09 wt% [7].

Current slag recycling techniques comprise flotation meth-
ods as well as multi-stage pyrometallurgical and hydrometal-
lurgical approaches [5]. However, hydrometallurgical methods 
consume significant amounts of hazardous chemicals such as 
acidic agents, thus, posing challenges to waste handling [11]. 
Similarly, pyrometallurgical processes are prone to the release 
of hazardous by-products such as off-gases and volatile metal 
compounds [12]. Further challenges associated with pyromet-
allurgical processing stem from metals with high oxygen affin-
ity (e.g., Li) which migrate to the slag inhibiting their efficient 
recovery [13]. It has been suggested that recovery of valuable 
elements from slags can be achieved by modifying and con-
trolling the slag mineralogy. In that scope, the slag composi-
tion, its thermal history, and atmosphere during processing 
need to be controlled to engineer the microstructure of a slag 
system [14]. The recovery approach foresees the enrichment 
of a target element in a crystalline phase through favorably 
tuning the slag composition and controlling the thermal slag 
processing. This target crystalline phase differs in composition 
and properties from the surrounding slag matrix comprised of 
other phases which can be either crystalline or amorphous. A 
crystalline phase rich in a valuable target element, i.e., Co, is 
referred to as engineered artificial mineral (EnAM) and can 
originate from (near) equilibrium and out-of-equilibrium slag 
processing conditions, i.e., during slag cooling. Slow cooling 
is associated with the formation of thermodynamically stable 

phases near the system’s equilibrium. Rapid cooling may 
restrict the crystallization kinetics of the slag system favor-
ing the formation of meta-stable crystalline phases. Recovery 
of the target elements as a secondary raw material becomes 
feasible after separating the EnAM from the slag matrix with 
established methods such as crushing and grinding followed 
by flotation. Recent studies focused on the recovery of Li from 
the Li2O–MgO–Al2O3–SiO2–CaO–MnO slag system using 
the EnAM processing route. It was found that Li forms crys-
talline aluminates and manganates making both the Li–Al–O 
and Li–Mn–O systems promising EnAM candidates [15]. In 
fact, the EnAM potential of the LiAlO2 phase was demon-
strated in flotation experiments with high recovery rates [16]. 
Further EnAM identification was conducted in the fayalitic 
Fe–Si–Al–Ca–O slag system arising from pyrometallurgical 
treatment of waste from electrical and electronic equipment 
(WEEE) for the recovery of Ta. Here, Ta could be enriched in 
various ternary and quaternary perovskite structures contain-
ing Fe, Si, and Ca [17].

However, the crystalline phases that form in the slag hav-
ing the target element Co as a crystal component, i.e., an 
EnAM, are yet unknown. Due to the elemental complexity 
of the metallurgical system, a vast number of crystalline 
phases may form within the slag. The space spanned by all 
possible crystalline phases, both stable and meta-stable, 
including the unknown EnAMs make up the compositional 
space of the slag system. It is hypothesized that incorporat-
ing additives in the slag triggers formation of EnAMs rich 
in the target element through winning the thermodynamic 
battle over other competing phases. This approach requires 
a comprehensive understanding of the crystallization pattern 
in a given slag and the influence of additives.

The present study aims at investigating the crystalliza-
tion and the influence of additives in model fayalitic slags 
synthesized via flame spray pyrolysis (FSP). The experi-
mental analyses are guided by predictions from ab initio 
thermodynamics computed using the framework of density 
functional theory (DFT) with the goal of identifying prom-
ising additives for EnAM formation to recover Co. FSP is 
a highly efficient method to synthesize multicomponent 
metal oxides with homogeneously distributed elements on 
the length scale of few nanometers. It is further capable to 
produce binary and multicomponent metal oxides such as 
spinels and perovskites [18]. Consequently, slag synthesis 
with FSP represents a generic approach to obtain varying 
model compositions with freely selectable additives mimick-
ing real-world slag systems and, thus, allowing for the explo-
ration of the slag’s compositional space. It is further possible 
to computationally determine the formation enthalpies of a 
large number of relevant phases using DFT and to obtain a 
detailed picture which phases are most likely to form within 
the compositional space enabling the identification of phases 
that can be exploited as potential EnAMs.
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Methods

The presented work for the identification of EnAM phases 
combines theoretical investigations comprising database 
screening and density functional theory calculations with 
experimental material analytics of model slags synthesized 
with flame spray pyrolysis. A schematic representation of 
the research process is provided in Fig. 1 in the Supplemen-
tary Material as guidance for the applied methodology.

Database Screening

In the context of this study, the compositional space is 
defined with all the possible stable crystalline phases made 
of the major elements of the slag, and any other possible 
element that can be incorporated as additive that promotes 
EnAM formation. The search for such crystals was con-
ducted in the Inorganic Crystal Structure Database (ICSD) 
[19]. An initial screening for Co-containing phases resulted 
1044 entries for ternary oxides and 2752 entries. This vast 
number of experimentally reported phases was narrowed 
down for potential EnAM candidates by taking the follow-
ing aspects into account. All crystalline phases containing 
(i) hazardous (e.g., Ni, Pb) or (ii) radioactive (e.g., U) ele-
ments were excluded from further consideration to ensure 
work safety and slag synthesizability. Further, (iii) crystals 
with highly expensive (e.g., Au, Ir) or (iv) scarce elements 
(e.g., Ce, Nd) as well as phases containing elements with 
(vi) liquid (Br, Hg) or gaseous (e.g., F, Cl) aggregate state 
at ambient conditions are considered irrelevant for this study 
because they cannot be handled easily as slag additives. The 
maximum number of external elements in the crystals was 
also restricted to two during the database search to avoid 
further complexity. This initial screening provided a pool 
of potential additives and associated Co-containing crystal-
line oxide phases, as shown schematically in Fig. 1, with (1) 
one or more elements from the slag components and (2) one 
external element that can be added to the slag. In addition 
to Co-containing crystals, other possible crystalline phases 
without Co, i.e., the ternary, quaternary oxides of the slag 
constituents, were also included in the pool. In order to iden-
tify potential EnAM candidates, it is crucial to understand 
which crystals from the pool are more likely to form in the 
multicomponent model slag.

Density Functional Theory (DFT) Calculations

As a useful indicator of the driving force for the formation of 
EnAM phases, their enthalpy of formation ( ΔHf  ) computed 
at the level of DFT is considered [20, 21]. With respect 
to other empirical approaches at base of thermochemical 

databases, this approach is able to capture subtle electronic-
structure effects such as magnetic ordering or Jahn–Teller 
distortions that may dictate the stability of transition-metal 
oxides. For this study, the calculations were conducted using 
the open-source code Quantum ESPRESSO (QE) [22, 23]. 
The pseudopotentials were taken from the SSSP PBEsol Pre-
cision v1.2.0 library [24, 25]. The energy cutoffs were cho-
sen as prescribed in the aforementioned library, e.g., 90 Ry 
for all the Co-containing phases. Electronic self-interaction 
error, especially for transition metals, is a well-known issue 
in DFT, which is addressed with Hubbard-like corrections 
referred as DFT + U [26]. The ‘U’ parameter, wherever nec-
essary, was calculated using the self-consistent (first-prin-
ciples) route as implemented in the QE package [27–29].

The known ground state magnetic ordering was incor-
porated in the initial structures of phases. Two issues have 
been pointed out frequently in the literature related to the 
calculation of the ΔHf  from the corresponding elemental 
phases. Firstly, the ‘U’ correction is only applied for the 
oxide phases, e.g., CoO, and not for elemental metal phases. 
Secondly, the over estimation of the binding energy of O2 
molecules by DFT has to be corrected for [30]. Both of these 
issues are known to produce systematic errors in the calcula-
tion of ΔHf . To address these inadequacies, corrections were 
implemented in the calculations, as prescribed by Jain et al. 
[31] and Wang et al. [32].
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Fig. 1   Approach of ICSD database screening for crystalline Co-
containing oxide phases: (1) crystalline phases containing Co and 
slag constituents, (2) crystalline phases containing Co and additives, 
(3) crystalline phases containing Co as well as slag constituents and 
additives, (4) crystalline phases containing slag constituents and addi-
tives. Regions (1), (2), and (3) comprise the targeted EnAM used for 
Co recovery
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Flame Spray Pyrolysis (FSP)

Conventionally, flame spray pyrolysis is used to synthesize 
highly crystalline functional nanoparticles [18, 33]. In this 
study, the FSP route is adapted to synthesize model slag 
samples in the form of metal oxide nanoparticles allowing 
for a freely engineerable chemical composition of the slag 
systems. Due to steep temperature gradients and associated 
high cooling rates in FSP [34], the potential formation of 

amorphous, meta-stable, and stable crystalline phases within 
the slag systems can be assessed. A schematic of the FSP 
reactor according to Mädler et al. [35] and the nanoparticle 
formation process is shown in Fig. 2.

During FSP slag synthesis, a liquid precursor solution 
was fed through a capillary at a constant feed rate (5 mL/
min) and dispersed under a pressure drop of 1.5 bar with 
oxygen gas (Westfalen, purity 5.0) using a Tethis nozzle 
[35]. The spray was combusted in a self-sustaining flame 
which was stabilized by a surrounding pilot flame fed with 
constant gas low rates of 1.5 L/min and 3.2 L/min of meth-
ane (Westfalen, purity 3.5) and oxygen (Westfalen, purity 
5.0), respectively. Nanoparticles were separated downstream 
from the gas phase and collected using a glass fiber filter 
(Whatman, GD/F, ø 257 mm). The nanoparticle filter cake 
was removed and sieved (125 µm) to separate remaining 
filter fibers from the nanoparticle agglomerates.

For a precise control of the elemental contents in the slag 
samples, single metal–organic precursors (cf. Table 1) were 
first prepared at a metal ion concentration of 0.5 mol/L for 
each slag element using xylene (VWR) as organic solvent. 
Subsequently, a multi-metal organic precursor was mixed 
using high precision pipetes (Eppendorf research® plus 
0.5–5 mL, 0.01% inaccuracy at 5 mL setting) to obtain nomi-
nal element ratios in the model slag samples as shown in 
Fig. 3. A total precursor volume of 100 mL was chosen for 
the slag samples to ensure a maximum particle yield during 
synthesis. Since single element precursors were prepared at 
the same molar concentration and a total precursor volume 
of 100 mL was used in the FSP for the nanoparticle slag 
synthesis, the elemental atomic fractions depicted in Fig. 3 
are equivalent to the individual elemental precursor volumes 
in the respective liquid precursor solutions.

The experimental methodology is based on a pre-
engineered fayalitic model slag system which arises from 
a profound literature review [3–7]. It represents a com-
positional average of reported real slag systems which 
vary in their geo-position, processing history, and feed-
stock material. Hence, the chemical slag diversity was 
broken down to a constant concentration ratio of five 

Fig. 2   Schematic reactor set-up of the flame spray pyrolysis includ-
ing the particle synthesis route in the gas phase. Upon dispersion of 
the liquid precursor, nanoparticles nucleate, grow, and agglomerate 
(physically bind to each other) or aggregate (chemically bind to each 
other) in the gas phase

Table 1   Specifications 
of metal organics used to 
prepare precursors of 0.5 M 
concentration for FSP synthesis

Element Precursor Provider LOT number Concentra-
tion (mol/L)

Fe Ferrocene Sigma Aldrich STBK8528 0.5
Si Tetraethylorthosilicate Sigma Aldrich BCBM1319V 0.5
Al Al-tri-sec-butoxide Sigma Aldrich MKCD3129 0.5
Ca Ca naphthenate Strem Chemicals L00182105 0.5
Mg Mg naphthenate Strem Chemicals 20981200 0.5
Co Co naphthenate Strem Chemicals L01982107 0.5
P Triethylphosphate Sigma Aldrich MKBQ0206V 0.5
Ti Ti(IV) isopropoxide Sigma Aldrich BCCB4674 0.5
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main metal slag elements (Fe, Si, Ca, Mg, and Al) being 
cFe ∶ cSi ∶ cCa ∶ cAl ∶ cMg = 7.5 ∶ 7.5 ∶ 2 ∶ 2 ∶ 1 = const. in all 
slag samples. The baseline for the experimental additive 
screening was a reference slag system (cf. Figure 3a) which 
contained an additional content of 5 at.% Co in the FSP 
precursor solution while maintaining the beforementioned 
concentration ratio of the main slag elements. To investigate 
the additive effects on the slag crystallization, the reference 
slag was further enriched with single additives (Fe, Ca, Mg, 
Al, B, Ti, P) having nominal concentrations of 10 at.% and 
30 at.% in the FSP precursor as illustrated in Fig. 3b and c 
and keeping the nominal Co concentration of 5 at.%.

The choice of the additives was based on the analysis of 
the DFT calculations. To investigate the crystallization of 
isomorphous phases during FSP, a fourth slag system (cf. 
Figure 3d) was sprayed which possessed a lowered nominal 
Si content of 10 at.%, 5 at.% of Co and the same elemental 
ratio of the remaining base slag elements.

Single-phase nanoparticles (CoFe2O4, CoAl2O4, 
MgCo2O4, MgFe2O4, MgAl2O4, FeAl2O4) were synthe-
sized with a respective stoichiometric metalorganic precur-
sor solution of 60 mL and used to validate the combined 
approach with the previously described theoretical DFT 
framework.

X‑Ray Diffraction (XRD)

A Bruker Discover D8 diffractometer in Bragg–Brentano 
geometry equipped with a monochromatic Cu-Kα radiation 
source (λ = 1.5406 Å) and a Bruker LynxEye XE-T linear 
detector (192 channels) was used to analyze the crystal-
lographic structure of the slag nanoparticles. All samples 
were measured from 5° to 100° 2θ diffraction angle with an 
angle increment of 0.051°, an integration time of 7.5 s per 
angle increment, and a beam-opening angle of 0.26°. All 
samples were deposited on a single-crystal silicon wafer to 
ensure a minimal signal of the substrate. The analyses and 
Rietveld refinements were carried out using the Software 
BRASS (Version 2.4.0). Crystallographic structure models 
were collected from the Inorganic Crystal Structure Data-
base (ICSD).

Scanning Electron Microscopy with Energy 
Dispersive X‑Ray Spectroscopy (SEM/EDX)

Bulk chemical compositions of the as-sprayed slag parti-
cles were obtained from EDX measurements. Particles were 
deposited on a carbon sticker and sputtered with gold to 
increase electrical conductivity of the metal oxide nano-
particles. The measurements were performed with a Zeiss 
SUPRA® 40 SEM system equipped with a Bruker XFlash® 
6–30 detector under high vacuum (residual pressure of 
10–5 mbar) and suitable magnifications.

Fig. 3   Nominal ratios of slag metal ions in precursor solution for FSP 
slag synthesis: a model slag system, b reference slag system contain-
ing 5 at.% Co, c model slag system including 5 at.% Co and 10 at.% 
of additive, d model slag system containing 5 at.% Co and 30 at.% of 
additive
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Scanning Transmission Electron Microscopy (STEM)

A Thermo Fisher Spectra 30/300 probe-corrected STEM 
(Thermo Fisher Scientific Inc., USA) equipped with a 
SuperX EDX detector and a high-angle annular dark field 
(HAADF) detector operated at 300  kV was employed 
to characterize the spatial elemental distribution at the 
nanoscale and examine the nano-crystallinity in the slag 
samples. EDX data were analyzed and visualized with the 
Thermo Fisher Velox software. Fourier filtering for deter-
mining the crystal lattice distances was performed with the 
open-source software ImageJ. For the measurements, the 
as-prepared nanoparticles were dispersed in pure ethanol 
(Sigma Aldrich, purity ≥ 99.5%) followed by ultrasonifica-
tion of 3 min to break up physical bonding between single 
nanoparticle aggregates. Two drops of liquid were deposited 
onto an amorphous carbon Ni grid and dried.

Results and Discussion

Validation of Stoichiometric Slag Synthesis and DFT 
Framework

In order to investigate the compositional effect on the crys-
tallization of the slag system, a precise and engineerable slag 
chemistry has to be ensured. It is a well-known challenge in 
gas-phase synthesis that very volatile elements may be lost 
in the gas phase rather than taking part in the particle forma-
tion process. The phenomena applies, for example, to sulfur 
which tends to form gaseous SOx as a reaction product in the 
conventionally oxygen-rich flame environment [33] due to 
its low electronegativity compared to oxygen [36]. Hence, 

the need to validate the compositional engineerability of 
multi-elemental oxides produced in the FSP process arises.

The left graph in Fig. 4 compares the measured elemental 
concentrations of the slag nanoparticles with the nominal 
concentrations shown in Fig. 3. The visualized precursor 
calculations only take the non-oxygen elements into account 
since O2 is added to the slag composition through the oxida-
tion reactions in the gas phase. Therefore, the oxygen content 
is subtracted from the actual compositions and the elemental 
fractions are renormalized to allow for a comparison with 
the liquid precursor stoichiometry. The as-measured com-
positions are provided in the Supplementary Material. Data 
points having an error bar represent an average of obtained 
atomic concentrations across multiple samples (cf. Figure 2) 
with the same respective elemental content. The error bar is 
the “1σ” standard deviation. The comparison of measured 
and expected concentrations reveals that a stoichiometric 
nanoparticle synthesis is feasible with up to seven differ-
ent precursor elements in a single-flame spray process. The 
elemental diversity comprises earth alkali metals (Mg, Ca), 
transition metals (Co, Fe, Ti), metals (Al), as well as non-
metallic elements (P). Further, the engineerability of ele-
ment contents ranges from concentrations as low as 3 at.% 
to roughly 55 at.%. Despite different mixtures of single metal 
precursors with varying concentrations, precise reproduc-
ibility of the slag composition through FSP synthesis is 
ensured as the statistical deviation of the elemental contents 
is negligibly small. The composition analysis of single nano-
particle aggregates through EDX in STEM measurements 
(Fig. 3 right) confirmed the results of the bulk EDX in SEM 
measurements. Aggregate compositions are in good agree-
ment with the expected values which implicates a homo-
geneous elemental distribution across the nanoparticles. It 

20 nm

Fig. 4   Chemical compositions of flame-sprayed slag samples measured with EDX: bulk measurements in SEM (left) and representative 
nanoscale measurement for reference slag in TEM compared with desired composition (right)
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further allows for representative analyses by considering 
only single aggregates (cf. STEM insert in Fig. 3).

Homogeneous, solid nanoparticles as shown in Fig. 4 are 
produced by gas-phase nucleation, growth through sintering 
and coalescence and final aggregation which is referred to as 
the gas-to-particle route. Suitable precursor solutions exhibit 
generally low boiling temperatures, high vapor pressures 
(high volatilities) and high combustion enthalpy densities 
resulting in high flame temperatures. [18, 37]

The precursors used in this study possess similar boiling 
points and vapor pressures; thus, they maintain these favora-
ble physiochemical properties in the FSP precursor mixtures 
(cf. Table 2). Xylene as the solvent of choice provides a 
self-sustaining high temperature flame, having a combus-
tion enthalpy of − 4550 kJ/mol [38]. Further, it was stated 
in the literature that volatile carboxylates (R–COO−) in the 
precursor solution or in the spray droplets favor the gas-to-
particle conversion [39]. In the present study, naphthenates 
in mineral spirits are used as precursors bearing the favora-
ble deprotonated carboxy group.

Besides suitable precursor properties, it has been pro-
posed that the driving mechanism for the formation of 
homogeneous nanoparticles in a spray flame is the occur-
rence of micro-explosions of the precursor droplets with 
instantaneous release of metal ions and mass transfer to the 
gas phase [40]. One main requirement is the possibility of 
precursor decomposition over a wide temperature range, 
which is ensured by low precursor boiling points [41]. Meas-
urements of temperature profiles in the FSP process revealed 
residual temperatures above 600 K at 20 cm above the dis-
persion nozzle, which still exceeds the boiling points of the 
used precursors [34]. Therefore, it is assumed that process 
conditions during slag synthesis favored droplet disruptions 
and, thus, the observed chemical homogeneity, as investi-
gated elsewhere [42–44].

Overall, the measurements exhibit fluctuations in single 
concentrations well below 5 at.%. Consequently, model slags 

with reproducible composition can be obtained through the 
FSP process with suitable precursor-solvent mixtures.

Experimental values of formation enthalpies ΔHf  are 
readily available for binary oxides [45]. In order to validate 
the computational method employed in this study, the com-
puted values of ΔHf  of binary oxides are reported in Fig. 5. 
The phases of interest are the binary oxides of the model 
slag metals, namely Al2O3, MgO, SiO2, CaO, FeO, Fe2O3, 
Fe3O4, CoO, and Co3O4. Without the corrections mentioned 
in the previous section, the values of ΔHf  deviate from the 
experimental reports significantly. It is also noticeable that 
the deviations are more profound for the oxides of Fe and 
Co (the top five) compared to the oxides of Al, Mg, Si, and 
Ca. This can be attributed to the self-interaction errors in 
standard DFT for transition-metal oxides, as discussed ear-
lier. However, when the proper corrections were incorpo-
rated, the values become in very good agreement with the 

Table 2   Physical properties of 
metal–organic precursors (data 
retrieved from corresponding 
safety data sheets)

Naphthenates are provided as mixtures of carboxylic acids with mineral spirits. Therefore, physical proper-
ties are unavailable. In replacement for the scope of the discussion, physical properties of 1-dodecene (con-
stituent in diesel fuel) are provided for the marked (*) precursors

Precursor Flame point (°C) Boiling point (°C) Vapor pressure Melting point

Ferrocene No data 249  < 0.1 hPa (40 °C) 172 °C
Tetraethylorthosilicate 45 168  < 1 hPa (20 °C) − 82.5 °C
Al-tri-sec-butoxide 26 200–206 23 hPa (195 °C) No data
Ca naphthenate* 79* 214–216* 0.22 hPa (20 °C)* − 10 °C (1 bar)*
Mg naphthenate* 79* 214–216* 0.22 hPa (20 °C)* − 10 °C (1 bar)*
Co naphthenate* 79* 214–216* 0.22 hPa (20 °C)* − 10 °C (1 bar)*
Triethylphosphate 130C 215 0.51 hPa (25 °C) − 56.4 °C
Ti(IV) isopropoxide 41 232 133 hPa (63 °C) 14–17 °C
Xylene (solvent) 25 136–140 5–10 hPa (20 °C) − 34 °C

Fig. 5   Comparison of experimentally reported formation enthalpies 
ΔH

exp

f
 from [45] with computed formation enthalpies ΔHcomp

f
 of the 

slag binary oxide components
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experiments. These corrections were, therefore, applied to 
all the ternary and quaternary oxides considered further in 
this study.

Prediction of Crystalline Phases from FSP Through 
DFT Calculations

The values of ΔHf  computed with DFT represent the ther-
modynamic driving forces to form the respective oxide 
phases at 0 K. Predicting the free energies of formation 
at high temperature is possible but computationally much 
more demanding, because expensive calculations of the 
phonon dispersion are required to quantify the entropic 
contributions. However, simple and quick estimates of 
ΔHf  do already provide a first indication whether a mixed 
oxide phase may be more stable than the parent binary 
compounds, and may, thus, be able to form in FSP experi-
ments. Figure 6 reports the computed ΔHf  of six-mixed 
spinel phases containing Co, Fe, Mg, and Al together 
with their parent compounds plotted against the at.% of 
the elements. Stable phases should lie below the linear 
combination of the energies of the separated parent com-
pounds, forming a convex hull [46, 47]. The calculations 
predict that CoFe2O4 and FeAl2O4 are stable, MgCo2O4 

is unstable, whereas CoAl2O4, MgFe2O4, and MgAl2O4 
are either slightly favored or as stable as a combination of 
the parent compounds. Due to the approximate character 
of the computational predictions, it shall be noted that 
differences smaller than about 0.05 eV/atom are insig-
nificant [47–50]. In particular, it needs to be verified with 
care if the predicted stable phases form in the kinetically-
driven FSP process with high cooling rates in the order 
of 106–107 Ks−1 as estimated from experimentally deter-
mined gas velocities reaching up to 200 ms−1 and tempera-
ture gradients of 200–300 Kcm−1 [34].

In order to validate the formation of the predicted spinel 
phases, precursors of the metal elements at their respec-
tive stoichiometry were mixed and employed in the FSP 
process. Figure 7 shows the X-ray diffraction patterns of 
the pure phase samples. Formation of pure cubic Fd3m 
(a) CoFe2O4 (crystallite size (16.6 ± 1) nm) and (f) FeAl2O4 
(crystallite size (7.4 ± 0.1) nm) spinel phases nicely con-
firmed the theoretical prediction. The experiments also 
showed the preferential formation of (b) CoAl2O4 (crys-
tallite size (12.8 ± 0.7) nm) and (d) MgAl2O4 (crystallite 
size (9.5 ± 0.4) nm). In case of (d) Mg–Fe–O, additional 
intensity peaks indicate the presence of the crystalline cubic 
MgO phase along with the MgFe2O4 compound (crystallite 
size (6.2 ± 0.1) nm), in line with the calculation of a zero 
enthalpy of reaction (Fig. 6e). In case of Mg–Co–O, where 
MgCo2O4 is predicted to be unstable, the peaks observed 
in XRD in fact reveal the formation of a crystalline cubic 
Fm3m solid solution of (Co, Mg)O rather than the spinel. 
The Rietveld refinement (Fig. 7c) resulted in a calculated 
lattice parameter aexp = 4.243 Å which is in accordance with 
the expected value of atheo = 4.248 Å obtained from Vegard’s 
law assuming that CoO (ICSD collection Code 9865) and 
MgO (ISCD collection code 9863) form a solid solution with 
the molar ratio cCo:cMg = 2:1. Considering the ionic radii of 
Mg2+ and Co2+ in the sixfold coordination in their pure iso-
morphous oxides, Goldschmidt’s rule for the formation of 
solid solution by ion substitution holds [51]. However, to 
form a spinel phase with Mg, the Co ion would need to be in 
an oxidation state higher than its preferred + 2 state (cf. Sup-
plementary Material). In general, MgO is a very common 
phase in FSP synthesis because, unlike other earth alkali 
metals (e.g., Sr), Mg tends not to react with the residual 
carbon in the flame to form a carbonate [39].

These combined results (Figs. 6 and 7) show that DFT 
calculations of ΔHf  are good indicators for the actual for-
mation of a specific phase in the FSP process, at least for 
reaction enthalpies lower than about − 0.1 eV per atom. 
All of these phases, in particular the spinels, have been 
produced in FSP with different precursors and process 
parameters [39, 52–55], making the stability prediction 
largely independent of the precursor systems and the pre-
cise process conditions.

Fig. 6   Stability assessment considering the ΔHf  of isomorphous spi-
nel phases and their parent binary oxides
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Definition of Compositional Space and Additive 
Screening

In the context of this study, the compositional space con-
sists of all possible oxides (crystalline phases) of all the 
elements that belong to the slag system and the potential 
additives which may contribute to the crystallization of 
a Co-containing EnAM. The search for potential EnAM 
in such vast compositional space was narrowed down by 
the initial screening method described earlier. The consid-
ered crystalline phases are classified as the binary oxides, 
spinels, olivines, pyroxenes, perovskites, and all other 
phases grouped as “other.” As shown in Fig. 8, they are 
mapped with respect to their ΔHf  as a function of Co at.%. 
Among the binary oxides, CaO, SiO2, Al2O3, and MgO 
reside around the energetic bottom of the phase space, 
indicating higher likelihood of formation compared to 

the binary oxides of Fe and Co having relatively larger 
absolute values of ΔHf  (over 1.5 eV/atom). Going forward 
to the ternary and quaternary phases, it is also crucial to 
consider the phases without Co. In the sub-space of the 
CaO-SiO2-Al2O3-MgO (CSAM) system, a large number 
of phases are possible, which evidently reside around the 
energetic bottom of the compositional space. To demon-
strate this, some well-known phases (e.g., CaMgSi2O6 (1), 
Ca2SiO4 (2), etc.) are shown in Fig. 8 and highlighted in 
the inset. Upon inclusion of Fe, further possible phases 
appear in the space such as Fe2SiO4 (3) and MgFe2O4 (4), 
naturally residing between the binary oxides of Fe and Mg/
Si. In fact, in industrial fayalite slags, these diopside and 
fayalite phases are known to form within the amorphous 
matrix [5]. After adding the recovery element Co to the 
pool, the phases within the slag composition with lowest 

Fig. 7   XRD patterns and 
Rietveld refinements revealing 
expected structural crystallinity 
of as-sprayed single phases as 
predicted by DFT calculations: 
a CoFe2O4 (ICSD collection 
code 29630), b CoAl2O4 (ICSD 
collection code 78402), c (Co, 
Mg)O (ISCD collection code 
9865), d MgAl2O4 (ICSD col-
lection code 13861), e MgFe2O4 
(ICSD collection code 24767), 
and MgO (ICSD collection code 
9863), f FeAl2O4 (ICSD collec-
tion code 40093)
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ΔHf  are identified as CoAl2O4 (5), MgCoSi2O6 (6) and 
CaCoSiO6 (7), whereas CoFe2O4 (8) appears relatively 
high in the compositional space.

In search for external additives that can potentially pro-
mote formation of EnAM, the Co-containing phases hav-
ing ΔHf  below − 2.0 eV/atom and at least 18 at.% of Co 
are considered. It was found that among the pool, ACoO3 
(A = Ti, Y, Sm, Ho, La) has ΔHf  in the range of -2.6 to 
-2.65 eV/atom with 20 at.% Co. Therefore, Ti was consid-
ered as a potential additive in subsequent experiments to 

investigate its effect on slag crystallization. Further, Fe, Mg, 
Ca, Al, and P are considered as additives through increasing 
their content in the model slag during the FSP synthesis. 
Given the fast cooling rates of FSP synthesis, the objective 
at this point is to investigate whether the phases with lowest 
ΔHf  actually form in the process to gain knowledge about 
the crystallization behavior of the chemically diverse slag 
system.

The effect of additives on the slag crystalliza-
tion is assessed by means of X-ray diffraction (XRD) 

Fig. 8   Formation energy values in the compositional space of the 
considered slag system obtained through DFT calculations. The ΔHf  
as a function of the atomic Co content in the corresponding phases 
is considered to identify potential Co-containing EnAM phases and 
respective additives. Numbered data points correspond to the dis-

cussed crystalline phases. The structure formulas are generalized 
according to the cations present in the respective crystallographic 
groups with M being a metal cation and T being the Si+4 cation as 
considered in this work

Fig. 9   Effect of additives on as-
sprayed slag crystallinity. The 
normalized XRD data of the 
reference sample (blue line) are 
subtracted from the sample data 
resulting in the shown XRD 
difference plots (black lines). 
The elemental atomic fractions 
indicate the nominal additive 
amount in the FSP precursor 
(cf. Figure 2)
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measurements, as shown in Fig. 9. All data are normalized 
with respect to their respective diffraction intensity maxima 
prior to analysis to account for, e.g., aging effects of the dif-
fractometer X-ray source on the results. Here, sample 1 with-
out any nominal elemental addition in the FSP precursor is 
taken as a reference sample (cf. Figure 3a) and subsequently 
subtracted from the sample data to highlight the effect of the 
respective additive. Positive values of the XRD difference 
plots indicate an intensity increase for the specific 2θ angle 
and vice versa.

The reference diffractograms reveal a crystalline-amor-
phous structure in virtue of distinct, yet broad intensity peaks 
and the characteristic convex halo between 20° and 40°. The 
marked intensity peaks exclusively indicate the presence of a 
cubic spinel-structure ( Fd3m ), with peaks solely belonging 
to other crystal groups absent. Consequently, the formation 
of spinels is preferred over olivines or pyroxenes, despite the 
significantly lower ΔHf  of the latter, which indicates that the 
crystallization of the system is influenced by the FSP process 
kinetics. Due to the chemical complexity of the system, it 
is likely that this crystalline structure comprises more than 
one phase. However, owing to extensive peak broadening 
caused by nanosized crystals, precise identification of the 
phase composition is limited by examining XRD alone.

Increasing the content of a slag constituent or adding a 
new element to the system leads to two principal observa-
tions. Firstly, increasing an elemental content may suppress 
crystallization of the slag nanoparticles during synthesis. 
This effect is caused by Ca and P, where in the latter case, 
the sample is fully amorphous at a nominal P concentration 
of 30 at.% in the precursor solution. In the corresponding 
difference plots, the measured intensities notably decrease 
only in correspondence of the peaks in the reference meas-
urement, indicating an amorphization with or without the 
crystallization of further phases. Both observations are in 
line with experimentally reported findings. From a tech-
nological point of view, crystallization of an EnAM using 
phosphorus as an additive would be beneficial because it is 

considered a major contaminant in metal production and, 
hence, it is confined to the slag phase during dephosphoriza-
tion [56]. However, given its effect of suppressing crystal-
lization, P can be neglected as future slag additive, whereas 
it is in fact used as an additive in glass production [57]. 
Further, it was found that increasing the amount of Ca as 
an additive promotes the formation of a glassy phase in the 
FeOx–SiO2–CaO model slag system. However, having the 
slag produced under reducing conditions, the main crystal-
line phase is fayalite (Fe2SiO4) which, upon adding CaO, 
is co-existing with hedenbergite CaFeSi2O6. [8] Both sili-
cates have been found in fayalitic slag microstructures along 
with other complex oxides such as spinels (e.g., MgAl2O4, 
FeAl2O4), olivines (e.g., Mg2SiO4, CaFeSiO4), and pyrox-
enes (e.g., FeCaSi2O6) [5]. Hence, the defined compositional 
space provides an accurate summary of crystalline phases 
observed in real slag systems.

Secondly, an additive may promote the crystallization of 
a different or new phase compared to the reference sample. 
The investigated additives Fe, Al, Ti, and Mg reveal three 
different influences. Upon adding Fe, the peak diffraction 
intensities increase at the locations of the reference measure-
ment and overall crystallinity is improved. Adding Al and 
Ti leads to peak shifts towards greater diffractions angles. 
Adding Mg results in two distinct intensity rises around 2θ 
angles of 43.40° and 63.15°. These observations can be put 
into a broader perspective by looking at the elemental map-
pings of a primary particle shown in Fig. 10.

The structure analysis in Fig. 9 showed that the crystal-
lization of isomorphous cubic spinel phases is predominant. 
Considering the extensive peak broadening, the identifica-
tion of phases represents a challenging task without knowl-
edge on which elements actually contribute to crystalliza-
tion. Therefore, the reference sample is analyzed with EDX 
in HRTEM measurements (Fig. 10). The elemental map-
pings displaying the individual net count intensities reveal 
a heterogeneous distribution of the slag elements within a 
primary nanoparticle. The spatial distribution of Fe strongly 

Fig. 10   HAADF image and EDX elemental mappings revealing a heterogenous element distribution within the primary nanoparticles and nano-
crystallinity
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correlates with Co and Mg, whereas all three elements are 
embedded in a matrix of Si. Al and Ca seem to be enriched 
at the interface between the Si-rich and the Fe–Co–Mg-rich 
regions, and O is distributed homogenously across the exam-
ined primary particle. Notably, the Fe–Co–Mg-rich region 
is characterized by nano-crystallinity, as shown in the right 
STEM image. Further, no crystal fringes are observed in 
the Si-rich region, indicating the presence of an amorphous 
matrix. This matches with the XRD data which indicate both 
crystalline and amorphous material fractions. It is, therefore, 
concluded that the observed peaks in the previously dis-
cussed XRD measurements correspond to one or more spinel 
phases containing at least the elements Fe, Co, Mg, and O.

As discussed initially, slag nanoparticles were produced 
through the gas-to-particle route. For this particle forma-
tion mechanism, phase segregation has been observed in 
FSP synthesis when spraying Si and Fe precursor mixtures, 
which resulted in precipitated Fe2O3 within a SiO2 shell 
[58], similar to the elemental distribution shown in Fig. 10. 
The particle configuration arises due to limited phase misci-
bility or solid-state reactions, creating a diffusion barrier at 
the phase interface [18]. In case of the investigated slag sam-
ple, the encapsulated crystalline phase consists of Fe, Co, 
and Mg, which indicates good miscibility of these elements 
during particle formation. According to Goldschmidt’s rule, 
formation of solid solutions between the spinels Mg fer-
rite and Co ferrite is likely to occur, as investigated in [59]. 
Elsewhere, the effect of adding FeOx to the CSAM system 
was investigated [60]. Here, FeOx acted as a nucleant for 
crystallization of the pyroxene diopside (CaMgSi2O6). The 
enrichment of Ca and Al at the encapsulation layer may indi-
cate the formation of an oxide layer as proposed in [18]. 
Reconsidering the above-mentioned additive effects on slag 
crystallinity, the observed peak shifts (Al, Ti) may be attrib-
uted to improved miscibility with the segregated crystalline 
core phase when respective element contents are increased. 
The rise of peak intensities when adding Fe and Mg under-
lines that these elements crystallize already in the reference 
sample as the diffraction peak locations still coincidence 
with the reference measurement.

The experimental findings, together with the defined 
compositional space (cf. Figure 8), provide a comprehen-
sive insight in the crystallization of the investigated slag 
systems. Rather than crystallizing as the CoAl2O4 phase, Al 
mingles in the sub-space of the CSAM because the compet-
ing phases possess even lower ΔHf  than the Co aluminate. 
Instead, Co ferrite is forming in a solid solution with Mg 
ferrite. However, this picture might alter to some extent with 
different synthesis conditions, e.g., cooling rates, as they 
greatly impact slag crystallization [5].

The formation of spinel phases is thermodynamically 
favorable and readily obtained in the FSP process. To sup-
port the findings from the XRD and EDX/STEM analyses, 

a new slag sample with a significantly decreased Si con-
tent is synthesized to minimize the amount of amorphous 
phases (cf. Figure 3d). Figure 11 compares the XRD pattern 
of this Si-depleted slag with the patterns of the single phases 
CoFe2O4 and MgFe2O4. It is apparent that the diffractograms 
of either pure phases match the slag sample data reason-
ably well in the examined 2θ range. As assumed earlier, 
this observation indicates that more than one isomorphous 
spinel phase is crystallizing and potentially forming a solid 
solution. Secondly, decreasing the silicon content leaves the 
crystallization behavior of the system unaffected and solely 
decreases the content of the amorphous matrix around the 
crystalline nanoparticles. Considering the findings above, 
it is concluded that the Fe-Co-Mg-O system is a potential 
candidate for an EnAM aiming at Co recovery from fayalitic 
slags, especially the spinel phase CoFe2O4.

Conclusion

An approach to investigate the crystallization of a fayalitic 
model slag within the scope of Co recycling through EnAMs 
was introduced. The approach consists of slag synthesis and 
characterization experiments supported by ab initio DFT cal-
culations of ΔHf  values. It was demonstrated that model 
slags can be produced with freely engineerable composi-
tions with FSP synthesis. Through appropriate precursor 
design, the gas-to-particle formation route ensures chemi-
cally homogeneous metal oxide nanoparticle aggregates of 
up to eight different elements. Calculated ΔHf  values are 
used to predict the thermodynamic stabilities of phases that 
can be gas phase synthesized as validated by XRD measure-
ments and the Rietveld refinements. From a comprehensive 

Fig. 11   XRD data of as-sprayed slag with decreased Si content. The 
comparison with the single-phase data indicates the crystallization of 
isomorphous CoFe2O4 and MgFe2O4
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theoretical exploration of the compositional space of the slag 
system and subsequent slag characterization experiments, 
it is concluded that Co forms a solid-solution spinel in the 
Fe–Mg–Co–O system, owing to the elemental miscibility 
under the out-of-equilibrium conditions during FSP synthe-
sis. Based on the experimental and theoretical findings, a 
reasonable prerequisite for Co recycling through engineer-
able crystallization seems to be a minimum of Fe content in 
the slag. Future investigations will look into the melting and 
recrystallization of the model slags under controlled cooling 
rates in order to confirm the EnAM character of the here-
identified (Co,Mg)Fe2O4. Despite being synthesized in the 
gas phase, melting and thermal processing will ensure the 
comparability of the physical and mineralogical properties 
of the model slags with real metallurgical systems. The work 
will include the quantification of smelting and cooling con-
ditions to obtain EnAM crystals with sufficient sizes and Co 
loading, thus, making them suitable for downstream libera-
tion from the slag matrix.
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