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Abstract

Pyrometallurgical treatment based on carbothermal reduction enables an efficient recy-
cling approach for phosphorus-containing basic oxygen furnace slag. This would allow
the recovery of iron and chromium as well as critical raw materials by the classification
of the European Commission, manganese, and the non-metal phosphorus, in a specifically
designed reactor concept. In addition, the remaining oxidic components could be utilised
as a secondary raw material in the cement industry. The difficulty in the carbothermal
reduction of oxidic phosphorus compounds is that highly reactive gaseous phosphorus
is inevitably formed. Therein the main challenge represents the avoidance of undesirable
phosphide formation, as molten metal and gaseous phosphorus exhibit high chemical ac-
tivity. In basic oxygen furnace slag, the quantity of transition metals can be determined in
the following order: iron first, followed by manganese and chromium. However, during
carbothermal reduction, all transition metals tend to form phosphide species. To investi-
gate this behaviour, basic oxygen furnace slag modified with quartz sand and a synthetic
replica were carbothermally reduced at 1873 K and the obtained metal phase was sub-
sequently analysed for the presence of phosphides. Additionally, a synthetical produced
phosphorus-rich slag from a hypothetical process route is comparatively investigated. The
experimental results have shown that phosphorus during carbothermal reduction of basic
oxygen furnace slag has a high chemical affinity to all transition metals present in the
slag, resulting in the formation of mixed phosphide species. A deeper understanding about
the mechanism of phosphide formation during carbothermal reduction of basic oxygen
furnace slag facilitate the definition of parameters for an enhanced dephosphorisation rate
and an improved metal quality.
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Introduction

In 2022, the annual report of the World Steel Association published that 1885 Mio. t of crude
steel was produced globally, whereby the European Union (EU-27) accounts for just about
136.3 Mio. t. From that, 56.3% can be attributed to the fossil-fuel-based blast furnace-basic
oxygen furnace route. On the other hand, the remaining share of 43.7% is accumulating
from the scrap-based electric arc furnace route [1, 2]. During the production of crude steel
significant quantities of by-products such as slag, dust, sludge, and gases are generated,
with the former accounting for 90% of the total solid accumulated mass. Within the domi-
nating steel production route approximately 125 kg/t of crude steel can be allocated to the
basic oxygen furnace [3, 4]. In iron- and steelmaking, slags generally fulfil vital functions
during the whole production line, as during the dephosphorisation step in a basic oxygen
furnace, the basic oxygen furnace slag (BOFS) takes up detrimental or undesirable chemi-
cal compounds. Considerable amounts of phosphorus (P), but also sulphur (S), manganese
(Mn) and silicon (Si) enter the slag during oxygen blowing [5]. The elemental composition
of BOFS from the Austrian steel producer voestalpine Stahl Linz GmbH shows that besides
typical main slag components like CaO, SiO, and MgO high amounts of P,0Os (0.8-1.5
wt%) are detected. Furthermore, valuable transition metal contents of Fe (18.7-29.0 wt%)
as FeO or metallic Fe and Mn in the form of MnO (4.5-6.8 wt%) are also proved. A process-
related high basicity B, defined in Eq. 1 is required for an efficient dephosphorisation in the
basic oxygen furnace. For instance, values of B,> 2.9 from BOFS of voestalpine Stahl Linz
GmbH are stated [6]. In the following work, the type of bracket used in Equations describes
the phase in which the component is present. Square brackets [] denote the metal phase,
round brackets () the slag phase and curved brackets { } the gas phase.

By — (C’.aO) wt% )
(Si0,) wt%

In general, the basic oxygen furnace slag underly a global volatility regarding its chemical
composition due to varying quantity and quality of charged input materials such as ore,
scrap, and additives to the basic oxygen furnace process. Hence, combined with economic
and legal aspects, countries following different approaches for basic oxygen furnace slag
recycling, reuse, or landfilling. Up to now, industrial applications for BOFS are mentioned
as fertilizer, soil stabilisation, as aggregate in concrete, in Portland cement-based materials
and in road construction. More recently, it was also considered as filter medium for heavy
metals in wastewater treatment [7]. In 2021, 12.5 Mio. t steel slag is accumulated in Europe,
whereof 1.3 Mio. t was stored for interim purpose and additional 1.7 Mio. t was deposited.
64% of the remaining 9.5 Mio. t steel slag was reused in road construction, 14.1% for metal-
lurgical use, 11.4% for cement and concrete addition, 4.6% as fertilizer, and 4.5% in hydrau-
lic engineering [8]. Countries like Japan, Germany, and France even achieve a reusability
rate of close to 100%. In contrast, other countries like China are struggling with the enor-
mous quantities of produced steelmaking slag [9]. The past reuse of BOFS in Austria was
realised as an aggregate for concrete or asphalt, as a secondary raw material in the cement
industry as well as track ballast and armour stones. In addition, small quantities are fed back
into the steel industry itself as iron and calcium carrier [10]. However, volume instability and
low reactivity poses challenges for the reuse as Portland-cement like materials [7, 9]. State
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of research for promising large-scale future applications are stated in fuel development, CO,
capture and as aggregate and/or binder in alkali-activated materials. For the latter, the low
reactivity of BOFS as for its use in Portland cement are stated as main issues [7]. Geopoly-
mers, especially alkali-activated materials are generally recognised as a potential alternative
to cement-like materials, particularly in the transformation to a more sustainable construc-
tion industry [11]. The implementation of industrial residues, like fly ash, granulated blast
furnace slag, as well as fayalitic slags, and combinations of fayalitic slags with ferronickel-
slags as potential alkali-activated materials were demonstrated [12—14]. However, the direct
use of BOFS leads to the fact, that P and recoverable valuable transition metals such as Fe,
Mn, and Cr are lost and thus remain unutilised. Therefore, the Chair of Thermal Processing
Technology at Montanuniversitit Leoben has developed an efficient recycling approach,
suitable for meeting the challenges posed by the pyrometallurgical treatment of input mate-
rials rich in Fe and P. The RecoPhos process, originally designed for the treatment of sew-
age sludge ash [15], was later applied for the valorisation of BOFS. The core part of the
RecoPhos process is the so-called InduRed reactor (see Fig. 1a), which is an inductively
heated packed bed reactor filled with graphite cubes (see Fig. 1b) as susceptor material. It
provides ideal conditions for the removal of P through the gas phase by simultaneously sup-
pressing the formation of undesired metal-phosphides [16—-18].

Eddy currents are induced by applying an alternating high-frequency magnetic field to
the bulk material, which heats up according to Joule’s law. Because of the skin effect, heat is
provided where it is needed for proceeding chemical reactions - directly beneath the graph-
ite cube’s surface. The temperature profile can be adjusted by three single-winding, water-
cooled copper coils, which are arranged at different height levels around the reactor. The
material to be treated, BOFS chemically modified with correction substances, is fed at the
top of the reactor. By contact with the hot bulk, it is converted into a molten film, whereby
the energy supply for sensible and latent heat is provided by the first coil. In the central
part of the reactor, the so-called reaction zone, the temperature profile is set to reach 1873
K enabling endothermic direct reduction reactions within the molten material. In this case,
transition metal oxides such as oxidic Fe-, Mn-, and Cr-compounds are reduced carbother-
mally by the presence of carbon (C) according to the Richardson-Ellingham diagram at dif-
ferent temperatures. Therein, the reduction with carbon of FeO is controlled at temperature
levels around 1025 K, for Cr,05 at 1493 K and MnO at 1683 K. However, this applies to
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Fig. 1 InduRed reactor, own representation see [16]- (a) design and schematic structure (b) simplified
illustration of chosen reactions taking place on a graphite cube within the reaction zone
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pure components with a sufficiently high CO/CO, ratio [19]. To control the consumption
of the reducing agent, sufficient amount of powdery C is added to the input mixture, as
the graphite cubes should not be consumed during operation [16—18]. Via the endothermic
Boudouard reaction (see Eq. 2), an oversupply of carbon keeps the CO, partial pressure low,
shifting the equilibrium at temperatures of about 1200 K totally to CO [20].

C +{C0,} = 2{CO} @)

A high CO/CO, ratio and a low oxygen partial pressure promote the chemical reduction by
carbon. Nevertheless, carbothermal reduction reactions are complex mechanisms, whereby
carbide formation is mentioned as intermediate products in the reduction of pure Fe-, Mn-
and Cr-oxides. For instance, the formation of iron carbide as cementite (Fe;C) during the
indirect reduction of iron ore pellets was investigated at different temperatures, gas com-
positions, exposure times and material compositions. Therein, the highest cementite con-
tents in the reduced pellets are determined under a CO/H, atmosphere at 1123 K [21]. No
cementite formation is mentioned by isothermal carbothermic reduction experiments, which
were supported by X-ray diffraction measurements of hematite-graphite composite pellets.
Here, the ordinary reaction course from Fe,O; to Fe takes place [22]. However, the way of
reduction from hematite to metallic iron occurs commonly via direct or indirect reduction
reactions expressed by Eqs. 3 and 4. During the reduction of hematite (Fe,O;) first magne-
tite (Fe;0,) followed by wiistite (FeO) are formed as oxidic intermediates.

(Fe203) + 3{CO} = 2[Fe] + 3{CO2} “

In the Cr-C diagram, Cr,;Cq, Cr;C5, and Cr;C, are stated as representative Cr-carbides [23].
By the examination of the carbothermal reduction of Cr,0;, the formation of intermediate
products as Cr-carbides has been identified. Therefore, a sequence of two main mechanisms
can be described: CO/CO, mass transport, followed by the reaction between formed Cr;C,
with Cr,0j; resulting in metallic Cr. In general, the amount of carbon present in the mixture
and the rate of mass transfer from the carbon to the oxide particles determine the occurrence
of Cr-carbide species mentioned above [24]. Equations 5 and 6 show a simplified represen-
tation of the reaction pathway from oxidic to metallic Cr.

(Cr,05) + C = 2[Cr] + 3{CO} )

(Cr,03) + 3{CO} = 2[Cr] + 3{CO,} (6)

By isothermal reduction of C-Cr,05-pellets under Ar-gas atmosphere in an induction furnace
unit, a coating of a Cr-carbide layer on carbon particles was observed. Therein the diffusion
of CO and CO, through this layer is characterised as the rate-limiting step. The reaction
path of produced CO proceeds by the formation of carbides, which in turn react with Cr,04
again, forming CO,. The latter either reacts with C forming CO by the Boudouard reaction
or reacts with Cr-carbides again to form other carbidespecies or metallic Cr respectively.
Hereby, formed carbides serve as reducing agents to reduce chromium oxide to metallic
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chromium, where temperature and reaction time influence the origination of these species
[25]. The same complex processes of indirect and direct reduction reactions with carbide
formation are valid for MnO reduction, whereby carbides like Mn,C;, and Mn,;C, can be
identified. Between 1000 and 1300 °C the carbothermal reduction mechanism of MnO, with
graphite was tested [26]. Carbothermal Mn-reduction of a powdery mixture of MnO-C-was
also studied by different gas compositions of argon, helium and hydrogen and different ratios
between MnO/C. As well known, atmospheric conditions and temperature strongly influence
the reduction kinetics in the chemical system. Yet, the ratio of MnO/C but not the gas atmo-
sphere influences the composition of formed phases, for instance, Mn;C; and Mn,;C, during
the reduction process [27]. For different Mn-oxides, the Gibbs energy for reduction reactions
is given for a wide range of temperatures. In addition, the reduction of Fe-carbide and the
formation of Mn,C; is stated [28]. As for Fe or Cr, a simplified reaction of carbothermal
reduction for Mn-oxide is given in Eqs. 7 and 8.

(MnO)+C S [Mn] + {CO} (7

(MnO) + {CO} = [Mn] + {CO5} ®)

It is assumed that along the above-postulated chemical pathways, the transition metal oxides
are reduced in the slag phase within the reaction zone of the InduRed reactor forming an
alloy of Fe, Mn and Cr that agglomerates into spherical metallic droplets. The composition
of the remaining slag phase is altered, which in turn influences its physical properties. The
originating alloy takes up C and separates from the slag phase due to differences in density
[16].

In addition, parallel to the metallic, reduction of oxidic phosphorus compounds occurs
in the chemical system. In the case of BOFS, apatite as tricalcium diphosphate Ca;(PO,),,
abbreviated as C;P is present. As P is a non-metal, its reduction behaviour differs from that
of Fe-, Mn-, and Cr-compounds. By the carbothermal reduction of C;P highly reactive gas-
eous P is formed according to Eqs. 9 and 10. Herein, the involvement of sufficient SiO, is
essential resulting in the formation of a calcium-silicate CaO-SiO, [20].

2 (Cas (POy),) + 6(5i0,) + 10C S 6(CaSiOs) +2{P,} + 10{CO} 9)

2(Cay(PO,),) + 10C S 6(Ca0) + 2{Py} + 10{CO} (10)

Thermodynamic calculations concerning the Gibbs energy in HSC Chemistry for Egs. 9
and 10 reveal that direct reduction of C;P by the involvement of silicon dioxide is favoured,
shifting the chemical equilibrium towards lower temperatures from 1750 K for Eq. 10 to
1473 K for Eq. 9. Besides that, the spontaneity of direct C;P reduction is higher than that of
its indirect reduction with CO [29]. Regarding the state of phosphorus as a function of tem-
perature, it was found that monoatomic phosphorus P(g) requires temperatures beyond 2273
K. At lower temperatures, molecular phosphorus P,(g) is stable until 1533 K. Below this
temperature phosphorus emerges increasingly as P,(g), which becomes the predominant
compound below 973 K. Finally phosphorus condenses to a liquid at 552 K, also contain-
ing P,-molecules [30]. Thus, it can be concluded that P,(g) occurs in the reaction zone after
carbothermal reduction of C;P. Finally, by contact with the alloy, it further dissolves which
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leads to the formation of undesirable metal phosphides [16]. According to the literature, the
reactivity of P is well known, whereby phosphide formation reactions for a wide variety of
elements from the periodic table are summarised based on thermodynamics [30]. A simpli-
fied schematic overview of reactions on a graphite cube surface within the interior of the
InduReds reaction zone is shown in Fig. 1b. The InduRed reactor concept enables an effi-
cient recycling of the BOFS, within a complex multicomponent system, to utilise transition
metals and phosphorus effectively.

Alongside phosphate rock in 2014, phosphorus has also been defined as a critical raw
material by the European Commission since 2017. In addition, manganese is one of the six
new critical raw materials included in the list for 2023 [31-33]. By assuming an annual
BOFS accumulation of 10 Mio. t within the EU-27, a theoretical potential of valuable recy-
clable materials can be drawn. This results in an annual recoverable transition metal content
of 1.87-2.9 Mio. t for Fe, 0.35-0.55 Mio. t for Mn and approximately 50.000 t for Cr. Fur-
thermore, between 80.000 and 150.000 t of P,O5 could be obtained, whereby the EU-27 is
currently heavily dependent on rock phosphate imports [34]. The steel industry, especially
the blast furnace-basic oxygen furnace route emits large amounts of emissions, resulting
in around 2 t of CO,/t crude steel produced. In contrast, by using for instance one metric
tonne of scrap CO, emissions can be diminished by 1.54 t [35]. Therefore, steel compa-
nies are facing major future challenges owing to societal, environmental, and legislative
aspects, which forces steel production to take transformative steps. Aside from massive
cuts in greenhouse gas emissions, a responsibly use of primary raw materials becoming
an increasing crucial topic. Furthermore, a declining share of high-quality iron ores can be
expected for the future. In a review, the processing of seven different low-grade iron ores
and secondary raw-materials by mineral processing, metal extraction, metal recovery, and
matrix valorisation were discussed as typical examples for Europe [36]. In 2021, already
680 Mio. t of steel were recycled on a global scale, avoiding over one billion tonnes of CO,
[37]. Additionally, the recycling of BOFS via carbothermal reduction could make a further
saving of primary raw materials, and further reduces the CO, footprint in steel industry.

By defining an alternative processing route for the recycling of BOFS, the aim was to
produce a slag that was comparatively low in iron but enriched with chromium, manganese,
and phosphorus, which would ultimately be fed into the InduRed reactor. In contrast to Mn
and Cr, Fe was attracted more importance in the undesired phosphide formation mechanism.
However, experimental results expose lower phosphorus gasification rates of synthetically
produced slag from the alternative process route compared to common modified BOFS.
This in turn led to the question if Mn and Cr are also involved in the phosphide formation
mechanism during carbothermal reduction of BOFS [16]. In addition, thermodynamic cal-
culations were carried out with the slag composition of the alternative process route using
FactSage™ [38§].

Materials and Methods

Practical experiments with industrial BOFS modified with quartz sand, a replica of a syn-
thetically produced slag sample and a synthetic sample, representing the slag from the
alternative production route (SAPRS) are used as input mixtures for standard carbothermal
reduction experiments. Afterward, the metal fraction obtained is investigated for formed
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phosphide species, focusing not only on the reduction and phosphide formation of Fe but
also on Mn and Cr. For this purpose, industrial BOFS (iBOFS) with a grain size of 0.5 mm
was mixed with quartz sand to adjust the basicity to B,= 1.0, getting into the typical chemi-
cal range for granulated blast furnace slag [39]. Furthermore, quartz sand-modified iBOFS
(iIBOFSm) was reproduced by a synthesized slag replica (sBOFS). Additionally, SAPRS
with a basicity of B,= 1.5 and sSBOFS were produced by mixing chemicals in powdery form
(purity >97 wt.%). As main oxidic components CaCO; as CaO source, SiO,, MgO, and
Al,05 were used. Moreover, apatite as a phosphorus source in the form of Ca;(PO,), was
added, while transition metal oxides such as Fe;0,, MnO,, and Cr,05 were applied.

Table 1 shows the chemical composition of iBOFS, which was analysed using induc-
tively coupled plasma—optical emission spectroscopy (ICP-OES). Moreover, theoretical
determinations via calculation of the chemical composition of the synthetic slag samples
are given. Additionally, the basicity B, is listed, whereby the CaO-content bound in C;P
must be included in the calculation. For iBOFS minor amounts of components such as MnS
(1.18 wt.%), Na,O (0.04 wt.%), K,O (0.10 wt.%), and TiO, (0.16 wt.%) were measured and
summarised in the table as “Others”. The values of main oxides for iBOFSm were normal-
ized to 100%.

Subsequently, slag samples iBOFSm, sSBOFS and sAPRS were produced by an upstream
melting step in an Al,O5-crucible. Due to the higher bulk density of the iBOFS the crucible
dimension is 55 mm in inner diameter and 90 mm in height for iBOFSm. To adjust B, high
purity quartz sand was mixed with the iBOFS to gain iBOFSm by melting. For slag samples,
sBOFS and sAPRS powdery high-purity chemicals are mixed in an Al,O;crucible with an
inner diameter of 90 mm and a height of 144 mm - larger crucibles had to be used due to the
lower density of powdery chemicals. In the next step, the crucibles with 250 g of input mate-
rial iIBOFSm, 310 g of sBOFS and 284 g of sAPRS were heated up with a constant heating
rate of 200 K/h and a holding time of 30 min at 1550 °C in an oxidic atmosphere. The dif-
ferences in the initial masses result from the different content of CaCO;, which decomposes
at sufficiently high temperatures (starts at 1153 K)) with the release of CO, [40]. Finally, the
slag samples were cooled down to 1000 °C with a cooling rate of 200 K/h. The furnace used
in experiments is an indirectly heated resistance furnace from Thermconcept type ELHT
16-18. Both, the furnace system and the heating curves are shown in Fig. 2.

In further processing, solidified slag samples recovered from the Al,O;-crucible are pro-
cessed in a jaw crusher from Retsch model BB50 to a grain size of 0.5 mm. For all slag
samples an elemental analysis was carried out by ICP-OES. In that respect, sample prepa-

Table 1 Measured (iBOFS) and  gpecies iBOFS iBOFSm  sBOFS SAPRS

calculated (iBOFSm, sSBOFS and - G700y 39.13 30.60 30.60 17.30

SAPRS) chemical composition

in mass fraction (wt%) of slag Si0, [wi%] 10.50 31.17 31.17 21.38

samples used in the experimental ~ MgO [wt%)] 3.92 3.07 3.07 5.00

series ALO, [wi%] 0.86 0.67 0.67 3.00
Fe,0, [Wt%] 30.71 24.02 24.02 11.56
MnO, [wt%] 11.64 9.10 9.10 11.63
Cr,0, [Wt%] 0.42 0.32 0.32 3.07
C3P [Wt%] 1.34 1.05 1.05 27.10
Others [wt%] 148
B, [] 3.79 1.00 1.00 1.50
Sum [wi%] 100.00 100.00 100.00 100.00
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ration was carried out by mortar and pestle according to ONORM EN 15002:2015 -07 to
bring it into solution by total digestion according to ONORM EN 13656:2021 -05. The test
procedure was carried out in accordance with ONORM EN ISO 11885:2009 - 11. Supple-
mentary, X-ray diffraction (XRD) and scanning electron microscopy— energy dispersive
X-ray spectroscopy (SEM-EDS) were done for iBOFS, iBOFSm, sBOFS and sAPRS. For
that purpose, an XRD of Bruker D8 advance in Bragg-Brentano geometry with Cu Ka
radiation (A =0.15418 nm) at 25 mA and 40 kV was used. Diffraction patterns were col-
lected in the 20 range from 10 © to 70 © with a step size of 0.01 © and 1 s acquisition time per
step. XRD patterns were analysed using the Sleve +software with PDF- 4+ 2022 database
(ICDD, USA). Moreover, SEM was carried out by Zeiss EVO MA 15 with attached EDS
from Oxford Instruments (Ultimax 65), with a voltage of 15 kV in a high vacuum with a
distance of 9 mm. The carbon requirement for the subsequent carbothermal reduction step
of the slag samples produced is determined by calculating the stochiometric amount with
a surplus of 10% whereby the following assumptions were made: 100% of C;P, 90% of
Fe;0,, 50% of MnO,, and 90% of Cr,O; can be reduced. As a C source pulverized Car-
bolux® pellets were applied. For the carbothermal reduction, 60 g of produced slag sample
with the calculated amount of carbon is treated in a graphite-crucible with 44 mm inner
diameter and 110 mm height in the ELHT 16-18. For this purpose, the carbon-slag-mixture
was heated up at 400 K/h to 1600 °C with a holding time of 30 min and argon 5.0 purging of
4 L/min. When the holding time was reached, the graphite crucible was removed from the
furnace chamber with a crucible tong and cooled rapidly within a metal box under intense
Ar gas purging of 21 L/min. Rapid cooling is intended to “freeze” the material state at the
respective temperature and prevent the metal from re-oxidising. The cooled and solidified
material from the graphite crucible is then separated into a metal fraction (Me-F) and a
mineral fraction (Mi-F) by sieving, crushing, and magnetic/visual separation, depending

2000 - T T T T T -
1500
X
e
2
[
@
(=%
£
2
1000
Reduction (graphite-crucible)
—— Melting (Al,O3-crucible)
500 L . : : : : ]
0 100 200 300 400 500 600
time [min]
(a) (b)

Fig.2 Furnace system and heating curves used for the experimental series (a) elevator furnace type ELTH
16-18 from Thermconcept [41] with (1) furnace chamber (16 L volume) equipped with heating rods of
molybdenum disilicide (2) movable base plate made of refractory material with four base nozzles for
argon purging (3) control panel for the temperature controller Eurotherm 3508 (b) heating curves for the
melting and reduction experiment
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on the metal’s magnetism properties. MiF was analysed by ICP-OES, whereas the MeF
was additionally investigated by SEM-EDS for the identification of phosphide species. In
this case, SEM of model FEI Quanta M200 (FEI Company, Hillsboro, OR, USA), with an
acceleration voltage of 20 kV and a beam current of 91 pA with a work distance of 10 mm
was applied. For detection, an 80 mm? SDD-EDS detector (Oxford Instruments xMax80
from Oxford Instruments GmbH NanoAnalysis, Wiesbaden, Germany) was used, wherein
the low vacuum mode was chosen. The carbothermal reduction experiments were carried
out three times for each sample to verify the reproducibility of the whole procedure.

Results and Discussion

The results include the characterisation of the initial slag samples treated using the described
systematic carbothermic procedure. In that context, similarities or differences concerning
the phase composition of iBOFS, iBOFSm, sBOFS and sAPRS are examined and the occur-
rence of transition metals or phosphorus in the respective phase is identified. Afterwards, the
Mi-F obtained from the carbothermal reduction is analysed to determine whether the desired
reduction process took place. Finally, the Me-F is analysed for phosphides.

Characterisation of the Slag Samples after Melting

Since synthetic slags are used, the similarity in the formation of phases during the melting
and cooling process has been additionally reviewed. Therefore, the difference between con-
ventional iBOFS and the slag obtained after the modification step iBOFSm, is specifically
investigated. In addition, the synthetic replica sSBOFS and sAPRS are compared considering
verified phases that developed in the system after melting, to determine to what extent the
reproduction of synthetic slags is conceivable. Figure 3 shows the elemental chemical com-
position by ICP-OES. The oxygen content was calculated on the assumption that the oxidic
components are present in the slag in the form shown in Fig. 3. Compared to calculated
values, an observable increase in Al,O; content is due to the interaction with the crucible
material. The calculated basicity is in very good agreement with the values obtained from
the analysis.

The XRD diffractograms of the iBOFS and iBOFSm certainly show changes in the occur-
ring phases (see Figs. 4 and 5). For the former characteristic slag phases as for BOFS such as
larnite 2 CaO-SiO, (C,S), in which the P is bound, and a phase consisting of a solid solution
of oxidic Fe, Mn, and magnesium (Mg) were identified. This is in good agreement with the
prevailing phases observed in literature found for unprocessed BOFS such as larnite (B-C,S)
followed by wiistite mixed crystals (Fe,,,, Mg,, Mn,)O, [42, 43]. Different phases appear
by the modification with SiO, as for sample iBOFSm. For instance, a Mg-bearing magnetite
phase, pyroxene, anorthite, and andradite are detected. The hump occurring between 20
and 40 ° indicates glassy solidified phases. This can be explained that the addition of SiO,
lowers the basicity B, and lead to an increase of viscosity, which facilitates the formation of
amorphous slag solidification [44].

On the other hand, XRD diffractograms of the SBOFS and sAPRS show clear differences
in phase composition (see Figs. 6 and 7). The former is characterized by gehlenite, a Ca-Al
silicate, an iron oxide phase, wollastonite and augite. Compared to iBOFSm, however, there
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Fig.4 XRD diffractogram of the initial slag sample iBOFS after the melting step

are clear similarities in the phase mix. SAPRS, instead, shows a more complex phase com-
position with augite, silicocarnotite, olivine, magnesioferrite, Mg-Mn-Fe oxide, calcium
iron phosphate and fayalite, whereby glassy phases can be excluded for both slag samples.

Figure 8 summarises the phase composition of the slag samples iBOFS, iBOFSm, sBOFS
and sAPRS by SEM-EDS. For iBOFSm, magnetite dendrites are slightly contaminated with
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Fig. 6 XRD diffractogram of the initial slag sample sBOFS after the melting step

aluminium (Al), Mn, Mg, and Cr segregate, which are encased in a pyroxene phase. In addi-
tion, glassy solidified phases occur despite the low cooling rate of 200 K/h and occasionally,
anorthite was identified in the samples. The P is distributed between the glassy and anorthite
phases. Fe is detected in the magnetite phase (approx. 19 wt%), whereby still higher con-
tents in pyroxene (approx. 10 wt%) and lower contents (approx. 4 wt%) in anorthite are also
detected. The same trend can be observed for Mn (magnetite— 5 wt%, pyroxene— 2 wt% and
anorthite— 1 wt%). Similarities to iBOFSm in phase composition can be confirmed for sam-
ple sBOFS, whereas wollastonite as medium grey needles and melilite (gehlenite) phases
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are additionally found. Here, too, Fe, Mn and Cr in particular, are allocated to the magnetite
dendrites, with even higher values in the surrounding pyroxene phase. Nevertheless, the
decreasing progression of transition metals around the magnetite becomes apparent. As in
iBOFSm, P is distributed in the wollastonite, pyroxene, and anorthite phases. In the case of
sAPRS, a completely different phase pattern of ferrite, augite, olivine-, and silicocarnotite-
phase emerges. Fe, Mn, and Cr (approx. 16 wt%, 8 wt% and 3 wt%) are found almost
exclusively as dendrite-appearing ferrite phase with Al and Mg. Small amounts of Fe and
Mn can still be measured in the augite phase. In addition, increased Mn contents are found
in the olivine (approx. 7 wt%). P is prevalently embedded in the silicocarnotite phase with
amounts of approximately 10 wt%.

Characterisation of the Mineral Fraction after Carbothermal Reduction

Examples of the material obtained from the graphite crucible after carbothermal reduction
at 1873 K can be seen for all treated samples in Fig. 9. Except for the treated SAPRS, the
mineral fraction shows a glassy solidified structure. Metal droplets are visible both on the
Mi-F and at the bottom of the crucible. It is conceivable that metallic droplet nuclei are
first formed predominantly at the interface between the molten bath and the CO-gas-rich
atmosphere. This first floats on the molten bath due to intense gas development and the high
surface tension of the slag. After the metallic droplets increase in size, they finally sink to
the bottom of the crucible.

Figure 10a shows the mass of the Mi-F after the reduction experiments. The mass losses
compared with the initial input mass can be attributed to the oxygen removed by the carbon,
resulting in CO and CO,. Furthermore, volatiles and P as P, (g) can be transported in the
gaseous phase. Figure 10b illustrates the average values of the chemical composition of
gained Mi-F. All samples show low FeO contents of <0.8 wt%, whereby as expected, higher
MnO values can be determined, which are 2.8 wt% for treated iBOFSm, 2.7 wt% for sBOFS
and 1.0 wt% for sAPRS. However, the carbothermal reduction of oxidic Mn-compounds
compared to that of Fe and Cr in slag is more complex. In addition to the lower reduction
rates for the same reduction time, the high vapor pressure of Mn and the associated Mn
losses via the gas phase are well known [45, 46]. This can be confirmed by the experi-
ments: 41-47% of the initial Mn-amount is transferred into the gas for iBOFS, 36-38% for
BOFS and 38-50% for APRS. In addition, this is underpinned by the results of practical
slag reduction experiments carried out at the Chair of Thermal Processing Technology at
the Montanuniversitit Leoben [47]. Cr in the form of its oxide could not be detected in any
MiF of the treated slag samples except for SAPRS (0.1 wt%). Apart from sAPRS (0.6 wt%

(a) (b)  (C)
’-S‘y\;
\//“/// /I/“’///‘!ll’l!lll‘IlIlHIlllll(i\\\\\\\\\\\\\\ l””l ”l“”\ H\”H\ I”Hl ”IIHIWH\HH\
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Fig.9 Pieces of the crucible contents after rapid cooling in an Ar atmosphere and carbothermal reduction
in a graphite crucible at 1873 K (a) treated iBOFSm (b) treated sBOFS (c) treated SAPRS
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Fig. 10 Results from the carbothermal reduction experiments (a) recovered mass of Mi-F from the graph-
ite crucibles after 1873 K (b) arithmetically averaged values of the chemical composition of the Mi-F

P,0s), almost no P was detected in the remaining Mi-F of other slag samples (< 0.05 wt%
P,05). To summarise, it can be shown that the carbothermal reduction with a holding time
of 30 min at 1873 K largely reduces the transition metal oxides of Fe and Cr. The reduction
rate of Mn oxide was lower, with large quantities evaporated and classified as the loss in the
gaseous phase. P, on the other hand, was either removed via the gas phase or accumulated
in the metal alloy.

Characterisation of the Metal Fraction after Carbothermal Reduction

Following visual evaluation, the metal fraction consists mainly of droplets with diameters
of up to 5 mm - no sieve analysis was carried out. Except for the metal samples of SAPRS
all other samples show magnetic behaviour. Figure 11 depicts the visual appearance of the
metal.

In Fig. 12a the masses of the Me-F are given. The chemical composition can be taken
from Fig. 12b. Ca was also measured to estimate the contamination either by superficial
caking of slag particles or non-metallic inclusions. The latter was reviewed using SEM-EDS
analysis. All metal samples consistently show contents in the order of magnitude of the
transition metal oxides of the initial samples, considering the assumed degrees of reduction.
Higher Ca-amounts are present in the metal of SAPRS and sBOFS. It is also possible that
small amounts of Si have been reduced probably because of occurring temperature peaks
since the reduction temperature of SiO, is around 1873 K. Except for sAPRS, the transfer
coefficients of P into the metal show that almost all of the phosphorus (> 95%) was dissolved
in the metal. Saturation effects for phosphorus are likely to have occurred in the metal of
the sAPRS, as 39-54% of the phosphorus can neither be found in the Me-F nor the Mi-F.

Theoretical Consideration of Formed Phosphide Species

Theoretical background of metal phosphides for iron, manganese, and chromium were con-
sidered separately from a thermodynamic point of view for the each of relevant components.
Kinetic limitations were not in the defined scope of this work but may need to be considered
in the future. As shown in Egs. 11-13, two different mechanisms of phosphide formation
can be distinguished during carbothermal reduction [16].
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Fig. 11 Me-F obtained after carbothermal reduction at 1873 K in a graphite crucible with subsequent
rapid cooling under Ar (a) Fe-Mn-Cr-rich melt droplets of sample iBOFSm (b) spherical droplets embed-
ded in the surrounding Mi-F of sAPRS
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Fig. 12 Results from the carbothermal reduction experiments (a) recovered mass of Me-F from the graph-
ite crucible after 1873 K (b) averaged values of the chemical composition of the Me-F

(P} S 2P (11)
x[Me]+y[P] S [MexPy] (12)
xz[Me] +y{P} S [Me,P,] (13)

High activities a; of dissolved species, for instance, metal [Me] and phosphorus [P], as well
as a high partial pressure of gaseous phosphorus {P} favour the emergence of phosphides.
In general, the activity a; is defined by Eq. 14, representing the deviation from the ideal state,
with v ,, and x; describing the activity coefficient and concentration of the corresponding
component i. The activity a; is affected by pressure, temperature, and slag composition.
A stronger phosphide formation tendency is valid for values of the activity coefficient of
[Me] and [P] greater one (v p 57, > 1), while segregation is promoted by values lower one

(7 pare <1 [48].

a; =7 T4 (14)
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The interaction between P and Fe at high temperatures is well investigated, while in the
course of experiments, a declining P-activity can be identified at higher Fe-contents in a
liquid Fe-P-bath [49, 50]. Considering the occurrence of P in BOFS in relatively minor
amounts the mass transport corresponds to Henry’s law with the adequate Henrian activity
coefficient yp. By varying temperatures (1673-2073 K) and compositions of Fe and Mn the
Henrian activity coefficient for phosphorus is determined, resulting in lower values of In(yp)
for higher Mn-contents and vice versa, with higher values for high Fe contents [51]. The
activity coefficient for P and Mn are presented by experiments reaching chemical equilib-
rium for melts composed of carbon, iron, phosphorus, and manganese in a graphite crucible
at 1673 K [52]. For chromium, the literature provides differing results for the activity coef-
ficient of phosphorus related to mass fraction at growing chromium contents in liquid iron at
different temperatures (1573 K and 1873 K). Therein, the slope of log(f,) up to 10 wt% of Cr
indicates an increasing tendency [53], while with an increasing Cr amount of up to around
15 wt% a decline for log(fp) is observed [54-58].

In general, by an exemplary phosphide formation reaction, a chemical equilibrium is
reached if the reaction rate of the formed product ( M e, P»,) and reactants ([Me] and {P,})
are equal (see Eq. 15). The ratio between the activity of the metal phosphide anse, p,, t0
the product of the metal activity a,;, and the partial pressure of phosphorus P, related to a
reference pressure p° is described by the equilibrium constant K, with the stoichiometric
coefficients (x and y) as exponents (see Eq. 16). Free reaction enthalpy A G is used to
describe the spontaneity of a chemical reaction, as a temperature and pressure-dependent
thermodynamic potential (see Eq. 17) [48]. Moreover, the activity of the metal in the melt
and the partial pressure of phosphorus affects the driving force of phosphide formation.

z- [Me]+y- {P} S [MeyPoy) (15)
G]\/je,.Pg,,

K=——-— 16

aife' (%)y ( )

AGr=-R- T -l % =—-R-T-In(K) 17)
Apre (TOQ)

The equilibrium state of the chemical reaction is reached for a minimum of Gibbs energy,
which corresponds with the maximum entropy and the second law of thermodynamics. This
principle is encapsulated in the Gibbs free energy in the Eq. 18 with the reaction enthalpy
A H i and reaction entropy A S [48].

AGr=AHpr—T- ASp (18)

In Egs. 19-30, formation reactions for Fe-, Mn- and Cr-phosphides are given, which are
summarised in Schlesinger et al. [30]. For the formation of Fe;P thermodynamic data
regarding Gibbs’s energy in a Fe-P system, the measurements of the vapor pressure of for-
mation and decomposition reactions were used. A related approach was done using Gibbs’s
energy for the origination of Fe,P [50]. The decomposition of Fe,P to FeP, as well as vapor
pressure measurements, has been studied in various literature sources, using a static method
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(1448-1488 K) [59] and Knudsen effusion/mass spectrometry at temperatures between
1000 and 1157 K [60] and 1041-1257 K [50]. Furthermore, the decomposition of FeP, is
described between 1165 and 1246 K [59] and 787-926 K [60] using the same methodol-
ogy. Concerning chromium, Knudsen effusion measurements where equilibrium is reached
are interpreted as vapor pressure originating from the decomposition of low phosphides.
Therein, Cr/Cr;P at 1543-1768 K, C;P/Cr,,P; at 1435-1541 K and Cr,P,/CrP at 1289—
1485 K are studied in the references [61, 62]. Moreover, Cr/Cr;P equilibria between 1350
and 1630 K [63, 64] and 1440-1630 K and Cr;P/Cr,,P, at 1341-1704 K are investigated
in the following publications: reference [65, 66]. Regarding the Mn-P system, the presence
of lower phosphide species Mn;P, Mn,P, Mn;P, and MnP is documented [67]. Schlesinger
et al. [30] summarises the heat capacity for Mn;P [68], Mn,P [69, 70] and MnP [70, 71] to
temperatures up to 1300 K. The data used for Mn-phosphide formation stem from vapor
pressure measurements of Mn (g) and P, (g) by Knudsen effusion/mass spectrometry of the
decomposition of Mn;P at 1200-1380 K [72-74], decomposition of Mn,P at 1246-1500 K
[75] and mixtures of Mn;P/Mn,P at 1298-1374 K and Mn,P/MnP at 1088-1272 K [76].

3[Fe] +0.5{P) S [FesP) (19)
2[Fe] +0.5{P} S [FesP) (20)
[FesP] +0.5{P,} S 2[FeP] @1
[FeP] +0.5{P} S [FePs)] 22)
3[07] + 0.5 {P,} S [CrsP) 23)
SOrsPl+ (P} S 2 [OriaP] (24)
2[CriPi] + (P2} S 2 [CrP) (25)
3{Mn} +0.5{P,} S [MnsP] (26)
4{Mn} +{P,} S 2[MnyP] @7)
3{Mn} + (R} S [MnyPy (28)
(Mn} +0.5{P,} S [MnP] (29)
[MnP|+0.5{P} S [MnP] (30)

Using the above reaction equations for phosphide formation, A G r was mapped as a func-
tion of temperature according to Fig. 13 based on literature values for A Hr, A Sy or
A Gg described above. A summary of these data can be found in Schlesinger et al. [30].
In addition, the red dotted lines delimit (1473—1873 K) the temperature range within the
formation of gaseous phosphorus during carbothermal reduction reactions. The lower limit
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is by 1473 K, the reduction temperature of C,P if sufficient quantities of SiO, are available
with the maximum treatment temperature of 1873 K. In general, the formation of phos-
phides during carbothermal reduction of all slag samples is assumed to be within this tem-
perature range.

Negative values of A G indicate the spontaneous drive of a chemical reaction based on
fundamental thermodynamic laws. Except for MnP; and SiP, which exhibit slightly positive
values within the critical temperature range, thermodynamic analysis reveals that all other
phosphides tend to form. Apart from Cr,,P, and Ca,P,, the formation of the remaining phos-
phides is in a similar range. In the case of iron, Fe,P and Fe;P, for Cr the phosphide Cr;P
and Mn;P, for Mn are the preferred phosphides, according to the data. However, it should
be noted that data for Mn-phosphides stem from decomposition experiments and both Mn
and P are present in the gas phase as reactants for the formation of Mn;P, Mn,P, Mn;P, and
MnP. Furthermore, P,(g) must be present in the case of MnP;-formation. The decomposition
of phosphides from Fe and Cr was also carried out by measuring the vapor pressure of the
resulting species from which the free enthalpy was determined. For this reason, the forma-
tion of further phosphides like FeP, Cr,,P;, and CrP is conceivable. From the theoretical
thermodynamic point of view for the binary material systems consisting of phosphorus and
the respective transition metal, the following conclusions can be drawn about phosphide
formation during carbothermal reduction:

o Owing to the temperature dependent nearly linearly increased slope for the Gibbs ener-
gy due to negative reaction entropy of phosphide formation reactions, the driving force
for the formation of phosphides decreases with the temperature, as shown in Fig. 13.

e A low partial pressure of gaseous phosphorus and low activity of the participating tran-
sition metal also led to unfavourable conditions for phosphide formation.

200 —

—=—Cri2 P M
——CrP
——CryP ‘
——Mng Py !
—— Mny P !
MnP;y !
—<—Fel !
I
|
|
|
i
|
|
|

——Fes P
——Fe3 P

800 | . Fep,
——Cay Py
- - -SiP

-1000 ‘ ! !
600 800 1000 1200 1400 1600 1800 2000

temperature [K]

Gibbs energy [kJ]
A
o
o

-600 —

Fig. 13 Dependence of Gibbs energy on temperature for the formation reactions of chosen phosphides—
own representation from [29], data from [30]
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SEM-EDS Analysis of the Metal Samples with Regard To Phosphide Formation

The approach chosen for the SEM-EDS analysis starts with a mapping focusing on the
distribution of phosphorus to identify the regions with the phosphide-species. Inherently,
mapping makes it possible to determine the elemental distribution of the present microscope
image. The phases, in which phosphides are expected are further investigated using line and
point spectra respectively, to determine the ratios of the elements occurring. Results of the
SEM-EDS analyses of the Me-F from iBOFSm, sBOFS and sAPRS are discussed below.
In the characterisation of the metal samples of iBOFSm and sBOFS, the same phenomena
were observed. For this reason, a microscope image, mapping, and line spectrum of the
metal sample from treated sSBOFS are shown in Fig. 14a, presented as representative of
both samples. The elements included are Fe, Mn, Cr, and P, while the respective colour tone
measures the element’s presence. Phosphorus is predominantly found in the intermediate
areas of the light-coloured metallic phases.

Various low-phosphorus metallic phases can be identified in the sample; in these phases,
Fe, Mn, and Cr are predominantly evenly distributed. Based on the contrast observed in the
image, phosphide phases have solidified between the light-coloured metallic phase, where
the phosphorus content is high. In general, the melting properties of phosphides are well
known, and in general, characterised by low melting points [30, 77]. Figure 14b shows a
selected line spectrum within the dashed outlined area, spanning a P-rich and P-poor region
over a total distance of around 34 um. Increased Fe and lower Mn content are recognisable
in those metallic phases, whereas the reversed case is detectable in the region where phos-
phides occur. However, the most stable Fe phosphides defined beforehand Fe,P or Fe;P have
P contents of 21.7 wt% and 15.6 wt% respectively. This results in a Fe/P ratio of 3.6 and 5.4.
For Mn;P,, the thermodynamically most favourable Mn-phosphide, a P content of 27.3 wt%
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Fig. 14 SEM-EDS results of the metal-fraction after carbothermal treatment of sBOFS (a) microscope
image and mapping of the elements Fe, Mn, Cr, and P (b) line spectrum of the dashed marked area for the
elements Fe, Mn, Si and P
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with an Mn/P ratio of 2.7 can be calculated. For comparison, MnP;, Mn,P or MnP have P
contents of 62.8 wt%, 22.0 wt%, or 36.1 wt% with Mn/P ratios of 0.6, 3.6, and 1.8. In the
regions observed, the occurrence of phosphide phases doesn’t coincide with these values,
whereas the maximum P-contents measured is up to only 8 wt%. As the chromium content in
the initial slags was marginal, only small amounts of chromium values could be determined
in the phosphide and metallic phases. Within the line spectra, silicon contents of around 2.5
wt% over the entire measurement range were detected. Moreover, the formation of silicon
phosphides is conceivable. As the mapping does not detect Ca, Mg, or Al, the presence of
non-metallic inclusions is very low. This indicates, that SiO, has also been reduced and dis-
solved into the metallic alloy. Therefrom, the magnetic metal alloy consists of Fe, Mn, Cr, Si
and C in which phosphide phases have dispersed. Many line spectra even show increased Mn
contents and lower amounts of Fe in the phosphide phases compared to the metallic phase.
According to Fig. 15a, the metallic fraction from SAPRS shows a uniform light-coloured
phase of Fe, Mn, Cr and P. In addition, mineral inclusions in the phosphide are depicted as
dark-coloured phases in the image. These inclusions consist of Ca, Si, Mg, and Al (the latter
not shown), along with varying amounts of transition metal oxides and P oxide. Though, its
composition does not coincide with the chemical composition of the mineral fraction it is
quite conceivable that the formation of metal nuclei at the slag/metal interface is decisive
for the course of reduction reactions of transition metal oxides. Here, the contact area with
phosphorus gas also leads to enhanced diffusion and dissolution into the molten metal. The
basicity B, is crucial for the mass transfer at the interface. For instance, it influences impor-
tant parameters for the gas permeability of slag, such as its viscosity, surface tension and
density. Moreover, basicity has a strong leverage on the reduction behaviour of C4P. The line
spectrum according to Fig. 15b emphasizes high contents of Fe, Mn, Cr, and P. Although,
the melting spheres show non-magnetic properties. In general, the magnetic behaviour of
defined phosphide compounds as a function of temperature has been studied by various
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Fig. 15 SEM-EDS results of the metal-fraction after carbothermal treatment of APRS (a) microscope
image and mapping of the elements Fe, Mn, Cr, P, Ca, and Si (b) line spectrum of the dashed marked area
for the elements Fe, Mn, Cr, P, and Si
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authors. Therein, the Curie temperature for Fe,P was studied by neutron diffraction experi-
ments and shows values of 217 &= 2 K [78]. For FeP, on the other hand, a Néel temperature at
115 K was identified [79]. However, due to the difference in the nanostructure of iron phos-
phides different magnetic properties are noticed, while Curie temperatures for FeP, FeP,,
and Fe;P were defined at temperatures of 706 K, 266 K, and 215 K [30]. Therefore, FeP is
the only iron-phosphide that exhibits ferromagnetic properties at room temperature. In the
case of manganese and chromium phosphides, ferromagnetic behaviour can be ruled out.
However, the non-magnetic properties of the droplets obtained from carbothermal reduction
suggest a mixed phosphide of Fe, Mn, and Cr.

Conclusion and Outlook

This work deals with the investigation of the phosphide formation for the resulting metal
fraction after carbothermal reduction at 1873 K of modified industrial BOFS, a syntheti-
cally produced slag replica and a synthetic slag from a hypothetical process route for basic
oxygen furnace slag recycling. The modification step by adding SiO, shows considerable
changes in the phase formation of the new slag system. It can be assumed that synthetic slag
replicas containing the main slag oxides can be well modelled for the comparative studies
representing industrially produced and modified slags in terms of phase composition.

Results of SEM-EDS of the experimental series reveal that in addition to iron, a high
affinity of phosphorus to manganese and chromium can be pointed out. Furthermore, the
formation of iron-, manganese- and chromium-mixed phosphide species is likely to occur.
Two different mechanisms depending on the phosphorus content of the initial slag sample
can be distinguished:

o Almost all of the phosphorus (> 95%) dissolves in the metal phase for low phosphorus
samples of industrially modified basic oxygen furnace slag and its synthetic replica.
The obtained metal fraction shows ferromagnetic properties, which can be attributed to
its high metallic proportion. Moreover, a partial solidification of phosphide phases with
significantly lower metal/phosphorus ratios compared to pure phosphide compounds
can be observed. In general, it must be mentioned that the transition metal to phospho-
rus ratio for basic oxygen furnace slag is far too high to allow the formation of a pure
phosphide phase, as it was the case for the slag sample of the alternative process route.
However, manganese and chromium can be detected in the phosphorus-rich regions.

e A pure, non-magnetic mixed phosphide of iron, manganese, and chromium with phos-
phorus contents of approximately 20 wt% are formed after treatment of the phosphorus-
rich replica of the slag from the alternative process route. Saturation effects of phosphorus
can be attributed to the high rates of removed gaseous phosphorus. Within the obtained
metal-droplets no further metallic phases are detectable. In addition to iron, considerable
quantities of manganese and chromium were also detected in these samples, which in
turn suggests the formation of a mixed transition-metal-phosphide species.

Thus, theoretical considerations support a high affinity not only between phosphorus and iron

but also for manganese and chromium, are consistent with the results of the experimental series.
For further experiments, iron, manganese, or chromium should be examined separately for
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their phosphide formation behaviour during the carbothermal reduction of synthetic slags by
preparing samples containing only one of the respective transition metals. A sufficiently high
phosphorus-to-metal ratio should be selected for producing these slags to ensure the formation
of pure phosphides, as demonstrated by the synthetic slag from the alternative process route.
Additionally, the influence of basicity (B,), which significantly affects phosphorus gasification
and slag reduction behaviour, particularly for Ca;(PO,),, will be investigated in future studies.
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