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Kurzfassung 

 

Die weltweit produzierte Stahlmenge ist aktuell auf einem Höchststand. Für die 

Wettbewerbsfähigkeit von Stahlherstellern ist Ressourceneffizienz ein Schlüsselfaktor. Im 

Zuge der Stahlherstellung auf der Hochofen-Konverter-Route entstehen riesige Mengen an 

Stahlwerksschlacken. Etwa ein Viertel dieses Kuppelprodukts der Stahlherstellung besteht 

aus wertvollen Elementen wie Eisen, Chrom, Mangan und Phosphor in Form von Oxiden und 

Phosphaten. Werden diese carbo-thermisch vollständig reduziert – was einen 

Aufbereitungsansatz darstellt, dem momentan viel Forschungsaufwand gewidmet wird – 

reichert sich Phosphor im gewonnenen Metallprodukt an. Da Phosphor auf der genannten 

Stahlherstellungsroute nur im Sauerstoffkonverter entfernt werden kann und dessen Leistung 

in dieser Hinsicht limitiert ist, ist ein stahlwerksinterner Wiedereinsatz der Legierung aus der 

Reduktion nicht möglich, ohne die Rohstahlqualität negativ zu beeinflussen. 

Im Zuge dieser Arbeit wird ein neuartiges Reaktorkonzept namens InduRed angewendet, 

um Phosphor während der Reduktion über die Gasphase zu entfernen. Dadurch konnten nach 

entsprechender Schlackenmodifikation Entfernungsraten von bis zu ca. 83% erreicht werden. 

Das Schlackenprodukt ist weitgehend frei von Eisen, Chrom und Phosphor. 

Zusätzlich wird der Einsatz dieses Reaktorkonzepts als Schritt in einer alternativen 

Verfahrensroute untersucht. Der zuvor erwähnte Reduktionsschritt soll dazu in einem 

Standardaggregat durchgeführt werden, sodass sich Phosphor vollständig im Metallprodukt 

anreichert. Die entstehende Legierung soll anschließend in einem zusätzlichen Konverter so 

behandelt werden, dass sich vorrangig Chrom und Phosphor in der Schlacke anreichern. 

Diese Schlacke soll dann im genannten Reaktor reduziert werden, um eine weitestgehend 

phosphorfreie Metalllegierung zu produzieren. Im Zuge dieser Arbeit wurden solche Schlacken 

synthetisch hergestellt und carbo-thermisch nach dem Stand der Technik sowie im InduRed-

Reaktor reduziert. Die Schlackenzusammensetzung basiert auf theoretischen Überlegungen 

und enthält auch hohe Mangananteile. Im InduRed-Reaktor konnten verglichen mit dem Stand 

der Technik und des Wissens weit höhere Phosphorentfernungsraten von bis zu 42% erzielt 

werden. Es wurde dennoch ein Einfluss hoher Chrom- und Mangangehalte auf die 

Phosphorentfernung festgestellt. 
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Abstract 

 

Steel production is at an all-time high. Resource efficiency is a key factor for production in 

order to operate competitively in the steelmaking sector. In the course of the blast furnace-

basic oxygen furnace steelmaking route, immense amounts of basic oxygen furnace slag are 

produced. Roughly a quarter of this co-product of steel production consists of valuable 

elements – namely iron, chromium, manganese and phosphorus – in the form of oxides and 

phosphates. If fully recovered by carbo-thermal reduction – one of the treatment approaches 

currently addressed by a number of research activities – phosphorus accumulates in the 

obtained metal product. Since phosphorus can only be removed from the mentioned process 

route in the basic oxygen furnace and its performance in this regard is limited, the internal 

recycling of the iron alloy produced by reduction is not feasible without negatively affecting the 

crude steel quality. 

In the course of this thesis, a novel reactor concept called InduRed is applied in order to 

remove phosphorus via the gas phase during reduction. Thereby, high phosphorus gasification 

rates of up to roughly 83% could be achieved after respective slag modification. The slag 

product contains virtually no iron, chromium or phosphorus. 

Additionally, the InduRed reactor concept is also applied as a step in an alternate process 

route. The initial slag reduction step described above can be conducted in a standard reduction 

unit so that the phosphorus is fully accumulated in the metal product. This alloy is subsequently 

treated in an additional refining step, so that mainly chromium and phosphorus are oxidised. 

The product slag obtained by this step can finally be reduced in the novel reactor in order to 

produce a low-phosphorus metal product. In the course of this thesis, such slags were 

produced synthetically and reduced by standard carbo-thermal reduction as well as in the 

InduRed reactor. The slag composition is based on theoretical assumptions and contains high 

manganese amounts as well. The gasification rates were much higher after reduction in the 

InduRed reactor compared to reduction according to the state of the art and the state of 

knowledge, reaching roughly 42%. An influence of high chromium and manganese amounts, 

however, was detected. 
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1 Challenge and objective outline 

Every research effort has a driving force. In the case of steelmaking residues, societal, legal, 

political, environmental, historical and economic factors are highly intertwined. This opening 

chapter explains to what field of interest this thesis can be generally ascribed and why the 

conducted research is relevant to these seemingly conflicting research stimuli. 

Out of many related aspects of research, a very specific topic is addressed by the work 

conducted in the course of this thesis. The underlying hypotheses are therefore described in 

this chapter. 

In order to corroborate or refute the hypotheses, a series of theoretical and experimental 

tasks were carried out. The methodology applied is explained, so that the structure of this 

thesis can be understood and navigated easily. 

1.1 Statement of task, background and research relevance 

Around the globe, iron and steel are produced to an enormous extent. Iron is by far the most 

important technical metal in terms of quantity. Its applications are manifold, including the most 

important aspects of human existence in the 21st century, such as construction and mobility. A 

well-known graphic in the field of ferrous metallurgy is shown in Figure 1. [1] 
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Figure 1: World crude steel production by region from 1950 to 2018 [1] 

This supply is, naturally, the answer to a high demand. However, with China being the 

world’s biggest supplier of steel, contestability for other steel-producing regions is an ever-

growing issue. Historically, Austria has put a lot of effort into ongoing research activities, it 

being the birthplace of the Linz-Donawitz process of oxygen steelmaking (LD process). The 

political and legal framework of the European Union (EU), however, requires a lot of investment 

regarding environmental protection. High levels of liveability, high worker protection standards 

and firm restrictions with regard to industrial environmental pollution leave EU companies no 

choice but to produce high quality products in order to compete on a global scale. 

Immensely influential megatrends driving innovation in the steelmaking sector are, with no 

doubt, environmental awareness and mobility. Predicting and acting according to these 

megatrends is crucial to contestability in a world facing increasing volatility. [2] If new 

challenges are foreseen and innovation is triggered, dominance battles will be carried out. 

Suarez provides fundamental insight into these battles and determines several factors as 

crucial to technology dominance. They are divided into firm-level and environmental factors, 

some of which are especially relevant to the phase of innovation this thesis is positioned in: [3] 

 a firm’s technological superiority (firm-level) 

 regulation (environmental) 

 regime of appropriability (environmental) 

 characteristics of the technological field (environmental, regarding for instance the 

number of actors and the level of competition) [3] 
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The dominance process can be divided into five stages: R&D build-up, technical feasibility, 

creating the market, the decisive battle and post-dominance. The factors named above are all 

relevant mostly to the first two phases. [3] Therefore, this stage is highly crucial to future 

contestability from a standpoint of societal challenges and the work conducted shall deliver a 

small contribution to the bigger picture in that regard. 

As is extensively laid out in the fundamentals part of this thesis, the steelmaking route 

applying a basic oxygen furnace (BOF) as the refining step for hot metal from a blast furnace 

(BF) is the main route used globally for steel production. [4] Its products, next to exhaust gas, 

dusts and crude steel, include basic oxygen furnace slag (BOFS). They are not just an 

unwanted co-product of steelmaking but perform a number of metallurgical tasks. Upon 

tapping, roughly a quarter of their mass consists of highly valuable elements, namely iron, 

chromium, manganese and phosphorus. [5] It is the overall objective of a number of research 

efforts, including that presented in this thesis, to utilise these elements as secondary raw 

materials. 

Phosphorus, including the primary resource phosphate rock, is a critical raw material to the 

EU. [6] However, to the steelmaking process it is a burden since it causes undesired effects in 

steel (with the exception of some specific steel qualities) regarding workability in the course of 

secondary metallurgy treatments. [7] Once phosphorus enters the steelmaking process of the 

BF-BOF route, it is removed from the hot metal only in the converter refining step (Japanese 

steelmaking often includes a dephosphorisation step before refining in a BOF, which 

represents an exception to this statement). [8] 

The BOFS treatment approach addressed in this thesis desires the full reduction of the slags 

in order to recover the valuable metals it contains. If this is done at high temperatures of roughly 

1923.15 K, phosphorus compounds are reduced and – as it happens in the BF – the element 

accumulates in the obtained metal phase. The internal recycling of the metal product of the 

reduction is, therefore, impossible without impairing the crude steel quality. The reactor 

concept applied in the course of the conducted experiments provides a possibility to remove 

the phosphorus in its elementary form via the gas phase. 

In Austria, 800,000 tons of BOFS are produced annually. [9] Apart from the potential 

regarding resource efficiency founded in the desired metal recovery, the legal situation in 

Austria limits the utilisation of BOFS in road construction – being one of the most important 

fields of application to date – to a high extent. [10] The occurrence of chromium in the slags 

causes concerns with respect to elution and groundwater protection. This is in spite of 

extensive research refuting the theories the chromium-related apprehension is based on. The 

suitability of chosen, legal thresholds for the determination of environmental impacts of the 
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BOFS utilisation in road construction, however, is still debatable. [11] Therefore, a more holistic 

approach is desired. 

In conclusion, with steel production being at an all-time high, a declining availability of high-

quality, low-phosphorus ores [12] and resource efficiency being an enormously important topic 

with regard to both contestability and climate protection, the research attention paid to the 

recycling of steelmaking residues is well-deserved. 

1.2 Hypotheses 

An essential part of the theoretical fundamentals this thesis is based on is the state of 

knowledge. It is described in great detail in chapter 2.1.3 of this thesis and it is deliberately 

separated from the state of the art regarding BOFS treatment. It is, more specifically, focused 

on the aspect of the removal of phosphorus from BOFS in its elementary form via the gas 

phase, or phosphorus gasification. Indications for the possibility of phosphorus gasification can 

be found in respective literature. However, gasification rates are not yet sufficiently high 

enough to imagine the proposed internal recycling process on an industrial scale. By applying 

a novel reactor concept, the gasification rate was expected to be increased. This objective is 

verbalised in the following main hypothesis: 

By carbo-thermal reduction of basic oxygen furnace slags in an inductively heated 
bed of graphite pieces, high phosphorus gasification rates can be achieved. 

In order to corroborate or refute this main hypothesis, the following supporting hypotheses 

are constructed: 

1. A modification of BOFS is required in order to retain flowability and to 

thermodynamically support the phosphorus gasification. 

2. The most important modification is the addition of a silica source. 

3. Blast furnace slag (BFS) is a suitable silica source for the modification step. 

4. High temperatures are required to achieve high phosphorus gasification rates. 

5. The iron oxide content of BOFS poses the most influential limitation to the 

gasification process. 

6. Altering the process route in order to produce and treat Cr- and P-rich slags in the 

presented reactor concept leads to even higher gasification rates. 

7. Chromium and manganese phosphide formation does not limit the gasification rates. 

8. The applied reactor concept benefits the phosphorus gasification substantially. 
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These hypotheses are investigated in the course of this thesis. Results are presented so 

that the assumptions made can be supported or refuted. 

1.3 Methodology 

The approach to corroborate or refute the hypotheses stated above comprises several 

theoretical as well as practical steps and work packages. 

Firstly, the results of extensive literature research shall portray the area of interest so that 

the production of BOFS, the state of the art of its treatment as well as the state of knowledge 

regarding phosphorus gasification during its reduction can be used as a starting point of the 

conducted research. This scientific approach enables the evaluation of the novelty of the 

conducted work and the extent to which the state of knowledge can be exceeded. 

Secondly, the reactor concept used to achieve the research objectives is neither 

commercially available nor has it been applied to BOFS elsewhere. It is therefore explained in 

detail. Additionally, the thermodynamic fundamentals needed to address the desired reduction 

of BOFS with simultaneous phosphorus removal via the gas phase are presented in the 

theoretical part of this thesis. 

Practical fundamentals include the construction of a new lab-scale furnace in which the 

required experiments are executed as well as a novel experimental setup and related 

investigations on heat input. 

Subsequently, theoretical work and reaction schematics constitute the first part of the 

original scientific work conducted in the course of this thesis. Required reduction temperatures 

as well as carbon demands are derived from theoretical considerations. 

The experimental part comprises preliminary experiments on the phosphorus gasification 

from BOFS. Their execution and the achieved results are described. Research areas that have 

been worked on, but which are not the main focus of this thesis, are shortly presented. 

As a consequence of the preliminary experiments, an alternate process route is derived and 

theoretically explained. Expected Cr- and P-rich slag compositions are calculated. Such slags, 

since they are not yet available as a product of existing industrial processes, were synthetically 

produced and reduced in the applied reactor concept. These experiments are presented along 

with a comparison of the obtained results with those of standard carbo-thermal reduction. 
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2 Theoretical and practical fundamentals 

The removal of phosphorus from steelmaking slags has attracted an immense amount of 

research attention over the past couple of years. Main fields of focus include, firstly, the 

composition of steelmaking slags. In this field, the objective is to evaluate the potential of 

mechanical, pyrometallurgical and hydrometallurgical processing by understanding the slag 

structure and – with regard to phosphorus – its occurrence in the slag matrix. 

Processing methods and fields of application have developed quickly, as has their number. 

It becomes apparent, however, that the separation of iron and phosphorus in steelmaking slags 

is the main objective. Different approaches aim at utilising the mineral fraction and the 

magnetic, iron-containing fraction or both simultaneously. Mechanical as well as 

pyrometallurgical processes both have their limitations, which are described in this chapter. 

Hydrometallurgical processing plays a minor role in basic oxygen furnace slag treatment and 

is not covered. 

In this thesis, one particular processing approach is described in detail. The so-called 

InduRed process aims at the carbo-thermal reduction of BOFS with simultaneous removal of 

phosphorus via the gas phase. It is reported in literature that this gasification is possible. The 

objective of this thesis is to advance the state of knowledge in this regard. 

In order to conduct experiments on the behaviour of phosphorus during reduction, a lab-

scale plant was constructed. The plant as well as the reactor that is its core component are 

described in the practical fundamentals part of this thesis. 
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2.1 Literature research and theoretical fundamentals 

The theoretical part of this thesis, firstly, focuses on the formation of steelmaking slag and 

its composition. 

Subsequently, the state of the art in the field of BOFS treatment is described in detail. From 

a scientific standpoint, it is clearly distinguished from the state of knowledge in the specific field 

of carbo-thermal reduction of BOFS with a special focus on the behaviour of phosphorus. 

Naturally, the proposed treatment process and the reactor concept applied are described as 

well. This description is followed by thermodynamic fundamentals with regard to the reduction 

of BOFS. 

Since the second part of the experimental section of this thesis focuses on an altered BOFS 

treatment route, the chromium- and phosphorus-rich slags that form in the course of this route 

are described. The process flow is described in the last part of this subchapter. 

2.1.1 Steelmaking process and slag production 

By looking at the enormous amounts of steel being produced world-wide using the BOF 

technology, the potential of efficient recycling processes can be highlighted. One of the big 

challenges in developing such a recycling method comes from phosphorus contained in the 

BOFS. In the following chapter, it is explained why phosphorus poses such a challenge. 

Furthermore, the formation of BOFS shall be examined so that its composition and the 

inclusion of phosphorus can be discussed. 

2.1.1.1 Steel production and potential of BOFS recycling 

Of all metals used on an industrial scale, iron is by far the one with the highest production 

volume. Nearly 1.6 Bio. tons of the metal were produced in 2017, with Australia, China and 

Brazil being the largest producers. [13] The world’s steel production was slightly more than 

1.7 Bio. tons in the same year and surpassed 1.8 Bio. tons in 2018. China, India and Japan 

lead the list of the world’s largest producers of crude steel in both years. [9] 

Steel production can be divided into four main production routes. By far the largest amount 

of steel is produced via the BF- BOF route, followed by smelting of scrap in electric arc furnaces 

(EAF). Another route refines metal from smelting reduction processes in a BOF and the fourth 

route processes direct reduced iron or hot briquetted iron in an EAF. An overview is provided 

by Figure 2. [14] 
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Figure 2: Process routes of steelmaking [14] 

This thesis focuses on the BF-BOF route and the slag that is produced in the second step, 

the refining of hot metal. If not indicated otherwise, steelmaking slag, converter slag, refining 

slag or Linz-Donawitz slag refer to these basic oxygen furnace slags. 

With roughly 71% of the world’s crude steel production occurring in a BOF [4] and a BOFS 

formation rate of 130 kgt-1 crude steel [15], about 230 Mio. tons of BOFS are produced globally 

per year (calculated from stated data from 2018). In Austria alone, the number is roughly 

800,000 tons (calculated from stated data from 2018) of BOFS. [9] On average, 30 mass 

percent (m.-%) of the slags are oxides of valuable metals – mostly iron, manganese and 

chromium. [5] If fully recovered, the iron amount and value in BOFS reused in the BOF 

calculated with carbon steel prices of roughly 750 USDt-1 [16] accounts for 45 Mio. tons of steel 

or 34 Bio. USD. This does not take into account the potential value of other metals separately 

recovered or the remaining mineral fraction and phosphorus products. 

In this thesis, phosphorus and its effect on the treatment of BOFS will be discussed and 

investigated. Therefore, its path into the slags is shortly described. Phosphorus enters the 

steelmaking process as a part of the ashes of coke and coal as well as the gangue of iron 

ores.  [17] Neither sintering nor pelletising processes operate at temperatures sufficient to alter 

the occurrence of phosphorus in the raw materials (mostly phosphates) used for iron making. 

Therefore, the whole amount of phosphorus contained in the ores reaches the BF, where it is 
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reduced, and – because of its oxygen potential being close to that of iron – accumulates 

completely in the hot metal in the BF. [18] This leaves the BOF as the aggregate required to 

remove phosphorus as efficiently as possible, because of the negative effects phosphorus has 

on the steel quality (during cooling, P displaces C and reduces the ductility, toughness and 

causes brittleness). [7] 

The described challenges have led to the development of two major ways of dealing with 

the high phosphorus load in the BOF: 

 European route: The BOF has to oxidise and bind the phosphorus contained in the 

hot metal so that the desired steel quality can be produced. This poses a challenge 

for the refining step and limits the amount of phosphorus being fed into the BF and, 

in turn, the amount of internal recycling of refining slag products. 

 Japanese route: The hot metal is dephosphorised and, because it is 

thermodynamically required, desiliconised before its processing in the BOF. This, 

while relieving the BOF with regard to its dephosphorisation task and producing low 

BOFS volumes, limits the amount of scrap metal that can be recycled in the 

steelmaking process due to the cooling of the slag during the two pre-treatment steps 

as well as the missing silicon providing heat during oxidation. [8] 

Since the available amounts of low-phosphorus ores are reported to be declining [12], 

dephosphorisation is a big issue in the field of BOF technology and related research. The 

challenge posed by phosphorus also leads to the development of and research on BOFS 

recycling processes that try to limit the load of phosphorus as well as recycling products that 

are to be reused in the BF-BOF route. 

2.1.1.2 Steelmaking slag 

In order to efficiently remove phosphorus in the BOF, the slag formation process is crucial. 

As iron and silicon are oxidised, a fayalite slag is formed, which, as quickly as possible, shall 

take up CaO from slag formers added to the BOF (i.e. mostly dolomite, lime and limestone). 

Only then can phosphorus be oxidised and bound into the slag matrix and, in turn, be 

stabilised. [19] The following equations Equation (2-1), Equation (2-2) and Equation (2-3) 
describe the binding of phosphorus into the slag using molecular theory. [12] 

 

  (2-1) 
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  (2-2) 

 

  (2-3) 

 

According to the ion theory of slags, slag is composed of ions that interact with each other. 

Depending on the binding energy of oxides, they can be categorised by their tendency to 

donate or accept oxygen ions according to Equation (2-4) and Equation (2-5) (adapted 

from [20]). 

 

  (2-4) 

 

  (2-5) 

 

Metal oxides donating oxygen ions are called basic and those accepting oxygen ions are 

referred to as acidic. An important parameter to quickly describe the behaviour of slags 

regarding their stability in contact with other oxides as well as slag flowability is the so-called 

basicity. The basicity is a ratio of certain oxides in m.-%. Depending on the considered species, 

the basicity can be expressed as seen in Equation (2-6), Equation (2-7) and 

Equation (2-8): [20] 

 

  (2-6) 

 

  (2-7) 

 

  (2-8) 

 

If not indicated otherwise, the term basicity will be used in this thesis only to refer to the 

value B2. 
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Applying this theory to the formation of 3 CaO·P2O5 (also referred to as tricalcium phosphate, 

C3P or Ca3(PO4)2), the following reactions can be used to describe the mechanism 

(Equation (2-9), Equation (2-10), Equation (2-11), Equation (2-12), Equation (2-13) and 

Equation (2-14)): (adapted and combined from [8], [12] and [21]) 

 

  (2-9) 

 

  (2-10) 

 

  (2-11) 

 

  (2-12) 

 

  (2-13) 

 

  (2-14) 

 

It has been shown that phosphorus accumulates preferably in dicalcium silicate phases and, 

if the SiO2 content is low, in a calcium phosphate phase. [21] In any case, according to the 

ionic theory of slags, PO4
3- ions exist and it is further assumed for theoretical considerations 

that C3P is the predominant P-containing species in BOFS. 

In terms of oxide content, average BOFS shows the composition shown in Table 1. [5] 
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Table 1: Average basic oxygen furnace slag composition at voestalpine Stahl Linz GmbH in 2014 [5] 

species element content [m.-%] 
MnO 6.25 
MnS 0.11 
FeO 27.23 
SiO2 12.77 
CaO 40.21 
MgO 6.66 
Al2O3 2.17 
P2O5 1.22 
TiO2 0.38 

Cr2O3 0.39 
total 97.40 
B2 3.15 

 

B2 is roughly 3.2. FeO, Al2O3 and SiO2 are also referred to as network-forming oxides and 

typically increase the viscosity of the slag. The basic oxides, which are also called network-

modifying oxides, lead to lower viscosity. [22] If a reduction process is proposed to treat BOFS 

– as it is in this thesis – FeO and parts of the SiO2 are removed from the slag and the viscosity 

changes drastically. Iron is amphoteric and can act as both network-forming and -modifying, 

depending on the slag composition. 

Therefore, additives must be used to ensure the flowability required by the respective 

processes. The determination of the viscosity as used in this thesis occurred empirically 

regarding only the desired, highly specific application. In general, the positive effect of FeO on 

the flowability and the thickening of BOFS during reduction is a well-known effect which limits 

the slag handling without SiO2 addition. [10] In addition, a simplified deduction can be made 

using Figure 3. [17] 
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Figure 3: Relation between basicity and viscosity of slags [17] 

This general assumption is true only for simplified slag systems. Real systems are highly 

complex and a high number of compounds are involved. Therefore, the slag viscosity in this 

thesis is evaluated empirically. 

Using a CaO-FeOn-SiO2 phase diagram, BOFS, its composition as well as its liquidus 

temperature as a function of the SiO2 content can be depicted. Such a phase diagram with the 

approximate location of BOFS (using the diagram as CaO-FeOn+MnO+MgO-SiO2+P2O5 

diagram and neglecting Al2O3 and traces of other components) is shown in Figure 4. [23] 
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Figure 4: CaO-FeOn-SiO2 phase diagram [23] 

Mineralogically, the slag consists of the following phases (with the letters indicating the 

respective oxide, e.g. F is short for FeO, CS is short for CaO·SiO2): 

 C2S ( -modification, larnite) 

 CS 

 C2F (including brownmillerite containing Al) 

 FeO 

 CaO (free lime) 

 metallic iron [24] 

2.1.2 State of the art in BOFS treatment and utilisation 

Due to the high potential of BOFS recycling, a vast number of treatment processes have 

been proposed and extensive research has been conducted. The state of the art is reviewed 

in this chapter. In order to provide a clear overview, the presented treatment methods are 

categorised as follows: 
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 mechanical processing of BOFS 

 pyrometallurgical processing of BOFS 

o partial reduction 

o full reduction 

o other pyrometallurgical approaches 

 hydrometallurgical processing of BOFS 

 other treatment processes/applications of BOFS 

Hydrometallurgical processes are mostly applied to chromium- and vanadium-rich slags and 

are therefore shortly presented in chapter 2.1.6. 

2.1.2.1 Mechanical processing of BOFS 

Mechanical treatment of BOFS was reported to be the main processing route in Japan in 

2013. Typically, the slag is cooled in ambient air and metallic iron is recovered as completely 

as possible by crushing and sieving. In order to stabilise free lime, hydration and carbonation 

are not suppressed, but observed, controlled and even supported. The slag is then used as a 

construction material (soil improvement or road construction). Other fields of application are 

the cement industry (clinker material delivering FeO) or fertiliser production (as a source of, 

amongst other elements, P). [25, 26] 

Stabilising cooled BOFS in order to produce a construction material is not the only objective 

in the area of mechanical processing. Since the iron oxide containing parts of the slag could 

be reused within integrated steelworks if it were not for the phosphorus content, the mechanical 

separation of iron- and phosphorus-rich phases has been investigated. Milling and magnetic 

separation enable an iron enrichment in the concentrate of up to 40%. However, the structures 

are finely intergrown and so far the separation results have not been sufficiently promising, 

especially regarding the lacking possibility of reusing chromium and manganese. [10] 

Efforts made to produce clinker materials are described in chapter 2.1.2.2, because they are 

often based on the quick cooling of modified BOFS. Ludwig et.al. report, however, that by 

special, very fine milling, existing cement phases (mostly belite) can be activated to participate 

in hydration reactions. [27] 

Lastly, slag utilisation is practised in Europe also by using it in landfill construction (as a 

drainage, a base sealing or as a cap layer material). Research on the leaching behaviour of 

slags, especially regarding chromium, is intensified. [28] 
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2.1.2.2 Pyrometallurgical processing of BOFS 

Literature research results show that there are two main objectives of pyrometallurgical 

BOFS treatment – the production of a construction material and the recovery of valuable metals 

by reduction. 

In the field of the production of construction materials, (latently) hydraulic activity shall be 

developed in BOFS. The objective is mostly simplified by evaluating the formation of 

amorphous structures in the slag after modification and quick cooling. Ferreira Neto et.al. 

report that in slags with a high SiO2 and Al2O3 content (network formers, s. 2.1.1.2) – in this 

case B2=1.1 – cooling at roughly 4 Ks-1 can result in an amorphous slag content of over 90%. 

The slag phases that occur are merwinite (3 CaO·MgO·2 SiO2), monticellite (CaO·MgO·SiO2), 

akermanite (2 CaO·MgO·2 SiO2) or melilite and, if the aluminium oxide amount is increased, 

gehlenite. [29] These phases have also been detected in the reduced slags produced in the 

experiments conducted in the course of this thesis (s. 3.2.4). The positive effect of the Al2O3 

amount on the formation of amorphous phases in slags has been repeatedly reported. If the 

benefit of the addition of Al2O3 is expressed by its effect on the critical cooling rate, above 

which no crystal can be formed anymore, it can be seen that this cooling rate is immensely 

decreased by Al2O3 addition. [30] Modification and quick cooling has also been investigated 

using dry slag granulation. [31] The use of BOFS after stabilisation is applied in several 

countries. In China, a special stabilisation process is used before recovering magnetic 

components of the steelmaking slags. [32] In 2005, a report on a research project in Germany 

presented similar results. In order not to just cool BOFS, dry granulation was tested and it was 

concluded that the granulation is potentially feasible. [33]  

Partial reduction is a treatment path standing between full reduction efforts and mere 

construction material production, trying to combine both aspects. Its objective is to reduce iron 

oxide, producing a hydraulically active alite phase independent from cooling rates. It has been 

shown that this objective can be achieved, indicating that other elements (foreign ions) stabilise 

the alite phases – which make up more than 60% in the reduced slags – in BOFS. Even at a 

reduction temperature of 2073.15 K, however, the phosphorus content is hardly reduced and 

neither are the contents of chromium and manganese. If the slags are diluted with synthetic 

slags that show the same mineral composition except for foreign ions like Na or Cr, the alite 

phases cannot be stabilised. [34] C2S is formed, which transforms from its -modification to its 

γ-modification, leading to its decay due to a volume increase of roughly 10%. This has been 

reported in respective literature and must be considered during the full reduction of BOFS. [35] 

It is reported that P stabilises C2S phases as well. [36] In spite of being highly promising with 

regard to clinker formation, partial reduction does not solve the phosphorus accumulation 
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problem with BOFS but transfers it to cement production. Residual iron, chromium, manganese 

and phosphorus of partially reduced slags limit the utilisation of the reduction product in the 

rotary kiln. Phosphates (more than 2 m.-%) reduce the ability for hardening of the cement 

products. They stabilise C2S, inhibit the formation of C3S and raise the amount of free lime, 

reducing the strength. [37] 

Full BOFS reduction is investigated in order to achieve all the objectives mentioned so far 

simultaneously: 

 recovery of a manganese- and chromium-rich iron alloy 

 removal of phosphorus during reduction via the gas phase 

 production of a metal oxide-free slag suitable as a construction material 

In addition to phosphorus posing a major challenge, the charging of molten slag into a 

reduction unit is also highly critical due to slag foaming. In Japan, reduction processes have 

been intensively investigated. Since the Japanese steelmaking route involves desiliconisation 

and dephosphorisation technologies, the slag from the BOF contains low amounts of 

phosphorus. However, molten slag charging has been improved, which is relevant to European 

BOFS treatment just the same. If carbon and molten slag get in contact, an immediate high 

CO production rate can cause slag foaming, destabilising the reduction process. If the feeding 

rate is too slow, on the other hand, the slag might solidify. It is highly demanding to optimise 

this process so that both problems can be tackled. Harada et.al. report that the positioning of 

a refractory block in the dropping area prevents foaming and that off-gas combustion can 

supply enough energy to avoid slag solidification. [38] 

If dephosphorisation is not applied, the metal product obtained by full reduction is not 

reusable within integrated steelworks, because phosphorus fully accumulates in the metal 

phase as it does in the BF. Resistance furnaces, standard induction furnaces and EAF have 

been investigated as reduction units by Schmid et.al. High phosphorus amounts were analysed 

in the metal product after nearly complete iron oxide reduction. In BOFS without additives, the 

P content could be as high as 2 m.-%. This thesis focuses on the phosphorus gasification in 

order to significantly reduce this amount. The experiments regarding this task are described in 

chapter 3.2. If the metal product were refined, however, low iron losses could be expected 

since its composition is similar to the historic Thomas phosphate, but the chromium that was 

reduced would also be re-oxidised. The product slag containing high amounts of Cr and P 

does not yet have a designated utilisation. [10] Its treatment is investigated in the course of 

this thesis. The state of the art as well as the conducted experiments are described in 

chapters 2.1.6 and 3.4. 
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Efforts to remove P via the gas phase are already patented. One approach aims at the 

reduction of iron and phosphorus compounds in individual steps but in the same aggregate, 

removing iron before phosphorus is removed. In a rotary kiln P is accumulated in Fe and the 

patent suggests the prior reduction of the iron content with the help of mechanical processing. 

If conducted in two steps (reduction, separation of Fe, second reduction), the P-content in the 

iron from the second step is stated to be roughly 0.4-1.0 m.-%. [39] In a prior patent application, 

an equation for the ideal reduction temperature as a function of the basicity is stated. It 

suggests higher temperatures with increasing basicity and can be seen in 

Equation (2-15). [40] 

 

  (2-15) 

 

Temperatures chosen for reduction experiments in this thesis are much higher than the ones 

suggested by this equation. The desired application of the gaseous phosphorus in the patent 

is the production of phosphoric acid. [40] 

Finally, other pyrometallurgical research efforts investigate the separate recovery of 

individual elements. As an example, the selective reduction of Mn and P is mentioned and has 

been investigated by Shin et.al. If the composition of BOFS is modified by Al2O3 addition, the 

relative time at which P- and Mn-compound reduction occurs can be altered. However, 

phosphorus is almost completely accumulated in the metal phase. [41] Another approach aims 

at the enrichment of P-rich C2S phases by density separation in the liquid slag state as a pre-

treatment for mechanical processing. [42] 

2.1.2.3 Other treatment processes and applications of BOFS 

In Japan, BOFS has also been used to restore marine environments. It is supposed to 

improve plankton growth and in some applications prevent eutrophication. [25] Seaweed 

production, which is highly demanded in the country, is also supposed to benefit from this 

method of BOFS utilisation. [26] 

The enormous number of proposed slag utilisation and processing methods show that the 

industry is in need of a recycling process that is able to tackle the challenges posed by this 

highly valuable secondary resource. 
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2.1.3 State of knowledge in BOFS reduction with simultaneous phosphorus 
gasification 

Since the research topic of this thesis is the full reduction of BOFS with simultaneous 

phosphorus gasification, the state of knowledge in this specific research area is presented 

separately. 

Recent experimental groundwork on BOFS reduction under consideration of phosphorus 

reduction has been done by Liu et.al. Slag mixtures representing BOFS were prepared and 

the influence of carbon addition on the phosphorus uptake of the produced metal were 

investigated. Naturally, higher carbon rates lead to higher P-compound reduction rates and, in 

turn, to P-accumulation in the iron phase. Combining possible indirect and direct reduction of 

C2S–C3P phases under production of C2S and C3S, CO2 and phosphorus – dissolved in the 

molten metal bath or in its gaseous form – leads to the fundamental reaction equation relevant 

to the reduction process of BOFS (Equation (2-16)). [43] It includes all the potential reagents 

and products but neglects stoichiometric balancing due to the combination of reaction 

mechanisms it depicts. 

 

  (2-16) 

 

The suggestion, however, is that P is present in its gaseous state only in minute amounts 

and that therefore the carbon content should be controlled in a way that P-reduction is 

limited. [43] 

The effect of Al2O3 and SiO2 addition to BOFS before reduction has been investigated by 

Liu et.al. It has been shown that the addition of Al2O3 increases the influence of liquid mass 

transport and in turn the size of iron particles separated after reduction. The SiO2, naturally, 

binds free lime and supports C2S phase formation. [36] 

Morita et.al. investigated the reduction of iron- and phosphorus-containing slag at 1823 K by 

microwave irradiation and the influence of SiO2 addition in 2002. SiO2 improves the slag 

flowability and therefore the reduction kinetics. It also increases the activity coefficient of P2O5. 

The basicity was set at roughly 1.6 and the P2O5 content of the slags was 4 m.-%. Significant 

amounts of P accumulate in the metal phase. Phosphorus being distributed between a slag 

and metal phase accounts for 80% of the input phosphorus (lowest value). A gasification of a 

maximum of 20% is therefore achieved, assuming that the “unknown” phase mentioned is the 

gaseous phase. [44] 



THEORETICAL AND PRACTICAL FUNDAMENTALS 

Dissertation Christoph Ponak  page 20  

In 2008, Matinde et.al. described the separation of phosphorus from sewage sludge during 

reduction via the gas phase. Solid state reactions below 1273 K show that PO and PO2 can 

be formed, whereas at temperatures between 1373 K and 1700 K, mostly P2 (and not P4) are 

formed out of liquid P2O5 compounds. If iron oxide contents are high, an Fe-P alloy is formed 

and the distribution rate of P to the gas phase decreases. [45] 

By adding carbon to slag and stirring, slags containing different iron oxide fractions and 

showing different basicity values were reduced by Nakase et.al. If a slag with a basicity B2 of 

4.0, a mass fraction of iron oxides (FeO) of 10.4% and a P2O5 content of 2.8% is reduced at 

1773 K (and 1873 K), up to 30% of P can be gasified. [46] This procedure of carbo-thermal 

reduction is referred to as “standard” carbo-thermal reduction in this thesis (though stirring is 

not required for a process to be included in the definition). 

In 2017, Nakase et.al. investigated the influence of the FeO content on the P gasification 

possibilities. Its huge influence suggests the absorption of P in liquid Fe occurs as assumed. 

By reducing slags with an FeO content of 2.0-2.4 m.-% and a basicity B2 of 1.0 at a temperature 

of 1673 K, 55% of the P could be gasified. [47] In the paper’s reference list, Nagata K. 1997 is 

mentioned to have achieved a 70% phosphorus gasification rate from pre-treatment slags 

(high P/Fe ratio) at temperatures above 1896 K. [48] However, for BOFS, 55% is the highest 

value reported in respective literature to date. 

2.1.4 InduRed reactor and process 

The InduRed process has been advanced in the course of this thesis. It is a reduction 

process that aims at the full reduction of BOFS. A pilot-scale plant to execute the InduRed 

process was constructed at the Chair of Thermal Processing Technology of the 

Montanuniversitaet Leoben, Austria. Its main component, the InduRed reactor, is supposed to 

tackle the problems related to BOFS reduction as explained in the previous chapters. The 

reactor consists of a cylindrical arrangement of refractory materials, containing pieces of 

electrode graphite. Its novelty is founded in the inductive heating of this bed of graphite pieces 

and by achieving a homogeneous temperature distribution, horizontally as well as radially. It is 

depicted in Figure 5. 
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Figure 5: InduRed reactor [49] 

Material that is fed to the reactor from the top melts almost immediately as it gets in contact 

with the first layer of graphite pieces. A thin, molten film moves towards the bottom of the 

reactor. A large surface area for reactions as well as short mass transport distances for 

reagents and products are provided. Argon is led into the reactor from the top and the bottom. 

Its purpose is not mainly to provide an inert atmosphere but to transport fine particles directly 

to the graphite surface as well as to prevent the suction of false air. 

The refractory materials used all have Al2O3 as their main component. The reactor wall is 

constructed using high purity aluminium oxide and the middle part for gas suction as well as 

the bottom for liquid material output are cast, high-alumina concrete parts. The suction of 

exhaust gas is enabled by an induced draft fan, securing a minute under-pressure of roughly 

0.3 mbar. The reactor in the pilot plant is close to 1 m in height and has an inner diameter of 

roughly 20 cm. 

Liquid products of BOFS reduction are metal and slag. Both leave the reactor at its bottom 

and are not separated at this point. The feed is cold and needs to be heated and molten in the 

reactor. 

The graphite is not supposed to participate in the reduction reactions. It shall provide the 

bed structure and a possibility for heat input directly at the graphite pieces’ surface. Carbon 

powder is added as a carbon source for direct reduction reactions. Graphite has an estimated 
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sublimation point of 4000 K. Its thermal conductivity at 298.15 K is 398 Wm-1K-1 in directions 

within layers and close to zero between layers. For highly crystalline graphite, much higher 

values in the range of 10³ have been reported. Its electrical resistivity is also high within layers, 

close to zero between layers and increases with temperature. It possesses a high strength of 

1060 GPa in a direction within a layer. It is highly chemically resistant (except in reaction with 

oxygen, sulphur, selenium and tellurium). Synthetic graphite can be highly anisotropic and 

close to the ideal crystal and the change of its properties depending on direction can be 

reduced. [50] In conclusion, graphite is a highly suitable material for the reactor bed 

construction. 

The pilot-scale plant also includes a feed vessel, a slag and metal collector bin, a post-

combustion chamber for product gases and a gas scrubber. It is shown in Figure 6. 

 

Figure 6: InduRed pilot-scale plant and its main components (1: reactor, 2: combustion chamber, 

3: gas scrubber) 

The whole process aims at the post-combustion of the product gas, mainly consisting of P2 

and CO, and treating it in a gas scrubber so that phosphoric acid can be produced. A simplified 

flow-chart is shown in Figure 7. 
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Figure 7: InduRed process flow chart and research areas covered by this thesis 

The orange lines indicate parts of the process route covered by and explained in this thesis. 

The smelting of BOFS with SiO2, the carbo-thermal reduction and the production of a metal 

and slag phase are explained in great detail. The green lines indicate research aspects that 

have been covered but are not focused on in this thesis. These include the addition of Al2O3 

to the slag mixture and the wet granulation of slag products to determine the slag product 

quality. On a theoretical basis, the separation of the liquid products by density and the feeding 

of a liquid slag mixture have been considered. During continuous experimental trials, 

phosphoric acid has already been produced. However, the quality of the H3PO4 is not 

discussed in this thesis. 

Because of the decrease in flowability during reduction due to a change in slag composition 

and near the bottom (heat sink), clogging of the reactor occurred. Therefore, the reactor outlet 

design was adapted in several steps to improve the experimental process. The development 

of the bottom design can be seen in Figure 8. 
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Figure 8: Development of the reactor bottom design in the InduRed pilot-scale plant (a: tapping holes, 

b1: internal inductive heating by graphite pieces, b2: slits for larger tapping area, c: graphite frustum) 

The initial design that was likely to clog can be seen in picture a. The pictures b1 and b2 

belong together. The slits in b2 provide a bigger outlet surface while the graphite pieces in b1 

are meant to serve as an internal heating of the output area. Design concept b still led to 

clogging over time. The most successful solution that has served well in its desired application 

is design c. The last material slag is in contact with before leaving the reactor is graphite that 

is inductively heated. The power input per volume was calculated for the frustum as well as 

the graphite pieces it replaces. The two values were balanced so that the power input in the 

area was not influenced as a result of the replacement. 

The desired application of the InduRed reactor is for it to serve as a BOFS treatment unit 

that produces an iron alloy that can be reused internally in integrated steelworks. The process 

and the projected goods balance are shown in Figure 9. The stated figures are based on actual 

production data from voestalpine Stahl Linz GmbH and are normalised. 

 

Figure 9: Goods balance of the steelmaking process including the proposed InduRed process 

The main objective of the application of the InduRed reactor and process is to remove 

phosphorus from the BOFS during reduction via the gas phase. Respective literature does not 
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yet state results regarding this challenge that would enable the metal product to be reused 

directly in the BOF. The main advantages of the reactor are: 

 The graphite bed possesses a large surface area that supports reaction kinetics. 

 The induction units are designed to enable the heat input just beneath the surface of 

the individual graphite pieces. Slag solidification is therefore eliminated as a problem 

during treatment. 

 The negative impact of slag foaming on the treatment should be less crucial due to 

the formation of a slag film (to be investigated). 

 Direct reduction accounts for most of the reduction processes occurring in the 

reactor. This limits the carbon consumption (while, on the other hand, it increases 

the energy demand). 

 A thin slag layer facilitates mass transport by shortening transport distances. This is 

especially crucial for the diffusion of P and its removal as gaseous, elementary P2. 

 No molten bath of metal is formed. Therefore, the P2 (g) – Fe (l) contact probability 

and therefore the kinetics of P-dissolution (and iron phosphide formation) can be 

decreased immensely. 

 Dry slag granulation (or other quick cooling of product slag) provides a possibility to 

stabilise the slag even after full reduction. 

The sources used in this chapter are partly unpublished. Results from previous research 

projects at the Chair of Thermal Processing Technology (Montanuniversitaet Leoben) under 

the leadership and management of Univ.-Prof. DI Dr.techn. Harald Raupenstrauch are 

presented. The pilot-scale plant and the reactor (including the oscillating circuit) were 

constructed in the course of the project RecoPhos. Basic information on the project is 

published in Schönberg et.al. [51] and documented (yet unpublished) by Kasra Samiei and 

Andreas Schönberg in 2014. [52] The author does not claim any contribution to the 

development of the InduRed reactor concept. The basic reactor concept as well as the idea of 

its application to treat slags are patented. [53, 54] The presented adaptions (e.g. bottom 

design), the work done on the InduRed process (e.g. balancing, heat input tests) and the 

operation with BOFS were part of the work conducted in the course of this thesis. The major 

contribution of this thesis to the research project is described in chapter 3. 

2.1.5 Thermodynamics and kinetics of BOFS reduction 

In order to properly describe the expected and observed phenomena occurring during BOFS 

reduction, fundamental thermodynamic and kinetic considerations are taken into account. The 
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bases for the theoretical scientific work conducted in the course of this thesis are explained in 

this chapter. 

Reduction reactions of metal and phosphorus compounds in BOFS are described and, 

specifically, the FeO and C3P reduction reactions are investigated. With the help of the 

reduction of FeO, the difference between the applied reactor concept and well-known 

aggregates, especially a BF, is highlighted. The C3P reduction combined with the formation of 

iron phosphides is described so that the gasification of phosphorus can be explained. 

2.1.5.1 Reduction reactions and iron phosphide formation 

In a BF, the reduction of iron oxides progresses in several steps depending on the 

temperature conditions in the respective zones. A model of a BF is shown in Figure 10. [55] 

 

Figure 10: Blast furnace model [55] 

In the belly, oxides start melting and the direct reduction of FeO occurs. The indirect 
reduction with CO and the formation of new CO via the Boudouard reaction (Equation (2-17), 
Equation (2-18) and Equation (2-19)) decreases in relevance. [55, 56] 
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  (2-17) 

 

  (2-18) 

 

  (2-19) 

 

In the proposed reactor concept used for the reduction of BOFS in the course of this thesis, 

only the direct reduction (Equation (2-19)) plays a significant role. CO is produced and 

removed constantly from the reactor. The lack of a Boudouard zone and the gas removal in 

the zone with the highest P production rate are significant differences between the reduction 

of iron oxides in a BF and the InduCarb reactor. 

Iron forms spheres (found as such after experiments) and moves through the reactor without 

forming a molten bath. Therefore, the contact between Fe (l) and P2 (g) is reduced to a 

minimum. In a BF, C3P is reduced in the bottom zone of the aggregate (high temperatures 

required). Iron moves through the slag layer and phosphorus originates in direct contact with 

the metal bath (derived from [55] and thermodynamic considerations described in 

chapter 2.1.5, [17]). Due to the thin slag layer in the InduRed reactor, however, the chances of 

the element getting in contact with Fe (l) is limited. 

Carbon is used as a reducing agent in a BF as well as in the reduction experiments 

conducted in the course of this thesis. In order to estimate required reduction temperatures as 

well as CO/CO2 ratios, a Richardson-Ellingham diagram can be used.  

In a Richardson-Ellingham diagram, the oxygen potential of reactions of species with 1 mole 

of oxygen at a pressure of 1 atm is plotted against the temperature. The oxygen potential is 

derived and defined as follows (Equation (2-21), Equation (2-22), Equation (2-24) and 

Equation (2-25)) and explained using the oxidation of Fe and the equilibrium constant of this 

reaction (Equation (2-20) and Equation (2-23)) as an example. (derived from [17], [57] 

and [58]) 

 

  (2-20) 

 

  (2-21) 
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  (2-22) 

 

The activity for FeO and Fe is one for pure substances at standard conditions [58], hence: 

 

  (2-23) 

 

  (2-24) 

 

  (2-25) 

 

The expression R·T·ln pO2 is defined as the oxygen potential. [57] The activity of iron is not 

one if Mn, Cr, P, C, Si, Ti and other elements are dissolved in the liquid metal. At this point, 

the influence of a changing iron activity on the slope of the Richardson-Ellingham diagram plot 

of any reaction is explained by rearranging the equations above and depicted in 
Equation (2-26). 

 

 
 (2-26) 

 

Therefore, if the iron activity increases, the logarithmic expression moves towards higher 

values and, in turn, the term in brackets determining the slope of the curve in the Richardson-

Ellingham diagram increases and the slope becomes flatter (since the change in entropy is 

below zero). Flatter slopes cause a shift towards higher reduction temperatures. 

A Richardson-Ellingham diagram is shown in Figure 11. [17] 



THEORETICAL AND PRACTICAL FUNDAMENTALS 

Dissertation Christoph Ponak  page 29  

 

Figure 11: Richardson-Ellingham diagram [17] 

Most current depictions include a CO/CO2 scale on the side that indicates the required 

minimum ratio of CO and CO2 partial pressures for a reduction. If this scale is translated into 

a scale indicating the CO2 content in a CO – CO2 gas mixture (i.e. a molar ratio of O/C, which 

is 1 for CO and 2 for CO2), a so-called Baur-Glaessner diagram can be drawn. The other scale 

indicates the temperature and the resulting Baur-Glaessner diagram shows the stability of iron 

oxides in regions of certain temperatures and CO/CO2 ratios. An example for the stability 

regions of iron oxides and metallic iron is shown in Figure 12. [59] 



THEORETICAL AND PRACTICAL FUNDAMENTALS 

Dissertation Christoph Ponak  page 30  

 

Figure 12: Baur-Glaessner diagram [59] 

It is needed later to describe the ratio of indirect and direct FeO and C3P reduction and the 

required carbon addition. It can be derived by plotting the O/C molar ratio against the O/Fe or, 

respectively, the O/P molar ratio at a certain temperature in a so-called Rist diagram (s. 

chapter 3.1). [60] 

The calcium phosphate reduction is a reaction described in detail with regard to primary 

phosphorus production. Reaction pressure investigations have shown that SiO2 participates in 

the reduction according to Equation (2-27). The reduction with CO might play a role in the 

reduction process only if the phosphate is in its solid state. The dissociation of C3P into CaO 

and P4O10 has been refuted by these investigations. The accumulation of P in a metal phase 

is not relevant to the primary P production, because fluorine-apatite has low iron contents. [61] 

The direct reduction of P4O10 – or P2O5 (Equation (2-28)) – is still important to BOFS reduction 

because of potential iron phosphate contents and their dissociation to P2O5 and FeO. 

 

  (2-27) 

 

  (2-28) 
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In order to describe the C3P reduction using a Richardson-Ellingham diagram, the calcium 

phosphate line must be drawn. Since CaO is needed – according to the dephosphorisation 

mechanism described in 2.1.1.2 – to bind oxidised phosphorus, the reaction used to draw said 

line is the following Equation (2-29). [36] The Richardson-Ellingham diagram drawn can be 

found in chapter 3.1.1. 

 

  (2-29) 

 

The direct MnO reduction happens according to Equation (2-30). [62] 

 

  (2-30) 

 

High temperatures, high initial FeO contents as well as a low initial basicity support the MnO 

reduction. [62] 

With increasing carbon, silicon or aluminium contents in the metal, the Cr activity is 

decreased drastically. It is increased, however, with rising temperatures. The activity of 

chromium oxide increases with increasing basicity. [63] The reduction of Cr2O3 in BOFS 

directly with carbon is shown in Equation (2-31). 

 

  (2-31) 

 

The reduction reactions for SiO2 and TiO2 are shown in Equation (2-32) and 

Equation (2-34). SiO2 can also be reduced to gaseous SiO (Equation (2-33)). [17] 

 

  (2-32) 

 

  (2-33) 

 

  (2-34) 
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As mentioned before, Matinde et.al. reported Fe-P alloy formation during the reduction of 

iron oxide containing sewage sludge. [45] In primary phosphorus production from fluorine-

containing C3P (apatite), the formation of Fe2P is known. [64] In this thesis, the formation of 

iron phosphides is assumed to happen as soon as liquid iron and gaseous phosphorus get in 

contact. Whenever P is dissolved in iron – [P] – the following reaction or reaction sequence 

occurs (Equation (2-35), Equation (2-36) and Equation (2-37), s. also 3.1.2). [65] 

 

  (2-35) 

 

  (2-36) 

 

  (2-37) 

 

Thermodynamic data on iron phosphide formation is provided by the work of Schlesinger 

2002. [66] It is implemented in the databank of HSC Chemistry and used later to investigate 

the formation of relevant compounds. 

2.1.5.2 Activity of Fe(O) and P(2O5) in metal and slag phases and thoughts on kinetics 

The equilibrium constant for the reduction of iron oxide directly with carbon is expressed as 

follows (Equation (2-38)). 

 

  (2-38) 

 

High C activity supports the reaction whereas a high iron activity moves the equilibrium to 

the side of the reagents. The activity coefficient is related to the activity as expressed in 

Equation (2-39) (adapted from [17, 58]). 

 

  (2-39) 
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The influence of other elements on the activity is expressed by influence parameters. The 

dependence of the activity coefficient on those parameters is expressed as shown in 

Equation (2-40) in metal baths that are considered to be iron with small amounts of other 

elements. (adapted from [17, 58]) 

 

  (2-40) 

 

In Equation (2-27) the reduction of C3P is shown. The equilibrium constant for this reaction 

can be seen in Equation (2-41). 

 

  (2-41) 

 

The equilibrium composition is strongly influenced by the partial pressure of CO. Deviations 

from one in the activity of CS, C and SiO2 also influence the equilibrium significantly. Sufficient 

carbon supply, SiO2 addition to the slags and gas removal from the reactor positively influence 

the progress of the reduction reaction. 

The equilibrium constant for the iron phosphide production can be found in Equation (2-42). 

 

  (2-42) 

 

High iron and phosphorus activities in the melt facilitate the phosphide formation. The 

influence of P and C on the P activity in liquid iron is expressed by their influence parameters 

in respective literature as eP
P=0.054 and eP

C=0.126. [47] Both elements increase the 

phosphorus activity. 

The activity coefficient of P2O5 in the slag phase has been thoroughly investigated. Basu 

et.al. state the determination seen in Equation (2-43) based on mole fractions of other 

oxides. [67] 
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(2-43) 

 

The aluminium oxide influence is not considered. High temperatures and SiO2 contents 

decrease log γP2O5 whereas a decreasing FeO content increases it.  

In most research focusing on the reduction reactions between a metal and a slag phase, the 

transport mechanisms are defined as the rate-determining steps. The fast reaction kinetics in 

reduction metallurgy in the liquid state are well-reported. [62] 

In the proposed reactor concept, the graphite is supposed to not participate in the reduction 

reactions. If it does, due to its density, a metal layer is formed on the graphite cubes instead 

of metal spheres as a product with carbon from the powder. The formation of such a layer 

during the reduction of iron ore is described in Biswas 1981. [17] 

2.1.6 Chromium- and phosphorus-rich slags 

Chromium recovery from slags is done mostly by applying hydrometallurgical techniques, 

which will not be discussed as a part of this thesis. 

A process in which BOFS is reduced and the phosphorus-containing metal is refined a 

second time is already patented. The residual slag after the reduction step is supposed to 

serve as a lime donor in the sintering plant. [68] As described in a research approach by 

Nakase et.al., metal obtained by BOFS reduction is refined and oxidised and the P and Cr 

oxides are bound with CaO. The resulting slag is supposed to be P-rich and might serve as a 

secondary phosphorus ore. [46] After full reduction of BOFS, however, refining will ultimately 

lead to Cr (and Mn) enrichment in the newly produced slag in the form of their oxides. 

The refining step necessary should aim at low Fe oxidation and almost complete Cr and P 

oxidation (and binding), which will also cause Mn to be oxidised. Examples for P-rich slags 

stem from the LD-AC process. In the course of the process, P-rich metal is refined. It is similar 

to the LD process, though the slag-forming additives are not added in the very beginning but 

over time together with oxygen via the blowing lance. The produced slag containing mostly 

CaO, FeO and P2O5, is not homogeneous. Removal of slag occurs at least once between the 

beginning of the refining process and the end. Slags with an FeO content of <10% and a P2O5 

content of >20% can be produced. [69] The phosphorus-rich slag is suited as an existing 
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example for the slag composition proposed in chapter 3.3.2. The resulting slags can be 

described using a CaO-FeOx-P2O5 phase diagram as depicted in Figure 13. [23] 

 

Figure 13: CaO-FeOx-P2O5 phase diagram [23] 

The reduction of high-Cr slags is also relevant to the field of stainless steel production. 

Preliminary experiments with slags from stainless steel production have been conducted but 

will not be further discussed in this thesis. 

With regard to the objective of this thesis, the occurrence and formation of chromium 

phosphides is of importance. CrP, Cr3P and Cr12P7 exist in commercially available 

databanks. [65] Broll et.al. in 1995 reported that they experimentally created Cr8P6C, a 

phosphide carbide. [70] However, thermodynamic data is not available for the temperature 

range of the desired treatment process. If the formation of the phosphides from Cr (l) and P2 (g) 

is calculated, only Cr12P7 seems to be built at temperatures above 1673.15 K. [65] Therefore, 

the stoichiometric ratio of Cr:P2 would have to be 12 : 3.5, which is unlikely, considering the 

low amounts of chromium in BOFS and – even – in the Cr-rich slags produced for the 

experiments described in chapter 3.4. 

In any case, the data basis for the prediction of chromium phosphide formation is not 

sufficient to judge the behaviour in a Cr- and Mn-rich alloy. Manganese phosphides are also 

reported to be formed, which is why it is difficult to make out the reasons for low gasification 

rates during reduction of slags containing Fe, Mn and Cr oxides without extensive experimental 

work. [66] Zaitsev et.al. (1998) provide the most extensive insight on Cr-P systems so far. 

While the formation of CrxPy might occur spontaneously (free enthalpy <0), the driving force 

for the reaction decreases with increasing temperatures. [71] The free enthalpy for the 

formation of reported manganese phosphides is lower on average than that of the chromium 

phosphide formation reactions. [66] 
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2.2 Practical fundamentals – construction of a lab-scale plant 

The InduRed process and the reactor concept it uses are highly promising regarding the 

tackling of problems related to BOFS reduction. However, the pilot-scale plant is cost- and 

personnel-intensive in its application. In order to determine a point of operation for the 

treatment of BOFS with an optimised B2 and temperature, preliminary experiments at a smaller 

scale were required. Therefore, a lab-scale plant called InduMelt was planned and built. 

The lab-scale plant is an induction furnace that consists of an oscillating circuit, a cooling 

circuit, a power supply unit, a royer converter and a microcontroller. It is schematically depicted 

in Figure 14 and a realistic illustration can be seen in Figure 15. 

 

Figure 14: Schematic setup of the lab-scale plant InduMelt 

 

Figure 15: Realistic illustration of the InduMelt plant and its main components 
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Its operational frequency – roughly 50 kHz – and the associated oscillating circuit are 

designed to induce currents in individual particles instead of a homogeneous susceptor. The 

coil has a diameter of 20 cm and a height of 12 cm, and the circuit is supplied with a maximum 

power of 10 kW. At 50 kHz, the maximum power loss is in the range of 3.1 kW. For safety 

reasons, the capacitors, the power electronics as well as the induction coil each have their 

individual cooling circuit. Volume flow indicators are positioned on the intake side of the 

respective circuits and temperature measurement installations are integrated in the effluent 

side. 

The construction of the lab-scale plant was completed in the course of this thesis. The plant 

design and construction was led by and completed in cooperation with Valentin Mally (Chair 

of Thermal Processing Technology). The design of the oscillating unit is based on the 

knowledge about the InduRed reactor mentioned in chapter 2.1.4. The royer converter and the 

micro-controller units were designed and constructed with the external help of Dipl.-Ing. Harald 

Noack. The setup of the reactor construction methods used were developed in the course of 

this thesis. 

The plant is constructed to induce currents in graphite, and, by changing the position and 

form of the respective susceptor, can be used as a general smelting unit. Therefore, a graphite 

crucible is positioned below the induction coil. If contact between sample and graphite is not 

desired, a graphite ring can be positioned around a refractory material crucible with a small 

gap left between the two rings to allow for differences in thermal expansion during heating. For 

the reduction experiments using the inductively heated graphite bed, a crucible from refractory 

materials is filled with cubes of graphite. In the experiments conducted in the course of this 

thesis, Al2O3 rings, Al2O3 mortar and Al2O3-rich concrete were used to construct a suitable 

crucible. In spite of possible reactions between basic slag and an argillaceous refractory 

material, Al2O3 provided higher heating rates, high maximum temperatures as well as good 

thermal shock resistance during tapping (when the insulation is removed in order to pull the 

slag stopper) and was therefore chosen. The setups for the smelting and reduction 

experiments are shown in Figure 16. 
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Figure 16: Experimental setups for smelting and reduction in the lab-scale InduMelt plant [49] 

The electrodes used for the bed material have an average purity of 99% C. Their electrical 

resistance is 4-8 μΩm and their density is 1.55-1.75 gcm-1. [72] A number of amendments to 

the susceptor geometry and its influences on the power input have been investigated in the 

course of the work conducted in cooperation with Elias Obererlacher (Chair of Thermal 

Processing Technology). Remarkably, expected power input reduction by holes or cut-outs 

have not been observed as long as induced eddy-currents were provided a certain flow 

circumference. The reactor setup was developed by investigating the power input in cylindrical 

susceptor materials of different lengths as well as power input into graphite pieces. Exemplary 

results are shown in Figure 17 and Figure 18. 

 

Figure 17: Power input in different susceptor geometries investigated in the InduMelt plant in 

cooperation with Elias Obererlacher (Chair of Thermal Processing Technology) 
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Figure 18: Power input in thin susceptor rings investigated in the InduMelt plant in cooperation with 

Elias Obererlacher (Chair of Thermal Processing Technology) 

As long as the susceptor thickness is in the range of the penetration depth of the magnetic 

field, enlargement of the cut-out hole does not lead to a decrease in the power input but might 

even cause an increase due to field concentration. 

These experiments as well as respective calculations have led to the positioning of the 

susceptors used for smelting and reduction in the course of this thesis. 
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3 Original scientific work 

The results of extensive literature research and theoretical work on the reductive treatment 

of BOFS suggest that the applied reactor concept provides a number of advantages over 

standard units. In the course of the scientific work conducted for this thesis, the possibility of 

high percentage phosphorus gasification was demonstrated. Based on this newly gained 

insight, the process parameters were optimised in preliminary experiments and the behaviour 

of the slags during reduction was evaluated. 

Subsequently, the focus shifted to the product quality of the liquid product streams of slag 

and metal. Work regarding the metal quality led to the investigation of an alternative process 

route that also applies the novel reactor concept to chromium- and phosphorus-rich slags. 

3.1 Theoretical work 

In order to understand the advantage of the proposed reactor concept for the treatment of 

BOFS and the possibilities coming from its application, two important aspects are investigated 

in greater detail: The required reduction temperature in order to fully reduce the BOFS as well 

as the carbon requirement of the iron oxide reduction. Reaction schematics are drawn to 

illustrate the thermodynamic processes in combination with simplified kinetic deliberations. 

3.1.1 Temperature requirements and carbon consumption 

The free enthalpy of the reactions of one mole of oxygen with metal to their oxides is 

illustrated in the Richardson-Ellingham diagram (s. chapter 2.1.5.1). Phosphorus is also 
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included in most versions of the diagram. However, phosphorus does not exist in the form of 

P2O5 in BOFS. Mostly it consists of calcium phosphate as 3 CaO·P2O5, which cannot be found 

in a standard Richardson-Ellingham diagram. The formation of C3P out of CaO, P2 and one 

mole of O2 is described in chapter 2.1.5.2. 

It is assumed that the partial pressure of P2 (g) as well as the activities of C3P (l) and CaO (l) 

are one or close to one and that the slag components are liquid (since they are in the relevant 

temperature interval). 

Using thermodynamic data from HSC Chemistry 7 [65], the Richardson-Ellingham diagram 

curve for C3P can be drawn. The same is done for the oxidation of iron, carbon (C (s)) and CO 

(g), assuming that the activities of iron, iron oxide and carbon as well as the CO partial pressure 

(product of C oxidation) and the ratio of the CO and CO2 partial pressures (reagent and product 

of CO oxidation) are one or close to one. 

The Richardson-Ellingham diagram drawn is depicted in Figure 19. [65] 

 

Figure 19: Richardson-Ellingham diagram drawn with data retrieved from HSC [65] 

It can be seen that high temperatures are needed to reduce C3P with carbon. The reaction 

is thermodynamically possible under standard pressure, with pure substances at a 

temperature of roughly 1550°C or higher. The partial pressure of CO, however, is much higher 

in the proposed reactor concept. 
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In reality, the activities of Fe (l), CaO (l) and the partial pressure of P2 (g) will be lower than 

one. If aFe decreases, the slope of the curve for the iron oxidation in the Richardson-Ellingham 

diagram becomes steeper (s. 2.1.5). It cuts the C oxidation slope at lower temperatures. The 

same effect is assumed for C3P. 

In conclusion, even if lots of simplifications are assumed, temperatures over 1500°C are 

necessary to reduce C3P at considerable rates. Equidistant temperatures 150 K below and 

above this temperature were chosen for the reduction experiments in order to empirically 

investigate the reduction behaviour of modified BOFS as well as the slag flowability. 

The stability of the phases P2 and C3P as well as Fe and FeO can be illustrated in a Baur-

Glaessner diagram (s. 2.1.5.1). It is depicted in Figure 12 for temperatures up to 1600°C. 

In order to estimate the minimum amount of carbon required to reduce iron oxide, a Rist 

diagram is used. For a temperature of 1650°C (chosen experimental temperature for reduction 

as described in 3.2.3), it is depicted in Figure 20 based on the Baur-Glaessner diagram shown 

before (adapted from [17, 60]). 
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Figure 20: Rist diagram for C3P and FeO reduction and its relation to the Baur-Glaessner diagram 

(adapted from [17, 60]) 

The line for the P2/C3P equilibrium can be seen on the very left and is almost perfectly vertical 

(red line aligning with the vertical line for xCO=100%). Indirect reduction plays hardly any role 

in the reduction of C3P at 1650°C (and even much lower temperatures) [65] and the carbon 

consumption can be estimated stoichiometrically. Therefore, the stability areas of C3P and P2 

are not shown in the Baur-Glaessner diagram. 
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The axes of the Rist diagram are the molar ratios O/C and O/Fe (or O/P respectively, which 

is not considered because of the almost perfectly vertical slope). For iron, 1.05, 1.33 and 1.50 

represent the species FeOn, Fe3O4 and Fe2O3. The incline of the black lines in the diagram 

represent the carbon demand (C/Fe). The lowest carbon demand can be achieved if the C/Fe 

curve is the diagram’s diagonal. However, a curve reaching into or through the blue area is not 

possible since gas compositions that are thermodynamically impossible would be required. If 

the diagonal is moved as a parallel through the upper left corner of the blue area (called the 

wuestite point), the minimum carbon amount is used (C/Fe=1.5, L1), but only roughly 15-20% 

of the FeO could be reduced indirectly. [17, 60] 

If complete indirect reduction with CO is desired, the curve must start in the lower left corner 

of the diagram (0/0) and reach through the wuestite point (L2). The carbon demand would be 

immense (approximately C/Fe=8.3). 

Assuming a minimum amount of carbon, direct reduction accounts for roughly 80-85% of 

the FeO reduction and makes the process more energy intensive (the higher the percentage 

of indirect reduction, the more CO is produced according to the highly endothermic Boudouard 

reaction [17]). Figure 21 shows an extended Rist diagram for the proposed application based 

on assumptions for false air compensation and the reduction of other oxides and phosphates 

schematically (adapted from [17, 60]). 

 

Figure 21: Extended Rist diagram for the reduction of basic oxygen furnace slags 

(adapted from [17, 60]) 
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The carbon addition has to compensate the amount of indirect reduction according to the 

Rist diagram. Direct reduction accounts for the remaining iron oxide, manganese oxide, 

chromium oxide, phosphorus oxide, calcium phosphate, titanium oxide and silicon oxide 

reductions. The respective reaction equations can be found in chapter 2.1.5. Based on the 

mixture composition (calculated) used for the preliminary reduction experiments (presented in 

chapter 3.2), the required carbon addition can be calculated stoichiometrically assuming direct 

reduction. Thermodynamic data suggests that the direct reduction reactions play a major role 

and high amounts of excess carbon are added in order to compensate false air influences, CO 

production and to protect the graphite bed. 

3.1.2 Reaction schematics 

Thermodynamically, the reactions for indirect and direct reduction are powered by high 

driving forces (high negative free enthalpy values). The reduction feasibility has been 

demonstrated in reduction experiments in other units as well as in the blast furnace in the 

ironmaking process. 

Kinetically, the availability of carbon is crucial. Carbon powder is evenly spread within the 

slag feed by mixing of the input material and additional carbon is provided by the graphite from 

the reactor bed. The graphite is not supposed to participate in the reactions since it is used to 

provide the reaction surface as well as the possibility of direct heat input. The experiments 

conducted and presented in the following chapters showed that the carbon cubes are hardly 

participating in the reduction reactions. The cut surface of the cubes is a good indicator for this 

assumption. 

If carbon is not available and the cubes interact with the slag, a layer of metal is formed on 

the graphite cubes in some places. This phenomenon was sometimes observed and can be 

seen in Figure 22. 

 

Figure 22: Metal layer formed on graphite cubes during the reduction of basic oxygen furnace slags in 

the InduMelt plant 
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The transport limitation of both carbon as a reagent as well as phosphorus as a product is 

reduced to a minimum by applying the reactor concept as presented in this thesis. A thin molten 

slag film provides short mass transport distances for gaseous reaction products. This time is 

critical due to the reaction between liquid iron and gaseous phosphorus. The immediate 

melting of the input materials favours direct reduction as the predominant reduction 

mechanism (s. also Rist diagram). The gas suction as well as the missing, long-lasting metal-

slag interface are the main differences to a blast furnace and enable the removal of gaseous 

phosphorus. The reactions and kinetic conditions are depicted in Figure 23. 

 

Figure 23: Schematics of reduction reactions and phosphide formation during the treatment of basic 

oxygen furnace slags in the InduRed reactor 

Iron oxide is immediately reduced, the slag is instantly molten and the carbon uptake of the 

metal phase lowers its melting point to 1320°C upon saturation. [7] If collected as a molten 

bath after complete reduction, the metal phase forms a layer beneath molten slag and the two 

phases can be separated due to the difference in density. 

In order to support the schematics drawn above, thermodynamic data is used to calculate 

theoretical equilibrium compositions. The most important reduction reactions are shortly 

described in the following paragraphs. The following points are derived from data and 

application of HSC Chemistry 7. [65] 



ORIGINAL SCIENTIFIC WORK 

Dissertation Christoph Ponak  page 47  

 FeO reduction: The free enthalpy of the direct reduction at 1923.15 K is roughly 

- 133.4 kJmol-1, for the indirect reduction it is + 30.3 kJmol-1. The amount of indirect 

reduction can be derived from the Rist diagram shown before. 

 SiO2 and TiO2 reduction: Thermodynamically, the reduction of SiO2 to Si (l) or SiO (g) 

does not occur spontaneously at 1923.15 K. However, Si can be found in the metal 

phase and the basicity is slightly altered due to Si loss during the process because 

of the reduced iron activity and the amount of carbon present in the reactor. Also, 

temperature peaks might occur within the reactor. The same is true for TiO2. 

 MnO, Cr2O3 and P2O5 reduction: These elements are spontaneously reduced directly 

with carbon. Elementary Mn and Cr can be dissolved in Fe. P in its elementary form 

at 1923.15 K exists as P2 (g) and can be dissolved in iron and react to FexPy or is 

removed as a gas as desired. 

 iron phosphate reduction: Iron phosphates might occur in the BOFS as Fe3(PO4)2 or 

3 FeO·P2O5, short F3P. At very low temperatures of roughly 673 K it dissociates into 

FeO and P2O5. Both species are directly reduced with carbon. 

The most important reduction reaction is the calcium phosphate reduction. As reported in 

respective literature, C3P is reduced in the presence of SiO2, forming a silicate (CxS) rather 

than it being directly reduced with carbon. The equilibrium compositions of the slag and gas 

phases during the reduction of C3P with carbon as a function of the temperature are shown in 

Figure 24 and Figure 25. [65] 

 

Figure 24: Equilibrium composition during the direct reduction of C3P [65] 
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Figure 25: Equilibrium composition during the direct reduction of C3P with simultaneous 

silicate formation [65] 

At 1760 K (without silicate formation) and 1698 K (with silicate formation), respectively, the 

equilibrium amount of C3P in the slag phase is 0. However, the second reaction process is 

dominant. The free enthalpy of the reduction of C3P with silicate formation at 1923.15 K is 

– 414.8 kJmol-1, whereas the value for the direct reduction without silicate formation is 

- 180.5 kJmol-1. [65] Carbon (s), SiO2 (l) and Ar (g) are not shown in the diagram for reasons 

of clarity and account for the missing amounts. Ar (g) is not used in the preliminary batch 

experiments described in this thesis (only small amounts to ensure the gas flow direction 

towards the reactor core in the continuous experiments), but is required for the calculation of 

the equilibrium compositions in HSC. 

Higher temperatures are still desired because of slag flowability and the formation of iron 

phosphides. Depending on the local stoichiometric availability of liquid iron and gaseous 

phosphorus, the reactions described in chapter 2.1.5.1 occur. The driving force for the 

formation of Fe3P is the highest, closely followed by Fe2P. FeP and FeP2 are hardly 

produced. [65] The production rate of all phosphides is reduced when the temperature is 

increased. The equilibrium compositions of the metal phase and gas phase for the respective 

reactions are shown in Figure 26. 
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Figure 26: Fe2/3P formation as a function of the temperature [65] 

Fe (l) in the metal phase as well as Ar (g) (used for the calculation in HSC) account for the 

missing amounts in the diagram. 

If only Fe3P was formed during the reduction of one of the mixtures for the preliminary 

experiments (s. chapter 3.2.3, mixture 3), containing 21.7 m.-% Fe and 0.95 m.-% P, and the 

whole phosphorus was found within the metal phase, its maximum mass fraction could be as 

high as 2.4%. 

3.2 Preliminary experiments 

The phosphorus gasification – as the state of knowledge suggests – requires a certain 

amount of SiO2 in the slag in order to increase the phosphorus activity. Silica dioxide also 

improves the flowability of the slag, which is necessary to reduce the hold-up and retention 

time of slag in the reactor. A certain amount of silica dioxide is expectedly reduced during the 

treatment. Combined with the effect of an increasing viscosity due to the reduction of iron 

oxides, the SiO2 addition must be substantial. Some potential building material applications for 

the product slag, however, might require a higher basicity and therefore less silica addition. 

Furthermore, silica does not have to stem from quartz sand (QS) but might also be provided 

by siliceous slags like BFS. 
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The pressure in the reactor is set slightly below the atmospheric pressure in order to remove 

CO and P2 gases from the reactor constantly. The reaction pressure, hence, has not been one 

of the parameters varied in the course of the conducted experiments. 

In contrast, the reaction temperature, naturally, is the most influential parameter to be varied. 

High temperatures support endothermic reduction reactions, improve flowability and inhibit the 

iron phosphide formation. However, high temperatures in the upper part of the reactor might 

cause slag foaming. In general, high temperatures increase the reduction of silica dioxide, heat 

loss and the stress put on refractory materials. 

Figure 27 visualises the fields of conflict between the main parameters of basicity alteration 

and reaction temperature by stating the advantages of each factor of influence. 

 

Figure 27: Fields of conflict between basic oxygen furnace slag processing parameters 

3.2.1 Objectives 

The main objective of the preliminary experiments is to alter the parameters explained above 

and to evaluate the reduction degrees of key elements as well as the distribution of phosphorus 

between the metal, slag and gas phases. Additionally, the processability of the BOFS after 

each alteration, especially regarding the flowability, shall be assessed. 

3.2.2 Methodology 

The smelting and reduction temperatures were chosen by evaluating theoretical melting 

points and by determining minimum temperatures required for the reduction of individual 

oxides (iron, chromium and phosphorus oxides) according to phase diagrams and the 

Richardson-Ellingham diagram. Temperature measurement was a highly demanding task due 
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to high process temperatures, current induction in metallic conductors and the high 

temperature difference between the sample and the graphite bed in the beginning of each 

heating phase. In order to measure as precisely as possible, three thermocouples (TC) of type 

K were positioned in different heights of the graphite bed and bent to make sure they touched 

at least one cube each. On the outside of the ceramics ring, a TC of type S was positioned at 

medium height. With the help of the TC, a temperature difference between the inside and the 

outside of the reactor could be measured up to 1473 K (melting point of type K TC). A good 

correlation was seen and used to describe the inner temperature up to the reduction 

temperature based on the outer temperature. Additionally, a thermal imaging camera was 

pointed at the graphite slag stopper. By shortly lifting the upper insulation layer, the slag 

stopper temperature was determined without contact. 

The setup during operation, including temperature measurement equipment, can be seen in 

Figure 28. 

 

Figure 28: InduMelt plant and temperature measurement equipment in operation (1: optical 

temperature measurement, 2: induction coil with reactor, 3: thermocouples, 4: cooling water 

distribution, 5: laptop) 

Two basicity values, 2.5 and 1.5, were chosen as possible points of operation, aiming for 

either minimal SiO2 addition (2.5) or high P activity and good flowability (1.5). 

The carbon demand for the reduction was calculated according to the stoichiometric 

coefficients of the direct reduction reactions, adding excess carbon powder (+20%) to limit the 

influence of potential false air and CO production (Boudouard reaction). The carbon powder 

stems from pellets that were ground in a hammer mill. Added carbon powder with a high 

specific surface area serves as a reducing agent, as a producer of reduction gas (CO) as well 
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as a preventive measure to avoid the participation of the graphite bed in the reduction 

reactions. The graphite bed shall provide a long-lasting structure for a liquid film to form as well 

as a means of heat input. 

The reaction atmosphere was not altered due to the internal production of CO and the batch 

operation applied in the lab-scale plant (no counter-flow of any iron source). Therefore, gas 

suction above the reactor setup is only needed for health and environmental reasons and not 

for operational reasons. 

Al2O3 refractory materials allow for a certain heating rate that shall not be exceeded. A rate 

between 200 Kh-1 and 250 Kh-1 was chosen. The reaction temperature was held constant for 

an hour in each experiment before tapping. This is true for both smelting and reduction 

experiments. 

Lastly, sampling is an important step in the experiment evaluation process. Due to the high 

surface tension of liquid iron and the relatively small sample amount, iron spheres are found 

within the tapped slag. Only some larger agglomerations of metal can be detected. Therefore, 

the slag is crushed manually and the metal phase is mechanically separated from the slag 

phase. Some slag particles show a metal coating, which is also separated from the slag. All 

attained metal and slag particles are mixed and a representative sample is gathered. The 

selected particles for analysis are then sorted by size and weighed to make sure the slag 

particles with coating are not mistaken for metal particles or significant amounts of metal occur 

inside a slag particle. In addition, Ca is analysed in the metal phase, which, if found, can – for 

the most part – only stem from slag within the metal particle and therefore can be considered 

during the evaluation process. The analysis methods used were mass spectroscopy for the 

individual element contents in both phases (ICP-MS) as well as X-ray diffractometry (XRD) 

and scanning electron microscopy (SEM) for the mineral phase analyses. 

3.2.3 Experiment execution 

The following Figure 29 illustrates the experiments conducted. It shows the additives used 

for basicity alteration, the set basicity as well as the reduction temperatures of the initial 

experimental campaign. The experiments described in this chapter were conducted in 

cooperation with Stefan Windisch (Chair of Thermal Processing Technology). Preliminary 

results and parts of the research presented in this chapter have been previously published. [49] 
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Figure 29: Overview of conducted experiments during the first experimental campaign [49] 

3.2.3.1 Smelting experiments 

The setup and the respective temperature measurement equipment used are described in 

3.2.2. In order to alter the basicity, QS, BFS and BOFS are mixed according to their 

composition. The BFS and BOFS both stem from the production of steel at voestalpine Stahl 

Linz GmbH. The sand is commercially available quartz sand. Table 2 shows the input material 

compositions. In Table 3 the mixtures that were produced (a total of 2.5 kg each) are 

presented. [5] 

Table 2: Compositions of blast furnace slag, basic oxygen furnace slag and quartz sand used for 

preliminary experiments in the InduMelt plant [5] 

sample Fe [m.-%] SiO2 [m.-%] Cr2O3 [m.-%] MnO [m.-%] 
BFS 0.50 37.88  - 1.47 

BOFS 19.44 12.40 0.40 4.40 
QS 0.18 93.21  -  - 

sample CaO [m.-%] MgO [m.-%] Al2O3 [m.-%] P2O5 [m.-%] 
BFS 34.76 10.51 10.78 0.01 

BOFS 40.00 7.10 1.50 1.10 
QS 0.10  - 3.61  - 
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Table 3: Compositions of mixtures produced for preliminary experiments in the InduMelt plant 

mixture no. B2 [-] BOFS [g] BFS [g] QS [g] 
1 1.5 1,269 1,231  - 
2 2.5 2,174 326  - 
3 1.5 2,167  - 333 
4 2.5 2,407  - 93 

 

All of the input materials were pre-processed and had a grain size between 0.25 mm and 

1.50 mm. The heating phase with a heating rate between 200 Kh-1 and 250 Kh-1 lasted roughly 

8.5 h. The molten bath was held at 1823 K for approximately 0.5 h. The slag stopper – made 

from zirconia materials – was pulled and the homogeneous melt was cooled in air. The 

atmosphere was not altered. Ambient air could get in contact with the surface of the molten 

mass. 

For pure BOFS as well as for mixture 2, tapping was impossible. The tapping hole was 8 mm 

in diameter for all of the experiments and led through the mortar as well as the concrete bottom. 

Only the mixtures tapped were used in the reduction experiments. 

 

3.2.3.2 Reduction experiments 

The tapped slags from the smelting experiments were crushed in a jaw crusher to an 

average grain size of roughly 3 mm after cooling. 500 g of each mixture were reduced together 

with carbon powder. The stoichiometric demand and the 20% excess carbon to counter false 

air influences were rounded up to 10% based on the mixture mass (50 g). The reactor was 

filled in layers, with carbon powder on the bottom, in the middle and on the top. The sample 

was filled between the middle and top third of the ceramics ring, so that a bit of movement is 

possible after melting even during batch operation. 

For the reduction experiments the atmosphere was not altered either. Direct reduction as 

well as combustion of carbon powder produce CO and CO2. CO2, in turn, is converted into CO 

as long as solid carbon is present. Therefore, a CO atmosphere is maintained internally at all 

times. 

The heating rate was between 200 Kh-1 to 250 Kh-1 up to the desired reduction temperature. 

At reduction temperature, it was held for approximately an hour before the graphite slag 

stopper was pulled. The tapped slag was cooled in ambient air. Tapping through a hole of 

8 mm in diameter was possible for mixture number 3 at medium and high reduction 
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temperatures as well as for mixture number 1 at high reduction temperature. For these three 

experiments – abbreviated as 1h, 3m and 3h – the reduction degrees (s. chapter 3.2.4 for the 

definition used) as well as the phosphorus balances were evaluated. The InduMelt plant during 

operation as well as graphite cubes in the reactor shortly after tapping can be seen in 

Figure 30. 

 

Figure 30: InduMelt plant during operation and heated graphite cubes shortly after tapping 

Figure 31 illustrates the sequence of smelting and reduction experiments and shows 

intermediate as well as final products (from experiment 3h). 

 

Figure 31: Experimental sequence for smelting and reduction in the InduMelt plant and images from 

preliminary experiments 

3.2.4 Results 

The smelting experiments were successful in providing the possibility to produce 

homogeneous slag mixtures for the reduction experiments. The four mixtures were produced 
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and analysed by ICP-MS as well as SEM and XRD, which showed a good correlation and 

supported the statement regarding homogeneity. If residual slag remained in the crucible, 

remaining slag was analysed as well. No significant deviation was found. 

The calculated mixture composition and the analysed composition show a good correlation 

as well. The calculated compositions of mixtures 1-4 are shown in Table 4. 

Table 4: Calculated mixture compositions for smelting experiments in the InduMelt plant 

species/basicity 
content in 

mixture 1 [m.-%] 
content in 

mixture 2 [m.-%] 
content in 

mixture 3 [m.-%] 
content in 

mixture 4 [m.-%] 
Fe as FeO 13.00 21.82 21.70 24.08 

SiO2 24.94 15.72 23.16 15.41 
Cr2O3 0.20 0.35 0.35 0.39 
MnO 2.96 4.02 3.81 4.24 
CaO 37.42 39.32 34.69 38.52 
MgO 8.78 7.54 6.15 6.84 
Al2O3 6.07 2.71 1.78 1.58 
P2O5 0.56 0.96 0.95 1.06 
rest 6.07 7.56 7.41 7.88 
total 100.00 100.00 100.00 100.00 
B2 1.50 2.50 1.50 2.50 

 

For the reduction experiments, the expected amounts of Fe, P, Cr and Mn in the obtained 

metal phase were calculated and metal and slag phase were analysed as described in 

chapter 3.2.2. ICP-MS analysis results and calculated values show a good correlation. For one 

experiment – 3h – the product phases were also weighed and the results match well with the 

analytical investigations. The correlation regarding the metal phase is shown in Table 5. 

Table 5: Comparison of calculated, analysed and weighed amount of metal phase obtained in 

experiment 3h conducted in the InduMelt plant 

phase/species mass determined 
by ICP-MS [g] 

mass determined 
by weighing [g] 

calculated 
mass [g] 

metal without P 89.88  - 92.97 
P in metal 0.34  -  - 

total 90.22 92.50  - 

 

Weighing in general is hardly possible due to the distribution of small metal spheres. Metal 

layers on slag particles, small particles < 0.1 mm as well as bigger agglomerations > 2.0 mm 
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were found. Therefore, a gravimetric analysis was only made once to support analysis results 

and the evaluation method used. Figure 32 illustrates the mentioned complexity. 

 

Figure 32: Complexity of metal and slag samples after reduction of basic oxygen furnace slags in the 

InduRed reactor (left: metal spheres on graphite cubes, right: metal on cubes and green, partially 

reduced product slag) 

The calculated value is based on the ICP-MS elementary analysis. Since a gravimetric 

analysis of product slag and metal is hardly possible, the analysed input P and Fe amounts as 

well as the Fe, P, Mn and Cr amounts in the product phases are used to iteratively determine 

the phase masses. A slag mass is assumed and the Fe amount in this slag is calculated. The 

remaining iron must then exist in elementary form and the iron content of the metal phase is 

known. Adding the amount of oxygen that is eliminated as well as a small, assumptive amount 

of Si (as SiO, included in volatiles/rest) and the eliminated P, the total mass must equal the 

input mass. The initial slag amount is then altered until this condition is fulfilled. The resulting 

product stream amounts are shown in Table 6. 

Table 6: Product stream masses out of experiments 1h, 3h and 3m conducted in the InduMelt plant 

product stream stream out of 1h [g] stream out of 3h [g] stream out of 3m [g] 
slag 400.19 359.70 365.63 

metal 65.41 90.22 84.29 
O 18.02 29.49 29.49 
P 1.23 2.08 2.08 

volatiles/rest 15.15 18.51 18.51 
total 500.00 500.00 500.00 

 

The reduction degree (RD) is defined as the ratio of the amount of the elementary form of 

each element to the sum of the elementary and oxidic forms. The elementary and oxidic 

amounts are calculated using the ICP-MS analysis results and the calculated slag and metal 
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product phases. Minute amounts of Cr stemming from type K TC and insulation materials are 

not mathematically evaluated because of the full reduction indicated by the low Cr amounts in 

the product slag. 

The ICP-MS analysis results for the metal and slag phases are shown in Table 7 and 

Table 8. 

Table 7: ICP-MS analysis results for the metal phases from the basic oxygen furnace slag reduction 

experiments conducted in the InduMelt plant 

species in 
metal 

content after 
experiment 1h [m.-%] 

content after 
experiment 3h [m.-%] 

content after 
experiment 3m [m.-%] 

Fe 75.40 93.10 92.40 
P 0.61 0.38 0.37 
Cr 1.02 0.77 0.63 
Mn 1.23 4.49 1.32 
Ca 0.12 0.15 0.33 
S  - 0.03  - 

 

Table 8: ICP-MS analysis results for the slag phases from the basic oxygen furnace slag reduction 

experiments conducted in the InduMelt plant 

species in 
slag 

content after 
experiment 1h [m.-%] 

content after 
experiment 3h [m.-%] 

content after 
experiment 3m [m.-%] 

Fe 0.31 0.11 1.78 
P 0.01 0.00 0.04 
Cr 0.05 0.01 0.08 
Mn 1.97 2.02 3.25 
Ca 23.50 24.70 23.10 
S  - 0.71  - 

 

The sulphur amount was analysed because of the results of the XRD. Mn was found as MnS 

(as well as in some oxidic phases). Residual sulphur caused a falsification of the RD for 

manganese. MnO was reduced, but Mn is still found in the slag matrix during analysis. This 

has to be considered when reading the RD for Mn in Figure 33 since the evaluation method 

does not consider the phenomenon observed with Mn. The values are also shown in Table 9. 
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Figure 33: Reduction degrees for Fe, Cr, P and Mn based on ICP-MS analysis results 

for experiments 1h, 3m and 3h with basic oxygen furnace slags 

Table 9: Reduction degrees achieved in the course of preliminary experiments with basic oxygen 

furnace slags 

experiment RD Fe [%] RD Cr [%] RD P [%] RD Mn [%] 
3 h 99.53 93.21 99.38 35.80 
3 m 92.29 63.63 92.27 8.56 
1 h 97.53 78.75 95.75 9.26 

 

Mineralogical analyses (XRD) were not the main focus of the evaluation. However, they 

were conducted for a number of reasons: 

 support of the ICP-MS analyses 

 investigating the reason for low Mn reduction degrees 

 supporting the assumption of homogeneity in the slag mixtures produced for 

reduction 

 underlining the suitability of BFS as a potential silica source for basicity alteration 

due to the complete reduction of Fe, Cr, P and – mostly – Mn (similarity of product 

slag after reduction) 

 phase analysis with regard to latently hydraulic slag properties 

 Al2O3 enrichment from refractory materials 



ORIGINAL SCIENTIFIC WORK 

Dissertation Christoph Ponak  page 60  

It has to be considered in future experiments that a certain amount of SiO2 is reduced as 

well. Therefore, a shift towards higher basicity (and less flowability) occurs. However, while the 

number of phases occurring in the slag mixtures after smelting is high (especially the number 

of void phases and the extent of spinel formation), the product slags of the experiments 3h and 

1h (B2=1.5, mixtures with SiO2 and BFS) are almost mineralogically identical after reduction. 

Melilite accounts for a big part of the slag mass and is co-existing with Merwinite and 

Monticellite. Minute amounts of residual P, Cr and Mn in the slag form void phases (Mn also 

exists as MnS). Cr from the insulation material and the TC might influence the metal mass. 

Due to the minute amounts of Cr in the slags, however, the RD calculation is not affected. The 

SEM images for selected slag samples are depicted in Figure 34. 

 

Figure 34: SEM images of produced slag samples: (a) BOFS+BFS, B2=1.5, smelting step 

(b) BOFS+QS, B2=1.5, smelting step (c) slag from experiment 1h (1650°C) (d) slag from experiment 

3h (1650°C) 

The phosphorus balance was calculated based on the ICP-MS analysis results and the 

calculated slag and metal masses. It is shown for the three experiments mentioned above in 

Figure 35 and Table 10. 
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Figure 35: Input phosphorus distribution for experiments 1h, 3m and 3h conducted in the 

InduMelt plant with basic oxygen furnace slags 

Table 10: Phosphorus distribution achieved in the course of preliminary experiments conducted in the 

InduMelt plant with basic oxygen furnace slags 

experiment P after 1h [m.-%] P after 3h [m.-%] P after 3m [m.-%] 
total P 100.00 100.00 100.00 

P in metal 32.50 16.43 14.98 
P in slag 4.25 0.62 7.73 
P to gas 63.25 82.95 77.29 

 

The highest phosphorus gasification rate of 82.95% was achieved by reducing a BOFS-QS 

mixture at 1650°C and will be verified in future experiments. Remarkably, even by reducing 

slag mixture one with a very low initial P2O5 content (< 1 m.-%), high reduction degrees as well 

as phosphorus gasification rates were achieved. 

The path the slag composition makes during the treatment is depicted using a CaO-FeOn-

SiO2 phase diagram shown in Figure 36. 
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Figure 36: Path of the slag composition during the proposed treatment steps in a CaO-FeOn-SiO2 

phase diagram [23] 

The slag, starting from the BOFS composition (green circle), moves towards SiO2 during the 

smelting step (blue circle). During the reduction step, the composition moves away from FeO 

towards C2S (orange circle). P2O5 is added to SiO2 and MgO as well as MnO are added to 

FeO. The amount of other components is equally distributed between the three species 

depicted in the phase diagram. 

3.2.5 Research prospects 

If balanced based on several assumptions, the influence of the internal reuse of the 

produced metal alloy can be estimated. The most important assumptions made are: 

 Carbon, silicon, manganese, chromium and titanium amounts are not taken into 

account, especially when it comes to heat production/consumption in the BOF. 

 Neither iron from the BF nor scrap metal are substituted. The iron alloy is simply fed 

to the BOF in addition to iron from the BF and scrap metal. 
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 The phosphorus input via the scrap metal stream is high and merely estimated. All 

estimations, however, are based on known material loads from an industrial scale 

steelmaking process. 

 No phosphorus is transferred to the dust stream. 

 Oxygen and carbon balances are neglected. Oxygen is used in the BOFS to remove 

carbon from the iron as CO. Carbon is added to the InduRed plant for the BOFS 

reduction. CO is produced. Furthermore, oxygen is removed via the gas phase (in 

the form of CO and minute amounts of CO2) from the InduRed reactor. 

 The additives used in the InduRed process are not considered, because they do not 

affect the phosphorus balance (which is also the case for O and C, s. above). 

The phosphorus balances shown in Figure 37 and Figure 38 depict two different scenarios: 

The first one is the implementation of the InduRed process into the integrated iron and steel 

works. The second one assumes that no internal recycling of BOFS occurs, but the whole slag 

stream is processed and the whole iron alloy stream is reused. 

 

Figure 37: Phosphorus balance after implementation of the InduRed process 



ORIGINAL SCIENTIFIC WORK 

Dissertation Christoph Ponak  page 64  

 

Figure 38: Phosphorus balance with internal recycling of the produced iron alloy 

In order to protect sensitive data, the P-amount of the input streams is normalised. This is 

also true for the goods balance shown in Figure 39 for better illustration of the amount of 

recycled metal. 

 

Figure 39: Goods balance with internal recycling of the produced iron alloy 

However, the P-value in the steel stream is of interest for further consideration of the 

suggested process implementation. It is barely influenced by internally reusing the iron alloy 

product. The little influence that occurs is caused by a higher amount of recycled metal, 

because no BOFS is reused in the BOF in this scenario. 

The results presented above are highly promising in that they exceed the state of knowledge 

reported in respective literature in terms of phosphorus gasification during the full reduction of 

BOFS. Future research will focus on the verification of the results. As a holistic approach, the 
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following areas were either covered and are not discussed in this thesis or will have to be 

worked on as a part of future research activities: 

 continuous operation in the InduRed plant: Two continuous experimental campaigns 

have already been conducted. Due to sensitive pressure control within the plant and 

potential slag foaming, process stability could hardly be achieved. Therefore, small 

amounts of slag were processed and operational interruptions caused varying 

temperatures. The unequal distribution of small amounts of metal in the form of little 

spheres makes it hard to reliably evaluate research results at this point. Phosphorus 

gasification rates of roughly 40-65% have been achieved, depending on the 

underlying metal and slag analyses used (not constant). In order to tackle this 

problem, the pressure control (which at this point shuts down the induction units if 

unstable because of safety concerns caused by CO and the potential consequences 

of its release) has to be adapted so that longer trials with larger slag amounts are 

possible. The InduRed reactor in operation as well as slag and metal products from 

the first experimental campaign with continuous feed are shown in Figure 40. 

 

Figure 40: InduRed reactor in operation and slag/metal products from the first continuous experiment 

(1: reactor in operation, 2: graphite cubes and slag, 3: metal pieces) 

 product slag quality regarding slag stability: If phosphorus is removed from the slag 

completely, -C2S can transform into γ-C2S, causing a high increase in volume and 

the disintegration of the slag (s. chapter 2.1.2). A powder is formed and the flowability 

of the slags is inhibited. Temperature control, therefore, is highly crucial as well as 

the slag composition. The phenomenon occurred once in the second continuous 

experimental trial. The product can be seen in Figure 41. Experiments with synthetic 

slags and literature research have shown that this is only a matter of slag cooling 

velocities and do not occur if the plant is operated as proposed. 
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Figure 41: Powder found in the InduRed reactor after the second continuous experimental campaign 

 product slag quality regarding utility and applicability: The slags produced by the 

proposed process do not contain significant amounts of phosphorus, iron or 

chromium. They could, hence, be used in road construction. However, by further 

decreasing the basicity and adding additional network-forming oxides, a slag with a 

high glass content can be produced that has the potential to possess properties 

similar to granulated BFS used in the cement industry. An experiment has been 

conducted as described above in cooperation with Felix Breuer (Chair of Thermal 

Processing Technology), setting a basicity value of 1.1 and an Al2O3 content after 

reduction of roughly 12 m.-%. The product was wet granulated and developed a high 

glass content (>75%). Further experiments as well as mortar tests (regarding 

strength) are necessary to extensively evaluate the utility potential of the product 

slag. 

 exhaust gas utilisation: The exhaust gas is post-combusted and led into a scrubber 

in order to produce H3PO4. By combusting CO and P2, high amounts of heat are 

produced and shall be utilised in the future. 

 feed of liquid slag and additives: If additives are added to the liquid BOFS and the 

mixture is fed in its liquid state, the smelting step does not have to be conducted in 

an additional process unit. At the same time, the energy for smelting does not have 

to be provided by induction in the reactor. 

 metal-slag separation: The products can be collected and separated by density using 

a skimmer, similar to the tapping and product separation of a BF. 

 metal quality: The improvement of the metal quality can either be achieved by 

optimising the reactor structurally (especially focusing on the gas suction) or, as 

proposed in this thesis, by altering the whole process route. This approach is 

presented in the following chapter. 
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 processing of Cr-rich slags from stainless steel production: Preliminary experiments 

with slags from stainless steel production containing roughly 4 m.-% of chromium 

(analysed as the element) were conducted. The produced slag after reduction at 

temperatures of up to >2273.15 K contained 0.11 m.-% Cr and the metal product 

consisted of 0.18 m.-% P. The P-content of the input slag was 0.15 m.-%. 

3.3 Improvement of the metal quality 

By using the results from the preliminary experiments and by drafting simplified mass 

balances for the implementation of the InduRed process into integrated iron and steel works, 

it could be shown that the phosphorus gasification degree potentially allows for the internal 

recycling along the BF-BOF steelmaking route. However, a gasification degree of 85% or 

higher in an industrial scale process cannot yet be guaranteed. The effect of a carbon-rich hot 

metal substitute (that also contains Mn, Cr, Si, P and Ti) on the energy balance in the BOF is 

not yet fully determined and the separate production of manganese, chromium and iron is 

ultimately desired. Therefore, in the course of the research related to this thesis, the carbon 

uptake and possible options for constructional changes made to the reactor and especially to 

the gas suction have been evaluated and will be further investigated and carried out during the 

scale-up stage. 

On a theoretical level and by carrying out preliminary experiments to support respective 

calculations, an alteration of the currently suggested slag treatment process has been 

investigated. Its aim is to separate a phosphorus-rich phase – that is also carrying most of the 

chromium – from an iron- and manganese-rich phase. It requires an additional refining step 

that is also currently being studied. In this chapter, the process is presented and the 

assumptions made in order to set up mass balances are explained. 

3.3.1 Process alteration 

It is well known and reported in respective literature that the FeO content of BOFS is the 

main limiting factor for the gasification of phosphorus during the reduction of the slags. In order 

to improve the metal quality, the process shown in Figure 42 is proposed. 
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Figure 42: Proposed alteration of the basic oxygen furnace slag treatment process 

The reduction of BOFS is done completely in a well-known unit, for example in an EAF. The 

metal product is then refined using a lime source, a magnesia source and, potentially, an iron 

source in order to bind refining products into a slag matrix. Preferably, the slag takes up mostly 

chromium and phosphorus while accumulating low amounts of iron oxide and manganese 

oxide. It is desired to be similar to calcium phosphate slags discussed in chapter 2.1.6. The 

metal product shall be free from Cr and P and consist mostly of Fe and Mn. 

In a next step, the produced slag shall be treated in the InduRed plant as described above. 

If the slag contains low amounts of iron (desirably < 15 m.-%), phosphorus is expected be 

almost completely gasified. 

Currently, the refining process is the research subject of a project related to the work 

conducted in the course of this thesis. No slag from an industrial scale process is available for 

experiments at this point. Therefore, synthetic slags are used to investigate the potential of the 

treatment of chromium- and phosphorus-rich slags. 

3.3.2 Determination of a potential phosphate slag composition 

If BOFS is reduced as completely as possible and the total amount of phosphorus is taken 

up by the metal produced, the composition of this metal phase can be estimated. The 

estimation used as a basis for further calculations and experiment planning in this thesis is 
shown in Table 11. 
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Table 11: Estimated metal composition after reduction of basic oxygen furnace slag in an EAF 

element content in metal from EAF [m.-%] 
Fe 87 
Cr 1 
Mn 5 
P 2 
Si 1 
C 4 

total 100 

 

A subsequent refining step has to oxidise phosphorus and bind it within a slag matrix as 

quickly as possible. The following Table 12 shows the assumptions made to define the 

required refining step. If 100 g of metal from the EAF are refined, the shown amount of slag is 

formed. The CaO amount was determined by assuming that 90% of the phosphorus can be 

bound as C3P and 100% of the Si can be bound as C2S, adding 20% excess CaO (**). The 

desired iron content lies between 10 m.-% and 20 m.-% as FeO and is assumed to be 

15 m.-% in this calculation (*). 

Table 12: Estimated slag composition after refining the metal product from EAF reduction 

species after refining amount after refining 
100 g of metal [g] 

assumed amount of metal 
oxidised [%] 

FeO 3.85 * 
Cr2O3 1.02 70 
MnO 3.87 60 
P2O5 4.12 90 
SiO2 2.14 100 
CaO 10.65 ** 
total 25.66  - 

 

Since pure CaO will not be used for the refining step, MgO and Al2O3 are added to the 

composition resulting from the theoretical refining step. Additionally, the SiO2 amount is altered 

so that the basicity B2 is set at 1.5. The desired, resulting slag composition that is also used in 

the experiments described in the following chapter is shown in Table 13. 
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Table 13: Desired slag composition for the reduction experiments on Cr- and P-rich slags 

species desired content in synthetic slag [m.-%] 
FeO 11.56 

Cr2O3 3.07 
MnO 11.63 
P2O5 12.38 
SiO2 21.38 
CaO 31.98 
Al2O3 3.00 
MgO 5.00 
total 100.00 

 

Figure 43 shows this composition in the respective phase diagram. 

 

Figure 43: Potential calcium phosphate slag composition after pre-treatment for the reduction in the 

InduRed plant [23] 

FeO, Cr2O3 and MnO are added up and represent the FeOn value of 20% in the diagram. 

Al2O3, being a network forming oxide, was added to SiO2. MgO was added to CaO. 
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3.4 Treatment of chromium- and phosphorus-rich slags 

As presented in chapter 3.3, the alteration of the BOFS treatment route leads to the 

formation of phosphate slags that are rich in chromium, phosphorus and manganese. A current 

research project related to the work presented in this thesis focuses on the production of such 

slags. Until they are available, an estimated slag composition is calculated and chemicals are 

used to produce synthetic slags in a smelting step. The resulting slag mixtures are reduced 

with carbon powder. Preliminary experiments were conducted in an MgO crucible holding 

roughly 35 g of sample. Experiments were also conducted in the InduMelt plant in order to 

support the assumptions made regarding the advantages of using the presented reactor 

concept. 

3.4.1 Objectives 

As explained above, the objective of the experiments presented in this chapter is to 

investigate the possibility of phosphorus gasification from chromium- and phosphorus-rich 

slags. The FeO content is low and the iron phosphide formation shall therefore be limited. The 

composition of the resulting metal phase shall be analysed and a comparison between 

standard carbo-thermal reduction and the use of the inductively heated graphite bed shall be 

determined. It shall be evaluated if the formation of chromium or manganese phosphides is 

indicated to play a role in the proposed treatment process. 

3.4.2 Methodology 

The preliminary experiments were conducted at the lab of Prof. Morita ( ), part of 

the Department of Materials Engineering at the Bunkyo campus of the University of Tokyo 

(UTokyo, ) in the course of an outgoing research stay. The equipment used consisted 

of a furnace using heating elements, MgO crucibles and the required chemicals. The smelting 

and reduction processes were, again, separated into two individual experiments. 

The furnace itself has a simple setup. A power supply unit with a control panel allows for the 

programming of heating and cooling rates as well as phases in which the temperature is held 

constant. Heating elements are positioned inside the furnace which is lined with refractory 

materials. An Al2O3-pipe reaches through the reactor. It is heated by the heating elements and 

the temperature of its outer surface is measured by a thermocouple. A plug at the top and the 

bottom of the pipe seals the reactor atmosphere from the ambient air. Using thin aluminium 
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oxide pipes, the reactor can be purged with argon. The furnace is able to reach a temperature 

of roughly 1873 K. The thermocouple measures the temperature at the outside of the reactor 

pipe. A crucible can be positioned within the pipe using porous refractory materials that fit into 

it. One after another they are put into the reactor from the bottom until the middle of the crucible 

reaches the middle of the pipe, which is also where the thermocouple is placed. Frequent 

measurements have shown that a temperature difference of roughly 20 K originates between 

the set temperature and the actual temperature of the sample. The heating elements’ 

conjunctions on the top of the furnace were cooled by a fan. MgO crucibles were chosen 

because of their expected minor interference with the basic slags that also contain low amounts 

of the oxide. The setup of the furnace is shown in Figure 44. 

 

Figure 44: Furnace setup used for preliminary experiments on Cr- and P-rich slags at UTokyo 

The determination of the composition chosen for preliminary experiments on the reduction 

of Cr- and P-rich slags is described in 3.3.2. Based on these assumptions, the mixtures were 

prepared using pure chemicals (purity > 95.0-99.5%). However, FeO, P2O5, CaO and MnO 

were not available as such. Fe3O4, C3P (containing CaO itself), CaCO3 and MnO2 were used. 

The respective equivalents regarding the content of FeO, P, CaO and Mn were calculated. An 

argon flow of 200 mlmin-1 was used to avoid false air influences.  
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In order to protect the MgO crucible, a heating rate and cooling rate of 200 Kh-1 was chosen. 

The set temperature of 1793.15 K (smelting) was held for an hour. This is true for the smelting 

step as well as the reduction step. The reduction temperature was set at 1893.15 K. 

The sampling procedure was quite straightforward due to the small sample size. A saw was 

used to slice the crucible and the slag. Using a centre punch, the crucible was removed from 

the slag, which was crushed and powdered using a hammer and, subsequently, a combination 

of mortar and pestle. After the reduction step, metal had to be removed from the slag. The 

metal particle size was extremely small, which is why fine exposure was required. The 

evaluation method used is described in chapter 3.2.2. In this case, however, only ICP-MS was 

used as an analysis method. 

The reference experiments in the InduMelt plant were conducted as described in 

chapter 3.2.2. The main difference was the maximum reaction temperature, which was 

1873.15 K (instead of 1923.15 K used in the preliminary experiments described in 

chapter 3.2.3) due to the desired comparison with the experiments conducted at UTokyo. 

Another difference was the omitted tapping in both the smelting and the reduction steps. 

3.4.3 Experiment execution 

 smelting of synthetic slag for standard carbo-thermal reduction: The furnace 

described above was programmed so that a heating rate and a cooling rate of 

200 Kh-1 were defined. The set temperature of 1893.15 K was held for an hour and 

leads to a temperature of 1873.15 K in the sample. The reactor was purged with Ar. 

The composition of the compound mixture is shown in Table 14. A total of 35.5 g 

was prepared. The resulting mixture composition was shown in chapter 3.3.2. 

Table 14: Reagent mixture composition for the production of synthetic slags 

reagent reagent content [m.-%] 
Fe3O4 22.13 
Cr2O3 2.26 
MnO2 10.46 
C3P 19.84 
SiO2 15.65 

CaCO3 22.73 
Al2O3 2.60 
MgO 4.33 
total 100.00 
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Figure 45 shows the full equipment used. 

 

Figure 45: Furnace including equipment used for preliminary experiments with Cr- and P-rich slags 

at UTokyo (1: power supply and control unit, 2: furnace, 3: ceramics pipe holding the crucible, 

4: Ar supply) 

 reduction of synthetic slags by standard carbo-thermal reduction: After heating, the 

temperature was held for an hour in the reactor that was purged with Ar and then 

cooled. 13.97 g of the slag were powdered and mixed with 1.25 g of carbon powder. 

The reduction temperature was 1873.15 K. 

 smelting of synthetic slag for the reduction in the InduMelt plant: The execution of 

this experiment is different from the preliminary experiments described in 

chapter 3.2.3 only in the points mentioned in chapter 3.4.2 (maximum temperature, 

tapping). The composition of the reagent mixture as well as the chemicals used are 

the same as in the preliminary smelting experiments (and similar in purity). 945 g 

were used in the smelting step. The smelting temperature was set at 1823.15 K, 

overshooting slightly during heat-up. 

 reduction of synthetic slags in the InduMelt plant: After crushing, 348 g of the 

smelting product were mixed with 52.5 g of carbon powder and used in the reduction 

experiment and reduced between 1873.15 K and 1923.15 K. 

3.4.4 Results 

In order to reliably evaluate the results from the reduction experiments, the slag composition 

after the smelting step has to be analysed. The slag produced for the standard carbo-thermal 
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reduction can be seen in Figure 46. Table 15 shows the calculated slag composition in 

comparison with the one calculated from the analysis. A good correlation can be seen, except 

for the enrichment of MgO in the slag matrix – presumably from the crucible. Since the 

accumulation of MgO does not influence the total amounts of input Fe, P, Mn and Cr used for 

the further evaluation, the calculated results are further used. 

 

Figure 46: Synthetic, Cr- and P-rich slag for standard carbo-thermal reduction 

Table 15: Desired and analysed composition of the synthetic slag produced 

for standard reduction experiments 

species desired content in SSprel 
[m.-%] 

SSprel composition calculated from analysis 
[m.-%] 

FeO 11.56 9.21 
Cr2O3 3.07 1.26 
MnO 11.63 9.46 
P2O5 12.38 10.28 
SiO2 21.38 18.92 
CaO 31.98 31.50 
Al2O3 3.00  - 
MgO 5.00 9.92 
total 100.00 100.00 

 

ICP-MS analysis was also used for the determination of the element contents in the metal 

and slag products after reduction. The analysis results are shown in Table 16. 
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Table 16: ICP-MS analysis results after carbo-thermal reduction of Cr- and P-rich slags 

species content in slag after reduction 
[m.-%] 

content in metal after reduction 
[m.-%] 

Fe 2.62 32.30 
Cr 0.27 7.66 
Mn 2.46 32.40 
P 1.27 17.70 
Si 12.00 0.00 
Ca 30.80 0.39 
Mg 7.88  - 

 

Based on these results, the reduction degrees as well as the phosphorus distribution 

achieved were calculated. They can be seen in Table 17 and Table 18. Table 19 shows the 

product stream masses. A comparison with the results from the InduMelt plant is shown in the 

following paragraphs. The product slag and metal retrieved are depicted in Figure 47. 

Table 17: Reduction degrees achieved by standard carbo-thermal reduction of Cr- and P-rich slag 

element reduction degree [%] 
Fe 80.63 
Mn 81.85 
Cr 91.56 
P 84.38 

 

Table 18: Phosphorus distribution after standard carbo-thermal reduction of Cr- and P-rich slag 

P source/destination P amount [g] P amount [%] 
P input 0.75 100.00 

P in metal 0.55 73.49 
P in slag 0.12 15.62 
P to gas 0.08 10.89 

 

Table 19: Product stream masses after standard carbo-thermal reduction of Cr- and P-rich slag 

product stream amount [m.-%] 
slag 66.47 

metal 22.44 
gas 11.09 
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Figure 47: Metal and slag product phases after standard carbo-thermal reduction of 

Cr- and P-rich slag 

Figure 48 shows the phosphorus balance for the proposed process when the results from 

the preliminary experiments are used as a basis. 

 

Figure 48: Phosphorus balance using results from the preliminary experiments (standard carbo-

thermal reduction of Cr- and P-rich slag) 

The experiments in the InduMelt plant were conducted as described above. Figure 49 

shows the prepared slag mixture and the slag product after the smelting step. 
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Figure 49: Synthetic slag mixture (left) and product after smelting (right) for reduction in the 

InduMelt plant 

The desired slag composition is compared with the composition calculated from ICP-MS 

analysis results. The ratio of all oxides (calculated from their element content) is highly similar 

to the desired composition. However, due to the use of Al2O3 refractory materials, the 

enrichment of Al is high and a dilution of the slag occurs. Changes in flowability and activities 

might influence the reduction and P gasification behaviour. The absolute element input for Fe, 

Cr, Mn and P does not change, however, and due to the full reduction (Cr-, P- and Fe-free 

slag), the reduction degree and P distribution calculation is not influenced. 

The reduction products metal and slag were analysed and the results are presented in 

Table 20. 

Table 20: ICP-MS analysis results after reduction in the InduMelt plant 

species content in slag after reduction 
[m.-%] 

content in metal after reduction 
[m.-%] 

Fe 0.43 39.80 
Cr 0.02 8.63 
Mn 0.57 21.20 
P 0.01 14.33 
Si 8.30 0.30 
Ca 9.71 0.39 

 

Figure 50 depicts the product after cooling. The slag, metal spheres and graphite cubes can 

be seen. Table 21 shows the reduction degrees achieved in the experiment and Table 22 

gives an overview of the phosphorus distribution among the product phases. Table 23 shows 

the product stream masses used for the balancing. 
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Figure 50: Graphite cubes (1) with metal spheres (2) and slag (3) after reduction of synthetic slag in 

the InduMelt plant 

Table 21: Reduction degrees achieved by reduction of synthetic, Cr- and P-rich slag in the 

InduMelt plant 

element reduction degree [%] 
Fe 96.98 
Mn 96.00 
Cr 99.43 
P 99.85 

 

Table 22: Phosphorus distribution after reduction of synthetic, Cr- and P-rich slag in the 

InduMelt plant 

P source/destination P amount [g] P amount [%] 
P input 18.81 100.00 

P in metal 10.92 58.09 
P in slag 0.03 0.15 
P to gas 7.85 41.76 

 

Table 23: Product stream masses after reduction of synthetic, Cr- and P-rich slag in the 

InduMelt plant 

product stream amount [m.-%] 
slag 63.37 

metal 21.90 
gas 14.73 
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If the results achieved by using the InduMelt plant for reduction are used to calculate the P 

balance of the proposed process, promising first results can be achieved, as shown in 

Figure 51. 

 

Figure 51: Phosphorus balance using results from the InduMelt reduction experiments with 

Cr- and P-rich slag 

In order to illustrate the mass streams of the products in comparison to steel production, the 

goods balance is also shown (Figure 52). 

 

Figure 52: Goods balance using results from the InduMelt reduction experiments with 

Cr- and P-rich slag 
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These first results in this specific field of research are highly promising and will be verified 

in future experiments. The achieved reduction degrees and phosphorus distributions (carbo-

thermal reduction as well as reduction in the InduMelt plant) are compared to highlight the 

potential advantage of the applied reactor concept over standard carbo-thermal reduction 

(Figure 53 and Figure 54). 

 

Figure 53: Comparison of reduction degrees achieved by standard reduction and reduction in the 

InduMelt plant 

 

Figure 54: Comparison of phosphorus distribution achieved by standard reduction and reduction 

in the InduMelt plant 
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Figure 55 and Figure 56 show the slag composition in the respective phase diagrams. The 

illustrations are based on the results achieved by applying the novel reactor concept described 

in this thesis. 

 

Figure 55: Calcium phosphate slag composition after reduction of Cr- and P-rich slags [23] 

The metal-free slag (neglecting Al- and Mg-oxide contents), naturally, is located in the same 

area as the product slag from the preliminary experiments without the additional refining step 

(BOFS reduction) due to the complete reduction that can be achieved. 

 

Figure 56: Path of the calcium phosphate slag during reduction [23] 
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Not taking into account other metal oxides or network-forming slag components, the path of 

the calcium phosphate slags in the reduction process can be depicted. It can be assumed, 

based on thermodynamic data, that the iron oxide is reduced before the phosphorus 

compounds. 

The potential formation of chromium phosphides and the influence of the high manganese 

amounts with regard to phosphide formation might be a reason for lower gasification rates than 

expected. In order to produce reliable data, repetitions with different compositions have to be 

conducted. Additionally, Cr-rich and Mn-free slags as well as Mn-rich and Cr-free slags 

containing similar P amounts shall be reduced and investigated in future research activities. 

3.4.5 Research prospects 

The preliminary experiments conducted with regard to phosphorus gasification from Cr- and 

P-rich slags were highly promising. The proposed reactor concept enables high gasification 

rates and the experiments’ results go beyond the current state of knowledge. 

However, in order to ensure better comparability, the experimental setup for the InduMelt 

plant will be adapted. MgO crucibles will be used and an argon purge system will be installed. 

The replacement of Al2O3 is supposed to inhibit the effect of slag dilution observed in the 

experiments conducted. 

The number of experiments will be increased in order to verify the results presented in this 

thesis. This is true for the investigation of the alternative process route as well as for the direct 

reduction of BOFS in the InduRed reactor. 

As soon as slags from actual industrial- or semi-industrial-scale are available, they will also 

be investigated. In particular, the chromium, iron and phosphorus contents will be altered. 

Most importantly, the influence of high Cr and Mn contents must be investigated separately. 

The possibility of both Mn and Cr phosphide formation makes it impossible at this point to 

further interpret the gasification rate results. 

Improvement strategies for the reduction of slags in the InduMelt reactor include: 

 use of MgO crucibles 

 implementation of an Ar purge system 

 installation of an exhaust gas suction for the lab-scale plant 
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4 Conclusions 

A number of theoretical and practical tasks were conducted and described in the course of 

this thesis. Therefore, before concluding the thesis with regard to the hypotheses verbalised 

in chapter 1.2, a short summary is provided. 

Subsequently, the hypotheses are commented on individually and a final conclusion is 

drawn at the end of this chapter. 

4.1 Summary 

The state of knowledge with respect to the reduction of BOFS with simultaneous removal of 

phosphorus via the gas phase described in chapter 2.1.3 suggests that this gasification is 

feasible in principle. However, the accumulation of phosphorus in the metal product of 

reduction poses a significant limitation to this treatment approach. 

The influence of the FeO content of BOFS was extensively investigated. Only at FeO 

contents of roughly 2 m.-% and a slag basicity of 1.0, 55% of the input phosphorus could be 

gasified at 1673 K (state of knowledge, s. chapter 2.1). The slags processed in the course of 

this thesis had an FeO content of roughly 22 m.-% and the most promising operating 

temperature was determined to be 1923.15 K. The lowest basicity tested was 1.5. 

The carbon demand as well as the determination of suitable reduction temperatures was 

based on the theoretical work using a Richardson-Ellingham diagram, a Baur-Glaessner 

diagram and a Rist diagram. The carbon addition proved sufficient and the temperature 

dependency as well as its influence on P reduction degrees paralleled expectations. The 
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reaction schematics were not contradicted. Higher SiO2 activity (lower basicity) and higher 

reduction temperatures both increased the gasification rate. 

As presented in chapter 2.1.4, there are considerable advantages of the InduRed reactor. 

The application of the reactor concept proved successful in exceeding the state of knowledge 

and in enabling the phosphorus gasification at high rates. The advantages comprise the 

graphite bed’s large surface area, direct heat input, continuous gas removal, high CO partial 

pressures, the non-existence of a molten iron bath and the reduction of the influence of 

transport limitations. 

Processes producing Cr- and P-rich slags, like the LD-AC process, were used to derive a 

potentially producible slag composition after implementing an alternate process route, 

including a second refining step following a standard reduction unit in which P is fully 

accumulated in liquid Fe. 

Such slags were synthetically produced and reduced by both standard carbo-thermal 

reduction and the InduRed reactor. High gasification rates were achieved. However, the 

influence of high Mn and Cr contents cannot be neglected. 

4.2 Assessment of hypotheses and results 

The main hypothesis verbalised as a basis of this thesis is stated again as follows: 

 

By carbo-thermal reduction of basic oxygen furnace slags in an inductively heated 
bed of graphite pieces, high phosphorus gasification rates can be achieved. 

 

In order to corroborate or refute this hypothesis, the following assumptions were stated and 

are commented with regard to the research objective: 

 

1. A modification of BOFS is required in order to retain flowability and to 

thermodynamically support the phosphorus gasification. 

The necessity of such a modification step was highlighted in the theoretical work of this 

thesis and can be derived from literature research results. Experimental work in this regard 

supported the hypothesis in terms of both flowability and gasification rates. A slag basicity 

lower than 1.5 is suggested in order to achieve high gasification rates. 
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2. The most important modification is the addition of a silica source. 

This statement proved accurate by conducting both theoretical and experimental work. 

Other additives, such as Al2O3, influence the slag quality and are to be investigated more 

closely in the future. However, for general feasibility, SiO2 addition is crucial. 

 

3. BFS is a suitable silica source for the modification step. 

P gasification results with BF addition were highly successful. It can be stated that the silica 

source BF is suitable as an additive, even though better results could be achieved using pure 

SiO2. 

 

4. High temperatures are required to achieve high phosphorus gasification rates. 

This assumption proved accurate with respect to two individual effects: Firstly, high 

temperatures increase the reduction degree of P and secondly, increasing temperatures inhibit 

the formation of iron phosphides, which are crucial to the gasification mechanism. 

 

5. The iron oxide content of BOFS poses the most influential limitation to the 

gasification process. 

Hypothesis number five was supported in the area of BOFS reduction. This finding of 

literature research could be affirmed in slags with low Cr and Mn contents. However, 

experiments with Cr-rich synthetic slags suggest a more complicated situation. 

 

6. Altering the process route in order to produce and treat Cr- and P-rich slags in the 

presented reactor concept leads to even higher gasification rates. 

The synthetic slags produced showed low FeO and high Cr and P contents. Nevertheless, 

preliminary experiments showed that even though the iron content was low, the gasification 

rates were much lower than those achieved during BOFS treatment. 
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7. Chromium and manganese phosphide formation does not limit the gasification rates. 

This hypothesis cannot be corroborated. Lower gasification rates were achieved in 

experiments with slags containing less FeO than BOFS. The nature of this effect cannot be 

fully described at this point. Cr as well as Mn can form phosphides and overlaying influence 

probabilities do not yet allow further interpretation. 

 

8. The applied reactor concept benefits the phosphorus gasification substantially. 

This assumption can be fully corroborated. Standard carbo-thermal reduction by carbon 

addition to synthetic, Cr- and P-rich slags and heating led to significantly lower gasification 

rates by a factor of 4-5. During the treatment of BOFS, extremely high gasification rates of 

roughly 83% were achieved. 

 

In conclusion, the main hypothesis can be rigorously supported. The novel approach 

contributed to exceeding the state of knowledge in the field of BOFS treatment as well as the 

application of the InduRed reactor concept. 
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5 Research prospects 

In the course of the experiments conducted for this thesis, highly promising results could be 

obtained. However, many aspects of the proposed treatment processes are still unclear and 

require additional investigations. Regarding high Cr and Mn contents in slags processed in the 

InduRed reactor, completely new challenges were detected. Known as well as new aspects of 

the addressed area of interest need further research attention in the future. 

5.1 Slag quality 

The most important aspect of the product slag quality is its utilisation versatility. Ideally, 

latently hydraulic activity can be achieved by using suitable amounts of additives, especially 

SiO2 and Al2O3. Dry slag granulation might serve as a quick cooling approach that 

simultaneously increases energy efficiency. 

5.2 Metal quality 

The metal quality needs to be further improved. Two approaches will be investigated: 

1. Plant modifications, the use of different refractory materials as well as the 

implementation of an Ar purge shall further increase the phosphorus gasification 

rates achieved during carbo-thermal BOFS reduction in the InduRed plant. If P 

contents in the metal product approach 0.1 m.-%, a direct recycling in the BOF is 

conceivable. 
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2. The alternate process route using a second refining step might provide a possibility 

to improve the metal quality. The reduction of Cr-, P- and Mn-rich slags has shown 

that gasification rates are not yet sufficiently high. If the influence of either Cr or Mn 

can be neglected, the requirements for the refining step can be derived. 

Both approaches require a number of experiments in order to verify the results obtained so 

far. As soon as slags from actual semi-industrial-scale experiments are available, their 

treatment will be investigated as well. 

5.3 Process and scale-up 

Plant- and process related, further continuous experimental campaigns based on the 

findings in this thesis are needed. Based on these campaigns, the feasibility of a scale-up by 

a factor of 10 (i.e. 20-40 kgh-1) shall be determined. In the next scale, the gas utilisation and 

the phosphoric acid production as well as the slag-metal separation shall be investigated. 

In conclusion, the work conducted in the course of this thesis has led to a number of 

prospective tasks that allow for the design of further experiments. A proof of principle was 

successful and the state of knowledge could be exceeded. 
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