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ABSTRACT

Abstract

During ironmaking processes, iron is not the only element to be charged in the reactor.
Unwanted and harmful elements like alkali metals are also present during iron ore reduction
and smelting. For instance, a higher load of sodium (Na) and potassium (K) leads to an increase
in emissions (dust, cyanides, etc.) and causes malfunctions in the process performance. So, it is
in the interest of operators to gather knowledge about the interaction of K and Na during iron
ore reduction—specifically their effect on reactivity and mechanical properties, softening and
melting behaviour, and circulation within the reactor. This thesis sought to determine two
important aspects of alkalis during ironmaking: the macroscopic behaviour of enrichment and
circulation, and the microscopic effects on ferrous burden materials during reduction.

An alkali model for ironmaking reactors was developed to demonstrate the behaviour and
distribution of alkali compounds in the blast furnace and during smelting reduction processes.
Based on empirical models and thermochemical calculations, it is possible to define the amount
and the composition of alkali compounds for different reactor areas. The results were compared
with industrial data and they show certain analogies. By modifying the process parameters
(temperature profile, gas volumes, etc.), the effect on the distribution, flow, and load of alkalis is
determinable.

To investigate the key aspects of alkalis microscopically, experimental simulations derived from
industrial-scale ironmaking processes were performed. After an aqueous K/Na treatment of
ferrous burden materials, the assimilation behaviour of different morphological phases was
evaluated. Thereafter, reduction and tumbling tests were carried out to define the reactivity and
mechanical properties of the iron carriers. To complete the interaction of iron carriers and alkali
metals, softening and melting tests were performed. It was shown that the morphological
structure is a main factor in the resistance against alkali influence. Lumpy iron ores were less
affected than artificial materials like pellets and sinter. Pellets, in particular, showed a lower
mechanical stability and an increase in reactivity during reduction. With regard to their melting
behaviour, both pellets and sinter demonstrated significantly lower temperatures during phase
transformations on the addition of alkali metals.
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KURZFASSUNG

Kurzfassung

Bei der Herstellung von Eisen koénnen durch die Verwendung von natiirlichen
Einsatzmaterialien (Erz, Kohle, Zuschlagsstoffe) unerwiinschte Elemente in den Reaktor
eingetragen werden. Ein Typus solcher schadlichen Substanzen sind Alkalimetalle wie Kalium
und Natrium. Beide fithren zu erhohten Emissionen (z.B. Staub, Zyanide, etc. im Gichtgas) und
konnen den Betrieb signifikant storen. Daher ist es im Interesse des Betreibers, iiber die
Wechselwirkungen von  Alkali-Elementen  mit diversen Prozessparametern der
Eisenerzverhiittung  Bescheid zu  wissen. Dies sind im  Spezifischen die
Reduzierbarkeit/Reaktivitat, Einfluss auf mechanische Eigenschaften, Effekte auf Erweichungs-
und Aufschmelzverhalten bzw. die Zirkulation und Anreicherung im Reaktor. Daraus
entwickelten sich zwei wesentliche Aspekte dieser Arbeit: die makroskopische Betrachtung von
Alkalien in Reaktoren der Eisenverhiittung und die mikroskopische Beurteilung des Einflusses
von Alkalien auf diverse Eisentrager (Sinter, Pellets, Stiickerze).

Ein Alkalien-Modell fiir Reaktoren der Eisenverhiittung wurde entwickelt, um das Verhalten und
die  Verteilung  unterschiedlicher = Alkaliverbindungen @ im  Hochofen und in
Schmelzreduktionsprozessen abbilden zu konnen. Durch Verbindung eines auf Empirik
basierenden Modells mit thermochemischen Kalkulationen ist es gelungen, die stabilen
Alkaliverbindungen fiir bestimmte Reaktorregionen zu bestimmen. Die Validierung des Modells
erfolgte durch Vergleich mit industriellen Daten und deren Ubereinstimmungen. Mittels
Variation von Prozessparameter (Temperaturprofil, Gasvolumina, etc.) konnen Einfliisse auf die
Alkalien-Verteilungen und -Fliisse bestimmt werden.

Die Untersuchung der mikroskopischen Zusammenhdnge wurde durch experimentelle
Simulation von Verhiittungsprozessen durchgefiihrt. Die Eisentrager wurden zuerst mittels
wassrigen Alkali-Losungen behandelt (Bestimmung der K/Na-Assimilation durch verschiedene
morphologische Phasen) und danach Reduktions- und Trommelversuchen zugefiihrt. Diese
dienten zur Bestimmung von mechanischen Kennwerten und der Reaktivitat. Zusatzliche
Erweichungs- und Schmelzversuche evaluierten das Aufschmelzverhalten. Es wurde dabei
gezeigt, dass die morphologische Struktur das Verhalten gegeniiber Alkalien pragt. Stlickerze
wurden weniger beeinflusst als Agglomerate. Vor allem Pellets zeigten bei den Reduktionstests
signifikant hohere Reaktivititen und niedrigere mechanische Festigkeiten. Die Sinterproben
zeigten wahrend der Schmelzversuche durch die Alkalienzugabe eine wesentliche Verschiebung
der Phasenumwandlungstemperaturen zu niedrigern Werten.

PhD Thesis A. Pichler Page iv



TABLE OF CONTENTS

Table of Contents

Preface e i
i o i
L2 T o iii
Q0 T4 = 11 U o V- SR iv
JLIEE 11 (=T o 1 00T 1 =T o 1 3N v
1 Introduction and ODbJectiVes .......cccceiriieuiiiiiiiniiiiinniiiiissrsessssen 1
1.1 Iron and Steel in @ Modern SOCIELY ........cuviiiiiee e e e e e e 2
1.2 =TT (ol a T O] oY [Tt ¥ V7= USRS 4

2 Ironmaking: Background and Fundamentals........ccccccirrrueiiiiiinniiiniennciininennnnn 5
2.1 IFONMAKING PrOCESSES.....uviiieiiciiieeeectieee e ettt e e ectee e e ete e e e e ette e e e ettee e e sateeeesbaeeeesnseaeessnseneeennsees 5
2.1.1 Historical Background of Iron Production ............ccoecciiiiiiici et 5
2.1.2 Overview: Routes of Steel Production........c..cccveiirierienieneccccee e 6
2.1.3 Blast FUMN@CE PrOCESS ....ccueerieeiieieeieete sttt ettt et sreesre st e esneenreens 8
2.1.4 Direct and Smelting ReEdUCtION PrOCESSES ......uueeeiiiiieeeiiieeciieeestiee e ectee et e e e eire e e enee e e saneee s 12
2.15 Alternative Routes of IronmMaKiNg ......ccoooeiiiiiiii e e e r e e e e e 16
2.2 Fundamentals of IFrONMAKING ......cccccuviiiiiiiiee et e s s etae e e 17
2.2.1 Thermodynamics of ReAUCLION ProCESSES.....uuviiiiiiiciiiiiieeee ettt eeectree e e e e eecbre e e e e e e e e e 17
PhD Thesis A. Pichler Page v



TABLE OF CONTENTS

2.2.1.1  Direct and Indirect Reduction of Iron Ores .......ccceecerierienienieiieeseeneee e 21
222 Kinetics of Iron Ore REAUCION .....cccviiieriiiiiiiieieeee e s 24
2.2.3 SOFtENING AN MEILING ...veeeeciiie et e e e ee e e st e e e senee e e ssnseeeeansseeennns 29

3 Alkalis and IronmMaking ProCesses ......ccccceeurereenerreeereenierrencerencreaneerensesessscssanes 32
3.1 Alkalis in Ferrous Burden Materials: Geological Origin and Mineral Processing................ 34
3.2 Thermodynamics of Alkalis and Behaviour in Ironmaking Processes .......cccccceeccvvveeeeeeenn. 36
3.21 Alkali FIow in the Blast FUMNACE.......coouiiiiriirieneeeeeeeee sttt s 42
3.2.2 Alkali Flow in Direct and Smelting Reduction ProCesses ........cccoveeeeeeeeciiieeeeeeeeecciieeeeeeeeeeens 47
3.3 Effect of Alkalis on Reduction and Melting Behaviour of Ferrous Burden Materials ........ 49
3.4 Previous Problems and Approach of WOrk ..........coccveeiiiiieii it 52

4 Macroscopic Effect of Alkalis: Modelling of Ironmaking Reactors........c..ccccu.... 53
4.1 Layout of the Alkali Model for Ironmaking Reactors .........cccccuveeeiciieei et 53
4.2 Alkali Model for the Blast FUNACE PrOCESS......cccveriiierieeiiieinieenieesnreesreeesineesveessiaeesanes 55
4.2.1 Data Input and Profiles of the Standard Blast Furnace Model..........ccccccvveeeiiiiiciiiiieeceeens 55
4.2.2 R Y= 1V oY =Y I U UPRRR 57
4.2.3 Multi-stage Shaft ReEactor MOdel .........ooo i e e e 60
424 Results and Alkali Distribution in the Standard Model...........ccccooeneniniiniineneeccceee, 62
425 Validation of Standard Model ..........cceeiiriiiienie e 65
4.2.6 Parameter Analysis with FOCUS 0N SIag Properties.......cccceccveeeccieeeecieee et 69
4.3  Alkali Model for Smelting REAUCTION.......ccociiiieiiieie ettt 73
43.1 Fundamental Layout of the Alkali Model for the COREX® or FINEX® Process.......ccccceeeeuuee... 73
4.3.2 Data Input and Outline of the Melter Gasifier ... 74
433 Results of the Standard Melter Gasifier .........oouiiiiiiiiiiiiee e 76
4.4 Discussion about AIKali MOE ......ccuviiiiiiiieiciiee e e s sebee e 79
44.1 Background of the Standard Blast Furnace Model..........ccccveeeeiiiiiecciee e 79
4.4.2 Comparison between Blast Furnace and Melter Gasifier........cccccevvvieeeeciieeecciee e 79
4.5 Results of Alkali Model: Future Potentials .........ceiveiieiiiiiieii e 82

PhD Thesis A. Pichler Page vi



TABLE OF CONTENTS

5 Microscopic Effect of Alkalis on Reduction, Disintegration and Melting.......... 83
5.1 Methodology for Investigations of the Samples of Ferrous Burden Material ................... 84
5.2 Alkali Assimilation of Ferrous Burden Material........ccoccvvviiiniiiiiiiieniee et 85
5.3 Influence of Alkalis on Reduction Reactions and Mechanical Stability..........ccccceeveviveeenns 89
5.3.1 Testing Equipment and Programs for Reducibility and Mechanical Stability..........cccccc....... 89
5.3.2 Results of the REAUCTION TESES ..vivuuiiiiiiirieiiiiere ettt ettt e seeesaee s 91
5.3.3 Influence of Alkalis on Mechanical Stability during Reduction .........cccceeviieeeecei e, 96
5.3.4 Morphological Investigation of Reduced SampIes .......cc.eeevieeeiciiie e 99
5.3.5 Comparison with Literature and Discussion of RESUILS .........cceeeeieeiiiiiiieee e, 100
5.4 Effects of Alkalis on Softening and Melting Behaviour ........ccccvevveiiiiiiciee e, 105
5.4.1 Preparation of Material and MethodolOgY ........c.ccoiciiiiiiii i 105
5.4.2 Methods of Testing (Softening and Melting Temperature) ........ccccceeeveeeeciieececieeeeeieee e 106
5.4.3 Influence of Alkalis on Melting and Softening Behaviour: Test Results ...........cccceeeevveeenneen. 108
5.4.4 Influence of Alkalis on Melting and Softening Behaviour: A Comparison with Literature and
DEY & I VY [V ) 4o ] o IO PP PR TP 112

5.4.4.1 Evaluation of Testing Results and Comparison of Different Methods ..........cccccoeevnnieenen.n. 112
5.4.4.2 Discussion of the Melting Tests and CONCIUSION ......cccccuiiiiiciiee i 115

6 Summary, Conclusion, and OUtIOOK ........cccucrieeiiimiiiicrrccrrccree e e 123
6.1 Macroscopic Correlations between Process Parameters and Alkali Behaviour............... 123
6.2 Microscopic Correlation between Iron Ore Reduction and Alkalis............cccceeeeeeecnnnnneenn. 124
6.3 Outlook and FUture Potentials ........occuieiiiiiieiiiiiie e e 127

7 (3= =] =T o =L 129

APPENAIX «.cenieenireiriiriereerenereeireeeresereseressressseassraseraserasesasssesssssssensssnsssasssasssansssnsennsennnes |
A-1  Reduction curves of ferrous burden materials under different process conditions and

] 11T oo a1 =T ) £ RPN I

A-2  Observations by HT-LSCM (partially reduced iron carrier) ......ccccveeeeciveeeecceee e v

A-3  Ternary systems for the evaluation of alkali addition............ccceeeiiiiieciiii e, \

A-4  Profiles of elements in experimental blast furnace .........cccccoeeieciei e, Wl

PhD Thesis A. Pichler Page vii



TABLE OF CONTENTS

B-1 [T oY =0T TSR Vil
B-2 LISt Of TABI@S ...ttt st st st bbb XV
B-3  ACIONYMS XVI
B-4  PUDBIICATIONS ...ttt st e e s re e nee s XVl
B-5  CUITICUIUM VIT@...ci ittt ettt st s e s ne e e sanee s XIX

PhD Thesis A. Pichler Page viii



INTRODUCTION AND OBJECTIVES

1 Introduction and Objectives

There are many arts and sciences of which a miner should not be ignorant. First there

is Philosophy, that he may discern the origin, cause, and nature of subterranean things; for
then he will be able to dig out the veins easily and advantageously, and to obtain more
abundant results from his mining.

Georgius Agricola, De Re Metallica

The production of iron and steel has always played a major role in the development of
humankind. Since ancient times, iron has been used to manufacture tools and weapons. It has
influenced inventions and progress in fields such as agriculture, industry, and trade.
Developments in metallurgical processing and material science have led to the evolution of
cultures, both internally (improvement of life quality) and externally (advantages over other
cultures). The Hittites (2nd millennium BC), Indians (3 century BC), Romans (1st century BC),
Arabs (8/9% century BC), British (18t century), Germans (19t century), and Americans (20t
century) are outstanding examples of their respective times. Furthermore, developments in
metallurgy radiate into the study of scientific fundamentals (physical chemistry), social
economics and politics (unions and cooperative organizations), and even literature (Mime in the
Germanic tale of the Nibelungs; dwarfs as the masters of blacksmiths). [ronmaking has always
been a developing field of technology and this is true even today. Aspects like economic
feasibility (e.g. cost-effectiveness, stakeholder value), ecological sustainability (e.g. recycling,
zero waste, and emission production), and technological progress (e.g. modelling,
automatization, and digitalization) are driving forces in the field of ironmaking. The engineer, in
particular, has the key function of solving problems and reaching targets in this field.
Economically speaking, the lowering of costs is achieved through a lower input of raw materials
and energy. Higher value is placed on new products that satisfy the requirements of consumers.
Intelligent use of manpower and the connection of production with society—including social
welfare—are also economic aspects. [ronmaking has a huge global impact ecologically as well.
The use of non-renewable sources of energy (especially coal) and, consequently, the emission of
carbon dioxide (CO2) have to be avoided. Hydrogen technology and electric power from
renewable sources of energy may be a way forward. There is also zero-waste production, which
means the recycling of, for example, dust, and the transformation of waste into useable products

PhD Thesis A. Pichler Page 1



INTRODUCTION AND OBJECTIVES

(e.g. the topic of alkalis in the top gas treatment of the blast furnace [BF] will be discussed in this
thesis). In fact, the iron and steel industry in Europe is an exemplar in the area of recycling (high
scrap ratio, internal recycling of dust, smart gas-heat power grids). Furthermore, technological
circumstances are leading to higher use of computer-aided methods. Digitalization, smart
production, and modelling are key areas in an increasingly globalized world (e.g. this thesis
discusses the process modelling for iron production based on computer-aided calculations).

1.1 Iron and Steel in a Modern Society

Although a considerable section of
society considers steel to be a
backward and dirty material?
modern civilization cannot exist
without it. The global gross
domestic product (GDP) is closely
linked to the global steel
production3 (see Figure 1-1 for
national economies). Steel is
present in infrastructure,
construction, machinery,
automotives, and consumer goods.
The average person in western " i
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and 21 mio.t. of copper [Cu] in
20148). Especially since the industrial revolution in the 18t century, the demand for and supply
of iron and steel has risen nearly continuously—from 4.25 mio.t. in 1850, 28.1 mio.t. in 1900,°
and 189.1 mio.t. in 195010 to 849 mio.t. in the year 2000.° Steel offers several advantages, which
will be discussed in the following. But there are some disadvantages as well.
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INTRODUCTION AND OBJECTIVES

The recyclability of steel is unlimited. Leaving aside problems relating to trace elements
(copper[Cu], tin [Sn], lead [Pb], chromium [Cr], nickel [Ni], molybdenium [Mo]) for specific steel
grades,!3 iron and steel can be remelted without loss of quality. A global return of 585 mio.t.
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INTRODUCTION AND OBJECTIVES

The main disadvantage of steel is that its production is based on carbon (C): Coke is used as fuel
in the BF. This accounts for 7% of the global consumption of energy and 5% of the global
emission of CO,.18 In addition, chemical substances like HCIl, SO;, NOx, PCDD/F (organic, cyclic
compounds with halogens), and dust particles of different sizes are emitted by the BF or by
supporting processes like the coking and sinter plant. Waste gas treatment—technologically at
the state of the art in most cases!>—is minimizing the relative emissions per ton of steel.
However, the absolute impact on the environment is still too high for sustainable steelmaking.

Another disadvantage, which is linked to carbon, is the multi-step process for hot metal and
crude steel production.®20 In the BF, the liquid metal is saturated with carbon (4.3% C). It then
has to be decarbonized by a second step (in the basic oxygen furnace [BOF]) to produce crude
steel (<300 ppm C).20 A big target of metallurgists, therefore, is developing a single-step process
for the future. Further information about the routes of ironmaking and steelmaking are
summarized in Chapter 2.1.2.

1.2 Research Objectives

This thesis aims to examine the influence of alkali metals (specifically potassium and sodium) on
ironmaking processes. The list of harmful effects is quite long:

- Increased dust formation

- Formation of scaffolds

- Refractory consumption

- Change in softening and melting performance of iron carriers
- Sticking, swelling, and change in mechanical properties

- Cyanides in waste gas treatment

- Higher coke and carbon consumption

Macroscopic and microscopic aspects have to be considered to get a full understanding of the
effects and interactions.

The work is separated into two main parts:

In the first part, the alkali flows in different ironmaking reactors had to be evaluated. This was
achieved by creating an alkali model. After fundamental considerations relating to the mass
flows and influencing parameters, a model was developed that combines empirical models,
thermochemical calculations, and industrial data. The results show the alkali distribution in
different reactors (see Chapter 4).

The second part focused on the microscopic aspects of alkalis. Based on earlier work at the Chair
of Ferrous Metallurgy (Montanuniversitaet Leoben), reduction tests and melting tests were
performed. In addition, a new method to determine alkali assimilation by different burden
materials was developed. All results will be presented in Chapter 5.

PhD Thesis A. Pichler Page 4



2 Ironmaking: Background and Fundamentals

Secondly there is Medicine, that he may be able to look after his diggers and other
workmen. Thirdly follows astronomy, that he may know the divisions of the heavens and
from them judge the directions of the veins.

Georgius Agricola, De Re Metallica

The main step for the production of steel is the earlier smelting of iron. This usually involves a
reduction of iron oxides and melting the iron to a liquid metal. The hot metal is a common
product of the BF and an important input material for steel production. The following chapter
provides an overview of common ironmaking routes and the fundamentals of iron ore smelting.

2.1 Ironmaking Processes

The following chapter studies the link between historical development, actual routes of
ironmaking, and further progress in the field of ironmaking (reduction and melting).

2.1.1 Historical Background of Iron Production

Geologically speaking, iron occurs as an oxide or a minor sulphide. Only in special cases does
metallic iron form naturally (e.g. metal in meteors from space; in very rare cases, through the
combination of an iron-bearing ore layer with a carbon-bearing coal layer, including energy
supply by vulcanism). From a historical point of view, this is the reason for the late usage of iron
compared to precious metals like silver and gold (before 5000 BC), which appear as metals
under atmospheric conditions. The stability of the oxide combined with the melting temperature
of the metal are the boundary conditions for further development of metallurgy. After the
precious metals, metals with low melting points were smelted—for example, mercury (-39°C),
tin (232°C), lead (327°C), zinc (420°C), arsenic (615°C), and copper (1083°C). To achieve higher
temperatures, clay-based furnaces were used. These were fired by charcoal and natural wind.

PhD Thesis A. Pichler Page 5



IRONMAKING: BACKGROUND AND FUNDAMENTALS

Technical progress led to hotter furnaces that operated at temperatures of nearly 1100°C. They
were able to smelt iron the first time; presumable 1200 BC as solid iron sponge, which was
forged to the final products. The subsequent 3000-year history of ironmaking has led to the
development of a huge number of ironmaking reactors. Starting from the early batch-working
clay furnaces and smelting pits, improvements in gas generation (blasts from bellows, medieval
hydropower), furnace design (higher layouts that led to higher temperatures at the bottom, right
up to the melting temperature of highly carbonized iron), and energy supply (coke from coal
instead of wood or charcoal as fuel) ended in the BF process. In particular, economic aspects like
the scarcity of timber led to disruptive innovations like the use of the coke BF (18t century).
Given continuous technological progress, the BF still represents the main process in ironmaking.
The availability of electric power since the beginning of the 20t century forced a development
towards submerged arc furnaces (SAFs) and electric blast furnaces (EBFs). Moreover, modern
direct reduction processes also have their historical background in the early furnaces, which
produced sponge iron for forging. For further information on technological innovations, see

Gudenau et al.;2! for the mythological and cultural aspects of metals in history, see Paschen et
al.22.23

2.1.2 Overview: Routes of Steel Production

Nowadays, there are several different routes for the production of iron and steel. The most
effective route depends on local energy supply (cheap natural gas, cheap electricity, or quality of
coal—e.g. thermal or coking coal) and the product itself. For instance, reinforcing steel is often
limited to a small consumer area, plus fewer requirements of the product (only strength and
elongation allow the input of unclean scrap). This leads to the scrap electric arc furnace (EAF)
route being the favoured way. Other examples are the production of rails and wire using the
integrated route (high requirements for trace elements), iron production in South Africa and
India via the COREX® process or rotary kilns (thermal coal instead of coking coal), and direct
reduction in Iran using the MIDREX® SAF route based on cheap natural gas and electricity.24
Four main routes202125-32 for the production of crude steel are prevalent (see Figure 2-1,
including further treatment of the liquid crude steel by secondary metallurgy, casting, and
processing to the semi-finished product). For stainless and special steels, see Bernhard et al.33

The globally dominant way is the integrated route. The main steps here are the reduction and
melting of hot metal by the BF and the steelmaking step using a BOF. The BF is charged with
lumpy ferrous materials like sinter, pellets, and lump ore. The energy is supplied by coke and
substitute reducing agents (coal, natural gas, plastics). For the slag formation, fluxes like lime,
dolomite, and olivine are added. Hot metal is the main product. Slag is processed into lump or
granulated slag for construction, and the top gas is used for heating and power production. For
further information about the BF, see Chapter 2.1.3. The hot metal contains a high amount of
sulfur, which is removed during hot metal desulphurization, and carbon and phosphorous,
which have to be removed by processing in an oxygen converter (BOF).
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Figure 2-1: Actual routes of steel production3*

The second important method of crude steel production is using the EAF. In general, the input is
only scrap (modified furnaces also deal with a specific ratio of hot briquetted iron [HBI] or liquid
metal). The energy is mainly supplied by electrical power. Due to the higher scrap rates, the EAF
route is becoming more common for developed countries. The products are a FeO-containing
slag and crude steel. The off-gas is energetically used.

Direct reduction is an alternative route for the production of metallized HBI, which can
subsequently be melted and refined to form steel in an EAF. Similar to the direct reduction
processes, smelting reduction produces direct-reduced iron (DRI) or hot compacted iron (HCI)
in reduction aggregates without coke and at low temperatures (<1100°C). However, an
additional step of melting is included in these processes. The melter gasifier melts the DRI or HCI
to liquid hot metal (similar to hot metal from a BF) and provides the reducing gas for the
previous reduction steps by combustion of thermal coal. More details and an overview of
different direct and smelting reduction processes are summarized in Chapter 2.1.4.

In this thesis, ironmaking processes are at the forefront; therefore, direct and smelting
reduction, and the BF process are discussed in detail.
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2.1.3 Blast Furnace Process

In the field of ironmaking, more than
92% (1.15 bn t in 2016°) of primary
iron is produced by the BF process,
which is globally the most common
route of iron production.21.2527.283839
[ts main characteristic is its layout as
a shaft furnace based on the principle
of counter current flow. The solids
and liquids descend in the furnace,
while the gaseous compounds ascend
with the exchange of heat and mass
(especially oxygen from the iron
oxides). This thesis provides only an
overview of the BF process, including
important aspects for
thermochemical
modelling (see Chapters 4 and 5). For

and experimental

detailed information, see Biswas,?8
Geerdes,3° Senk,40 and Gudenau.2!

Figure 2-2  (left) shows the
technological layout of a modern BF.
The reactor is a shaft furnace with a
refractory-lined shell. The
tuyeres for the firing are located at
the bottom. Below the tuyeres are the
tapping holes for the iron or slag
discharge. Due to the high carbon
activity and the high temperatures,
the hearth is lined with carbon bricks.
The top consists of a charging system
for the burden and the waste gas
pipes for the top gas. The treatment of
the top gas is shown in Figure 2-2
(right). The top gas enters a dust
catcher first, where the coarse
particles are segregated by cyclones.
Afterwards, the gas stream enters a
scrubber unit that removes particles
by the addition of circulating water.
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Figure 2-2: Layout of a modern blast furnace (top)35 and a

schematic picture of the top gas treatment system

(bottom)36:37

The water transports the particles into a thickening basin, where the sludge is separated and the
washing water is recycled into the scrubber. Here, especially harmful trace elements, such as
chlorides and cyanides, are removed from the waste gas. Finally, the gas flow passes
electrostatic filters for the finest dust fraction.
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An important aspect of the shaft reactor is the classification of the reaction zones. The multi-
zone layout for the BF process is depicted in Figure 2-3 (left), including the chemical reactions.
Coke, ferrous burden material, and fluxes are charged from the top as layers in the furnace. In
the top region (heating zone), the solids are heated up by the ascending gas (top gas
temperature of approximately 150-200°C). The material is dried, the limonites (Fe,03-H,0) are
dehydrated, and carbonates from burden materials and fluxes like MgCO3, CaCOs3, and FeCOs are
calcined. Usually, the gas in the upper stack region can reduce hematite to magnetite and,
further, to wuestite. This reducing power of the process gas increases from the top to the bosh
region (thermodynamic relations will be discussed in Chapter 2.2.1). According to Figure 2-3
(right), the process gas contains oxidizing gases (CO; and H,0) and reducing gases (CO and H3),
which shifts the thermochemical stability of iron oxides to magnetite and wuestite. With the
increase of reducing components in the middle shaft region (soaking zone), even reduction to
solid metallic iron is possible. Below the soaking zone, the Boudouard equilibrium leads to the
generation of CO from solid carbon and CO, (the CO, content in the process gas drops in the
Boudouard zone). The water gas shift equilibrium (interaction between CO/CO; and H»/H20) is
another reaction between the compounds of the process gas, which influences the gas
composition and energy balance. The temperature increases down the shaft to the melting
temperature of the ferrous burden material. This area in the bosh region is called the melting or
cohesive zone. This zone has a major influence on the pressure balance, and, consequently, on
the gas flow and process performance. The effects of the burden material on this zone will be
discussed in Chapters 3.3 and 5.4). Below this zone, coke acts as the only remaining solid. Oxides
and metals occur in their liquid phases (slag and hot metal). In the metallurgical zone (bosh or
hearth), the high temperature (>1400°C) and carbon activity or a CO partial pressure leads to a
final reduction of the iron oxide and the partial reduction of SiO2, MnO, and P,0s. The final metal
quality depends on these relations. Given the sulfur content, the low oxygen potential and the
Ca0 in the lime lead to the bonding of sulfur in the slag and a high desulphurization capacity,
which is expressed by the ratio (S)/[S]>10.284142
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Figure 2-3: Multi-zone model of the blast furnace (top)37 and the gas, temperature, and pressure
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The charged burden materials are dependent on the geographical region and the operation time.
For instance, the average burden distribution of German BFs changed from 1965 (60% sinter,
40% lump ore) to 2010 (60% sinter, 10% lump ore, 30% pellets) mainly by substituting lump
ores with iron ore pellets. Geographically, European BFs are mainly sinter-based furnaces.
Moreover, in Brazil, Japan, and Korea, BFs operate with a high sinter ratio (70% sinter, 10%
pellets, 20% lump ore). In North American (NA) countries, the process is pellets-based with a
pellets ratio >80 % (10% sinter, 10% lump ore). The data is average data taken from the
literature.3444-47

For modelling the BF and carrying out the related calculations, several parameters have to be
defined (see Table 2-1). The input materials are ferrous burden materials (mainly sinter with
900-1000 kg/per t hot metal [tHM], as well as minor pellets and lump ore) and fuels (mainly
coke and additionally pulverized coal, oil, natural gas, or other substitute reduction agents). The
pressure is measured at the bottom (blast from tuyeres) and at the top. According to the gas
balance, the main parameters are the temperature and the composition of the hot blast and the
top gas.

Table 2-1: Typical process condition of the BF derived from literature: The basis for the standard BF

model]3540
Ore consumption (sinter, 1500-1600 kg/tHM Coal rate 0-200 kg/tHM
pellets and lump ore)
Fuel rate 450-600 kg/tHM Coke rate 300-600 kg/tHM
Slag basicity 0.9-1.25 Melting rate 50-200 tHM/h
Tapping temperature 1420-1450 °C Slag volume 220-300 kg/tHM
Top gas temperature 110-150°C
Blast temperature 1100-1250°C Top gas 21-35% CO, 20-25% CO,,
Blast pressure 2.1 bar absolute 3-6% H,, >35% N,
Tuyere oxygen volume 1000-1500 m3/tHM Top gas pressure 1 bar (absolute)

PhD Thesis A. Pichler Page 11
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2.1.4 Direct and Smelting Reduction Processes

Direct and smelting reduction processes are alternatives to the BF. Both have advantages as they
substitute the expensive coke by other fuels like natural gas or thermal coal. Figure 2-4 gives an
overview of different processes, including the sources for iron and energy.
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Figure 2-4: Flow sheet for direct and smelting reduction processes, including energy and iron ore
sources*8

In general, a direct reduction process describes the transformation of iron oxides into metallic
iron by means of indirect reduction and no molten phases. This implies process temperatures
below 1100°C, and a solid state reduction with gaseous mixtures of H, and CO. To deliver these
reducing gases, a previous reforming or gasification step is necessary to transform the original
energy source (natural gas or coal) into gaseous H; and CO,*® which flow into the shaft furnace
or fluidized bed reactors. The MIDREX® and the FINMET® process are two examples of this
procedure. Some direct reduction processes, like rotary kilns and rotary hearth reactors,
combine the production of the reducing gas (mainly based on coal) with the reduction of the ore
in one reactor. This is performed by direct reduction reactions and by indirect reduction
mechanisms with the partial combustion of carbon (see Equations 2-11 to 2-16 and 2-21). As
iron carriers, lumpy materials like pellets and lump ore can be charged in shaft furnaces and
rotary Kilns. Fine iron ores can be processed in fluidized bed reactors and rotary kilns. The
product is DRI (also called sponge iron) for all processes, which has to be briquetted to HBI due
to its high surface area and reactivity (especially in the case of earlier fine ore reduction by a
fluidized bed). This HBI is globally traded (70 mio.t. in 201034), and has become a major scrap
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substitute for inputs in EAF and BOF. The combination of energy source and iron source led to
different process layouts of direct reduction (see Figure 2-4). With 78.6% usage (2013),5° shaft
furnace-based processes like MIDREX® and HYL are the leading direct reduction processes.

Smelting reduction means the production of liquid hot metal without the use of coke. In general,
the process is divided into two aggregates: a reduction facility and a melting furnace. The
reduction step is similar to the direct reduction processes. In a solid-gaseous reaction, iron
carriers are reduced to solid metallic iron (iron sponge). The layout of the reduction facility
depends on the input material (lumpy or fine). For better processing, an interim product is
formed to charge into the melter gasifier (e.g. additives like lime and the reduced iron are
pressed into HCI during the FINEX® process). The reduction degree of this interim product
varies between >90% for the COREX® or FINEX® process to <20% for Hismelt®, where the main
parts of the reduction are also carried out by the melting facility. As the energy source, thermal
coal is charged into the melting furnace. It generates heat for the melting and provides the
reducing gas for the previous reduction reactors. The layout of the melting reactor also defines
the slag and hot metal quality. In-bed reactors form a char bed similar to the lower BF areas. So,
the process conditions are comparable between melter gasifier hearth and BF hearth, which
leads to similar hot metal quality and slag properties. The FeO content is low, which leads to
good desulphurization, but there is also high C and P content in the metal. The melter gasifier of
the COREX® or FINEX® process is an example of an in-bed reactor. In contrast, an in-bath reactor
forms a metal-slag bath similar to the BOF. The slag contains FeO due to a higher oxygen
potential in the reactor. This consequently leads to good decarbonization and dephosphorization
of the metal, but the ability for desulphurization of the slag is low. However, smelting reduction
is still a niche technology. Metal production by smelting reduction processes amounted to
~6 mio.t. in 2014 (<1% of global ironmaking),>! whereas COREX® and FINEX® were the
predominant process schemata with a globally installed capacity of ~12 mio. T. HM.

COREX® and FINEX® processes: These smelting reduction processes consist of two main
aggregates: a direct reduction step in a reduction shaft (COREX®) or fluidized bed reactors

(FINEX®) and a melting step in a melter gasifier (same for both processes). This is visualized in
Figure 2-5.

The function of the reduction step is the heating, calcination (CO; and H,O removal) and,
partially, reduction (up to 94% metallization). The generator gas from the melter gasifier is used
as the reductant (gas mixtures of CO, CO», Hz, H20, CHs4, and N3). The COREX® process has a single
reduction shaft, which is charged with a lumpy iron carrier like lump ore and pellets (from
average statistical data,**-*7 nearly 50/50%) with a grain size of 8-16 mm52 from the top. The
reduction shaft is operated at the reduction gas inlet with a temperature of 800°C and the top
gas temperature is about 250-300°C33 (gas oxidation degree [GOD] ~50%). In contrast, the
FINEX® process consists of several fluidized bed reactors for pre-reduction. Charged by fine iron
ores (sinter feed grade of up to 6.3 mm), the material is reduced stepwise from hematite or
limonite to magnetite (first stage), to wuestite (second stage), and finally to metallic iron (third
stage). The fine DRI is briquetted afterwards together with the calcined additives (lime) to HCI
and charged into the melter gasifier. The temperature increases with each step (480, 750,
760°C); meanwhile, the GOD decreases (0.42, 0.39, 0.29 at the reactor’s exit).54
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Figure 2-5: Schematic pictures of the COREX® process (left)? and the FINEX® process (right)

The melter gasifier (MG) operates in both processes following the same principle. It melts the
partially reduced material (HCI) and produces hot metal by final reduction of the remaining
oxides and carbonization of the liquid metal. The energy is generated by gasification of coal (and
a small ratio of coke) with oxygen, which also supplies the reduction gas for the pre-reduction
stages. The different zones in the reactor are shown in Figure 2-6. Oxygen (99.5% purity) enters
at the tuyeres. It gasifies the carbon carriers in the raceway area similarly to the BF. The
generated hot gas ascends through the char bed into the dome area and exits as generator gas
(1050°C, GOD ~20%). The solids are charged from the top (except fines charged by the feed
ducts closely above the char bed and pulverized coal injection [PCI] from tuyeres). The HCI and
coal briquettes are centrally charged, which leads to the formation of a hotter edge zone and a
cooler centre. The coal is pyrolysed in the upper char bed, and volatiles and tar crack due to the
high dome temperature (>1000°C). The ferrous material and additives melt first; liquid slag and
metal phases lead to a cohesive zone similar to that seen in the BF. In the hearth, the final slag is
formed (high Al,03 and MgO content, low FeO content) and the hot metal is carbonized to its
final properties. The products are tapped periodically.
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Figure 2-6: Layout of the melter gasifier, including the chemical reactions (top) and process
parameters like temperature, pressure and gas profile for each zone (bottom) 5°
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In Figure 2-6 (right) and Table 2-2, the process parameters are shown. These are also the basics
for the development and calculation of the standard model for the melter gasifier. For additional
information regarding mass and energy balance and the technological layout of the COREX® and
FINEX® processes, see the literature304655-58 and the calculations in Chapter 4.3. Actually,
seven COREX® (RSA, IND, CN) and three FINEX® plants (KOR) are in operation, with annual
outputs ranging from 0.8-2 mio.t.

Table 2-2: Typical process condition of melter gasifier derived from literature: A basis for the standard

e 53,59
melter gasifier model

Ore consumption 1300-1650 kg/tHM Coal rate 700-1200 kg/tHM
Fuel rate 500-1500 kg/tHM Coke rate 0-100 kg/tHM
Slag basicity 1-1.4 Melting rate 80-160 tHM/h
Tuyere oxygen volume 36000-60000 m3/h Generator gas 64-70% CO, 2-9% CO,,
approx. 1700 m*/tHM 19-23% H,, 4-5% H,0, 0—
3% CH,4
Slag volume 315 kg/tHM

OxiCup® process: This process was developed as an internal recycling process to recycle ferrous
and carbon-bearing dust (e.g. top gas sludge, dust from sinter and steel plant, top gas dust, etc.).
The dust is agglomerated with carbon to form a self-reducing briquette. These briquettes are
charged concurrently with another lumpy iron carrier (e.g. steel plant buttons, broken slags,
etc.) in a shaft furnace. Like in the BF, a hot blast is blown into the reactor by the tuyeres. As
products, hot metal and slag are tapped. From the metallurgical point of view, the working of the
OxiCup® process is somewhere between a melting reactor (cupola furnace) and a reduction and
melting reactor (BF). For further information concerning technological details, see Senk et al.40
At present, four plants with a daily output of 500-2000 tHM/day are in operation.

Other processes of smelting reduction either are in development (Hisarna,° etc.) or have been
shut down (e.g. Hismelt® with an annual production of 0.8 mio.t until 2006¢1).

2.1.5 Alternative Routes of Ironmaking

The focus on carbon-free ironmaking has led to disruptive new concepts for ironmaking reactors
in the last few decades. Electrolysis and H,-plasma reduction are only two examples.

Metal production by electrolysis is a well-known technology in metallurgy. However, it has not
had its breakthrough for iron production yet. Electrolysing facilities based on alkali solutions or
liquid slag have been developed. The dissolved iron ions are reduced by electrical current.
Although electrolysis seems to be an elegant method of iron production, actual investigations
have pointed out the problems of this technology with regard to high energy consumption, low
efficiency, and fluid dynamics.62-64

Finally, the production of iron and steel by H-plasma shall be highlighted. Research work has
already been performed successfully using thermal plasma, which creates ionic H* or atomic H
from molecular H; for the reduction and supplies the heat for the melting. Liquid iron or steel
can be produced with low carbon content. Low-temperature plasma by microwaves also
presents an opportunity for the reduction to sponge iron. Although the concepts are possible for
lab-scale reactors, a scaling up to a pilot plant has not been done yet.6566
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2.2 Fundamentals of Ironmaking

Ironmaking involves two steps to achieve the metal stage. First, the iron compounds (e.g. oxides,
hydroxides, carbonates, etc.) have to be reduced to the metal form. In general, this can be
achieved by a reaction with carbon or hydrogen. Second, the non-metallic compounds need to be
separated from the metal. Nowadays, this is achieved by melting. In most cases, two liquid
phases will form. This enables separation of the liquid metal from the slag phase as a result of
the differing densities. Subsequently, the basics of ironmaking reactions are discussed, followed
by the production of metallic iron.

2.2.1 Thermodynamics of Reduction Processes

The laws of thermodynamics are the main fundaments of modern physical chemistry. They also
form the basis of metallurgy. These axioms help to interpret and connect such discrete terms as
heat, temperature, and energy. They also constitute the boundary conditions for reactions in a
closed system. The following section, in connection with additional literature, provides an
introduction to the fundamentals of thermodynamics.®”

Zeroth law of thermodynamics:

If two systems are both in thermal equilibrium with a third, then they are in thermal equilibrium
with each other.®

The zeroth law of thermodynamics leads to the existence of a state variable that describes an
axiom and an independent (path-independent) parameter in thermodynamics, the temperature
T. In practice, it will lead to the thermic balance (same temperature) of two or more
independent systems, if they get connected. The zeroth law was added to the other three laws as
a fundamental idea.s®

First law of thermodynamics:

Law of Conservation of Energy: Energy cannot be created and destroyed in chemical reactions.
(Mayer, Joule)

The first law of thermodynamics describes the equivalence of energy and heat. The sum of
energy in an isolated system is constant. It can only be changed by outer influences. In simple
terms, it can be expressed by Equation 2-1:

AU = AQ + AW 2-1

The change of inner energy AU can be enlarged by AQ = m cpy-AT as an expression of the
thermic energy flow and AW = §W = §p-8V as an expression of the added mechanic energy (see
Boyle’s law of gases”?). For metallurgical reactions, it defines the parameters pressure, volume,
temperature, and specific heat capacity as interacting variables (although the heat capacity is
mainly known as material constant, it varies depending on the temperature in isotherm or
isobar systems).6970 Derived from the first law, the energy consumption or release of a chemical
reaction can be calculated. The enthalpy H defines the sum of energy as a state function (U+p-V)
and as path-independent (the enthalpy depends only on the start and final conditions of a
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system, not on the process, as per Hess’s law). To sum up, the enthalpy defines the energy of a
phase and of chemical reactions by Equation 2-2.

AH =} HEnd -Z HStart 2-2
Second law of thermodynamics:

The entropy of an isolated system always increases. (Clausius, Thomson, Plank)

The second law of thermodynamics describes the irreversibility of natural processes and
contributes information in addition to the first law. To define the direction of a chemical
reaction, a variable has to be added—the entropy S. Mathematically, the entropy S is defined by
Equation 2-3:

AS =24 2-3
T

This equation shows the heat flow Aq in an isolated system at a certain temperature T based on
the statistical thermal movement of particles (S=k:In(W)).70 This movement contributes the
basic idea of the second law that AS=0.

Third law of thermodynamics:
The entropy approaches zero at T = 0 K. (Berthelot, van Hoff, Nernst)

The third law of thermodynamics states that all substances have a positive value for the entropy
at temperatures above 0 K (mathematically, limy_,, S = 0). The entropy at absolute zero is zero
for a perfect crystal structure; every phase transformation is characterized by AS>0.

Based on the law of thermodynamics, the change in chemical compositions, reactions, and
equilibria can be derived. Therefore, a connection between enthalpy H and entropy S was
defined, called the free enthalpy G, which gives the thermodynamic potential of a system. It is
the driving force that causes a reaction. Mathematically, it is defined for isotherm systems by
Equation 2-4 (Gibbs equation).69.70

AG =AH —-T-AS 2-4

Natural processes always try to minimize this AG; depending on AG>0 or AG<0, reactions are
endergonic or exergonic.”® The Gibbs energy G for a chemical reaction is the thermochemical
basis for all metallurgical reactions.

The Gibbs energy (or free enthalpy), as the ultimate force for chemical reactions, is linked by the
equilibrium constant K to the following important factors of thermodynamics: the partial
pressure p and the activity a (both expressions for the chemically active concentration of a
reaction participant). The partial pressure is equal with the activity of an ideal gas. First, K is
defined by Equation 2-6, wherein ax and ag are the activities of the reactants and as and ag are
the activities from the products. The reaction partners are shown in Equation 2-5 with A and B
as reactands and C and D as products. AB,C,D are the chemical symbols and a,b,c,d are the
corresponding stoichiometric coefficients.

aA+ bB o cC +dD 2-5
K = 2o 26
ap“ap
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Independend of the state of the reactants and products, the equilibrium constant k is the
quotient of the activities for gaseous, liquid and solid matters. For a system at equilibrium, the
Gibbs energy for the reaction is defined as

AG, = =R T InK,q, 27

For further information according to thermodynamic fundamentals, see Frohberg,5° Bodgdandy,
7172 and Eucken.”3

To describe the reduction reaction to iron, the fundamental equations focus on the interaction
between the oxide and metal phases. Due to the natural origin of metals as oxides (only rarely as
sulphides, chlorides, etc.), the main reduction reaction is given in Equation 2-8.

Me, 0, <—>xMe+% 0, 2-8
Due to the impact of the gaseous oxygen, the pressure (especially the partial pressure p* of 02)
plays a major role during the production of metals. By enlarging the correlation of Equation 2-6
with the partial pressure, the equilibrium constant will transform into

K = AMex0y 2.9
Po, )%

ape™ X(
Ptot

Assuming that the matter consists of standard conditions (pure substances; activity of metal and
oxide compound is one; pwc of the system is 1 bar), the equation can be simplified to
Equation 2-10 (followed by the connection of K with the Gibbs formula).

AG=—R-T-In——=R-T-Inp,, with K =— 2-10

Po, Po,

This AG® is known as the oxygen potential (also see sulfur potential [R-T:Inps2] and nitrogen
potential [R-T-Inpn2]).7* For chemical reactions, it is found that low values for the enthalpy of the
reaction lead to stable products. In particular, metals with a very negative oxygen potential form
very stable oxides. The different elements (e.g. metals and their corresponding oxides) can be
combined with the oxygen potential at different temperatures in a Richardson-Ellingham
diagram. Noble metals (gold, copper, nickel) are characterized by high oxygen potentials. They
are found in the upper part of the diagram and form oxides of low stability. Reactive metals like
calcium and magnesium are located at the lower part of the diagram. They form very stable
oxides and have a low oxygen potential. Generally, the Richardson-Ellingham diagram gives
fundamental information about physical chemistry.

e The y-axis shows the free energy of the reactions for elements with one mol O; to
corresponding oxides.

e The gradient of the curves gives information about the entropy (in general, entropy
decreases for all reactions except 2C+0, & 2CO).

e The transformation temperatures (melting, boiling, and sublimation) are connected with
a change in the gradient.

e The partial pressure of oxygen and, consequently, the ratios for H,/H,0 and CO/CO; can
be changed (see axis in Figure 2-7 on the right). This leads to other values for the free
enthalpy and changes the stability areas in the diagram.

e It has to be considered that the diagram is standardized for 1 mol Oz, and that the
activity of metals and oxides is 1.
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Figure 2-7: Richardson-Ellingham diagram for the most important metals, oxides, and gases in ironmaking
reactors (data from Factsage 7.075)

Figure 2-7 shows the Richardson-Ellingham diagram, including the most important elements for
ironmaking reactions. The axes show the temperature and the standard free energy of oxide
formation in k] /mol O (also called the oxygen potential). The ordinate also shows the formation
energy for H20(g) and COz(g) for a temperature of -273.15°C. The intersection of axes also points
(0/0) to the origin for the oxygen partial pressure identification. Starting with these three
points, for each temperature and reaction, the equilibrium composition of CO/CO and H,0/H-
as well as the oxygen partial pressure p(02) can be determined (see axes on the right side of the
diagram). The equilibrium lines for the formation reaction of the four main slag-forming
compounds (Ca, Si, Al, Mg) are located in the lower part. In the upper part, the formation
equilibrium lines for the iron oxides are shown, as well as the reactions of hydrogen, carbon, and
carbon monoxide with oxygen. From the crossings of the Fe-FeO with the Fe-Fe304 the wuestite
point (also see Figure 2-9) can be derived. Moreover, the Boudouard equilibrium (see Equation
2-21) can be determined at the crossing of C-CO, C-CO;, and CO-CO;. The dependency of this
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reaction on the pressure can be seen for the different partial pressures of CO in the equilibrium
line C-CO (higher pressure leads to less AG). The melting (M) and boiling (B) temperatures are
included in the diagram (framed for oxide). The change in state also leads to other specific
values for entropy, and, therefore, to different free energies and gradients in the Richardson-
Ellingham diagram (see Hz/H:0 line for 100°C). Summing up, the diagram shows the reduction
of iron oxides by carbon and hydrogen at temperatures >800°C as well as the stability of Si-, Ca-,
Al-, and Mg-oxides up to 1500°C.

2.2.1.1 Direct and Indirect Reduction of Iron Ores

Due to the important role of the oxygen partial pressure in ironmaking reactions, the
interaction between iron and oxygen has to be considered. Therefore, the binary system Fe-O
(Figure 2-8) illustrates the stability of different phases at different oxygen contents. Iron
occurs in several oxidation stages, mostly as Fe3+, Fe2+, and Fe? (rarely Fe6+).37 Derived from
these levels of oxidation, different compounds are formed by decreasing oxygen contents as
Fe;3+032- (hematite), Fe;3+032 - Fe2+*0% (magnetite), Fe2*0% (wuestite), and, finally, metallic
iron Feme!.

1800 T T T T T T
iron (1) + oxide (1) l\ oxide (1) + oxygen
L oxide (1)
1600 | T
] | oxide (1) +| » \-.. magnetite + oxygen
d-iron + oxide (1) I'I magnetite  ['g )
1400 ; . £
! E f.'
— / / 2
o / f =]
= 1200 ) i / E J
@ ) . wuestite | .
= Y-1ron + wuestite f |
= / f
5 / .'
- - ! . { . .
E 1000 / magnetite + | magnetite hematite
] ! wuestite + hematite + oxygen
800 /
d-iron + wuestite /
|
600 | | /
a-iron + magnetite
400 I L L L L
0.20 022 0.24 0.26 0.28 0.30 0.32
FeO Fe,0, Fe, 0,

oxygen content [mass.-%)|

Figure 2-8: Phase diagram iron and oxygen’®

The increase in oxygen content has a great influence on the reduction path. So, the reduction of
iron ore is defined as the oxygen removal of an iron oxide to its subordinated oxidation state by
a more oxygen-affine reducing agent. For industrial applications, the take-out by carbon or
hydrogen is the most economical way, and it is performed according to the Fe-O binary system:

atT> 570°C: Fe,0; — Fe;0, —» FeO — Fe
at T < 570°C: Fe,0; — Fe;0, — Fe
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Depending on the state, reduction is grouped into direct and indirect reduction. Direct reduction
is carried out by solid or dissolved carbon. The product gaseous CO is formed. The reduction of
hematite to metallic iron (>570°C) is given by Equations 2-11 to 2-13.37 For the reactions with
wuestite (Fe0), the formula is adapted to its non-stoichiometric bond of Fe and 0.77

3 Fe,05 + C = 2 Fe;0, + CO with AH = + 119.6 kJ /mol 2-11
(1—) Fes0, + (1 —4y) C = 3 Fe;_,0 + (1 — 4y) CO with AH = +208.93 kJ /mol 2-12
Fe;_,0+C=(1-y)Fe+ COwith AH =+ 155.3 kJ/mol 2-13

Direct reduction is characterized as a highly endothermic reaction. Furthermore, the reaction
rate between solid carbon and oxide is kinetically inhibited due to the small reaction surface. In
contrast, indirect reduction is energetically and kinetically favoured. Given the gaseous state of
CO and COy, the reduction is accelerated and the reaction enthalpy is lowered. Equations 2-14 to
2-19 show the way in which hematite transforms to metallic iron by the indirect reduction with
carbon monoxide and hydrogen. In addition, the differences in reaction enthalpy between CO
and H; are mentioned. In general, all these indirect reduction reactions are reversible and
depend on the temperature.”1.72 In a CO atmosphere, the reduction reactions are:

3 Fe,05 + CO = 2 Fe;0, + CO, with AH = + 52,85 kJ/mol 2-14
(1—y) Fes0, + (1 — 4y) CO = 3 Fe;_,0 + (1 — 4y) CO, with AH = +36.46 kj/mol ~ 2-15
Fe;_,0 + CO = (1—y) Fe + CO, with AH = —17.13 kJ/mol 2-16

Similarly, the reduction with H; is achieved by:

(1—-y) Fes0,+ (1 —4y) H, =3 Fe;_,0 + (1 — 4y) H,0 with AH = + 77.59 kj/mol 2-18
Fe,_,0 + H, = (1 —y) Fe + H,0 with AH = +24.00 kj/mol 2-19

Caused by a constant gas volume (no volume change between gaseous reactant and product),
the total pressure has no influence on the reaction process and the gas ratios can be set in
relation easily. However, the dependence on pressure for iron oxide reduction is a matter of
debate among several authors.”879 One method of depicting the interaction of the reducing and
oxidizing gases is the Baur-Glaessner diagram. It shows the stability regions for certain iron
oxides in relation to the temperature and the gas composition (GOD). The GOD indicates the
reduction force of the gas and it can be calculated by Equation 2-10.

GOD=( XH20*XC02 ) with x; being the molar ratio of the gas component | 2-20
XH2tXH20tXCcotXCco2

The Baur-Glaessner diagram (see Figure 2-9) shows the equilibrium lines for the reactions with
H; (grey) and CO (black). For gas mixtures, the equilibrium line is between a pure Hz/H-0
atmosphere (left for T <800°C, right for T >800°C) and a pure CO/CO; atmosphere (right for T
<800°C, left for T >800°C). At a temperature of 800°C, the reduction forces of hydrogen and
carbon monoxide are equal.’® On the left side, with a low GOD (high reduction potential),
metallic iron will form as a stable phase. On the right, magnetite will be formed at a higher GOD.
The highest oxidation stage of iron (hematite) is seen as the line phase at GOD=1. In the middle,
wuestite is the most stable phase for T >570°C. An additional important relation considered in
the Baur-Glaessner diagram is the Boudouard reaction (see Equation 2-21). This adds the
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stability of C, CO, or CO; according to the CO/CO; ration and the pressure (caused by different
molar volumes of CO and CO; in the reaction). For a total pressure of 1 bar, the equilibrium is
shown in Figure 2-9 as a dashed line. For higher pressure, this relation shifts to higher
temperatures; for lower pressure, it moves to lower temperatures. For practical use, this means
that, for example, at low temperatures and low GOD, the formation of carbon and CO; out of CO
is favoured, and the gas composition moves to a higher GOD automatically.28

2C0 & C+C0, with AH=—172 kJ/mol?8 2-21

In that context, the reduction degree (RD) and the metallization degree (MD) specify the
progress in reduction and metallization from the oxide to the metal according to Equations 2-22
and 2-23:

o]

RD = (1 - i) 1100 with X = (in %) 2-22
1.5 Fetot
MD = Emet . 100 (in %) 2-23

Fetot

To get a better understanding of these settings, the following outcomes can be determined: For
hematite, both the RD and the MD are zero (GOD=100%); for the pure metal, the reduction and
MDs are 100% (GOD=0%). The interim steps, which are reached continuously, form magnetite
(RD=11%, MD=0%) and wuestite (RD=33%, MD=0%). The reduction and MDs are directly
linked to the mass loss, which is depicted in Figure 2-10.
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Figure 2-9: Baur-Glaessner diagram for CO/CO; and Figure 2-10: Mass loss for iron and iron oxides
H2/H20 mixtures8? during reduction in relation to RD and MD81
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2.2.2 Kinetics of Iron Ore Reduction

In addition to the laws of thermodynamics, which define if a reaction will take place, kinetics
delivers information about the reaction rate. Mechanisms like mass transport by diffusion,
specific surface area, and so on, are linked to the total reaction process. These key factors are
linked to equilibria that try to describe these important kinetic aspects. The most important
values are the mass flow in general (see Fick’s first law in Equation 2-24) and the mass transfer
through an interface or boundary layer (see diffusion flow with the mass transfer coefficient § in
Equation 2-25):82:83

j=-D % 2-24

Jinterface = B- (C;q - Cf) 2-25

Here, the mass flow is defined as j [mol/(m?-s)] and the mass flow through an interface as jinterface
[mol/(m?:s)]. The diffusion coefficient (diffusivity) D [m?/s] is a function of temperature,
activation energy, and a standard diffusivity. It can be seen as a material characteristic property.
The mass transfer coefficient f is derived from the diffusivity and it describes the conditions for
interface transfers. For Equation 2-24, the variables are Ac, which describes the difference in
concentration between c¢; and c; [mol/m?], and Ax, whichm represents the diffusion length
between point 1 and point 2 [m]. For the interface diffusion, cig shows the concentration in the
gas phase and clp the concentration at the particle’s surface [mol/m?]. Derived from these
general considerations, the characteristics of dense and porous particles will be examined in
specific.

Porous and dense particles: The indirect reduction of iron ores is a typical example of a solid-
gaseous reaction, where the solid iron-bearing fraction is separated from the gas phase by a
boundary layer. The gas phase transports the reducing gas (CO, Hz) as well as the gaseous
products (Hz0, COz). With regard to the gaseous-solid reaction, the following have to be
mentioned if the particle has a porous or dense structure.
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In general, porous particles show a reaction
chemical reaction at the inner surface area, whi

Transport of the reducing gas (CO,Hz) by convection
and diffusion from the free gas phase and through
the laminar layer (fluid film) to the interface
Transport of the reducing gas through macropores
and micropores to the inner surface

Adsorption of the gas molecule

Chemical reaction and removement of oxygen from
the crystal lattice (for further information see
Hofbauers3)

Desorption of gaseous product (H20, CO3)

Solid phase diffusion of the solid reaction products
to the nuclei, including nucleation and growth of
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n ore reduction for porous particles?1.72

through the total particle. Gas diffusion and
ch can be reached easily by the reducing gas, are

closely linked. However, the total kinetic reaction is divided into several steps (see Figure 2-11);

the part with the highest resistance is called the

limiting step.8284-87
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Figure 2-12: Kinetic mechanisms of iron ore reduction for dense particles88
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Figure 2-13: Exemplary pictures of a dense hematite particle, including the defined interface areas (left)
and a comparison between dense and porous particles after reduction808489

According to the kinetics, dense particles show a different picture of the reduction mechanism.
There, the reduction gas is unable to permeate through the dense structures. Instead, electrons
and ions (oxygen, iron) move from inside to the reaction location at the phase interface (see
Figure 2-12). In general, the reaction takes place in defined interfaces between two different
phase layers. Consequently, the oxidic and metallic layers grow into the grain. Exemplary
pictures can be seen in Figure 2-13. The left picture shows a dense hematite lump ore after CO
reduction with the defined interfaces between metallic iron (light outer layer), wuestite
(medium grey), magnetite (light grey), and the still hematite core. The right side shows a
comparison between a dense particle (formerly magnetite) and a porous particle (formerly
limonite) after reduction under fluidizing bed conditions. The contrast is similar to the
theoretical models that are described in the literature (see the schematic pictures on the right
from Chatterjees*).

Kinetic models (shrinking core and progressive conversion): Depending on the specific effect of
the single steps on the total kinetic reaction, several models were developed to describe the total
mechanisms and, specifically, to determine the limiting step. In the field of iron ore reduction,
the kinetic model of the shrinking core is favoured (rather than the model of progressive
conversion). It is characterized by the reaction of the reduction gas at the particle surface, which
leads to the formation of an ash layer. The ash or product layer is mostly porous and it allows a
fast mass transport of the reaction gases. The core is still original, non-reacted material. The
product layer grows towards the centre of the particle and the core shrinks. However, this model
simplifies the complex kinetic mechanisms (for further information, see Szekely and Evans?0).
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Figure 2-14: Kinetic models of progressive conversion (a) and shrinking core (b), including the
concentration profiles of the solid reactant80°1

The model of progressive conversion pictures particles that do not change their size during
reduction and that often have dense outer layers of the product. For more precise information
according to the shape and concentration profile of the gas phase during reaction, see Figure
2-14. It shows the slow diffusion in Model (a) and a higher gradient over the particle diameter.
Model (b) is characterized by fast diffusion and a big gradient on the phase boundary of the
reacted and unreacted layers. The particle diameter is named R. Both models are useful for the
determination of the limiting step, which controls the total reaction speed (limitation by
diffusion, boundary layer or chemical reaction).

Diffusion-limited: A diffusion-limited process is characterized by a concentration gradient of the
reacting gas between the outer gas film and the reaction area at the inner surface. A schematic
description is shown in Figure 2-15 for both dense and porous particles. It depicts the
concentration of the gaseous compound (e.g. CO) over the particle diameter. The exchange
between core (Cac) and gas stream (Cag is inhibited. A gradient is formed. In that case, the
diffusion in the gas film is seen as higher than through the ash layer; the concentration of the
compound is equal between the gas phase and the particle surface (Cag=Cas). If the reaction is
inhibited by diffusion, an increase in the pressure, concentration gradient, or temperature can

accelerate the total process.
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Figure 2-15: Schematic picture of the solid particles and the gas-concentration profiles for diffusion-
limited processes for a dense (left) and a porous (right) particle 8°

Chemical reaction-limited: For chemical-limited processes, the reaction has no concentration
gradient from the gas flow to the reaction area. The mass transport through the boundary layers
is fast and the limiting step is the chemical reaction itself. The total process can be faster if the
chemical reaction is accelerated (e.g. by temperature increase—see Arrhenius and Equation 4-
3). A schematic figure of the particles, including the gas profile, is presented in Figure 2-16. The
exchange of gas compounds between the gas stream (Cag) and the core surface (Cac) is faster
than the reaction at the phase boundary of the ash layer and the core. This fast exchange leads to
the same composition of the gas phase over the particle diameter.
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Figure 2-16: Schematic representation of the solid particles and the gas-concentration profiles for
reaction-limited processes for a dense (left) and a porous (right) particle8?

For additional information on the kinetics in iron ore reduction, see Oeters.82
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2.2.3 Softening and Melting

In addition to thermodynamics and kinetics, the physical processes of softening and melting play
a major role in ironmaking reactors. The hot metal and slag formation affects the pressure and
gas performance of the whole process, particularly in the cohesive zone. Both metal and slag are
first formed by the ferrous burden materials. So, their composition and properties have an
influence on the formation of the first liquid phases—the so-called primary slag. The basicity is
often acid, due to the natural composition of gangue phases (high SiO, and Al;O3 content) and it
has a higher content of FeO. The first liquid phase forms in the upper cohesive layers. In the
lower layers of the cohesive zone, artificial material like sinter and additional fluxes (lime,
dolomite) get dissolved in this acid primary slag. The slag basicity rises and the bosh slag is
formed. Here, the FeO content is already low because of the further reduction to Feme. The
basicity is higher than for the final slag. The final slag is created in the BF hearth by the

dissolution of the :
remaining acid slag Pressure difference [bar] y/l/
compounds (ash from PCI 0 05 1 15 :

coal and coke) and the T 1 T T Ore layer
removal of FeO, MnO, and Coke layer
P05 from the slag phase
by direct reduction. A
comparison of materials
with different basicity and
composition is provided in
Table 5-1 and Table 5-10.35 Cohesive
layer

A detailed view on the Coke sl

. - 't
ferrous burden materials ore st
shows that the first melt
forms from the phase with Tuyere
the lowest Ty, This point is al Stag bath

. . L —
often linked to a higher [ Taphole
concentration of SiO; and _ Metal bath
i . | | | L 1 L 1 I

FeO, in general, and alkalis, 200 5001000 1400 1800 :

in particular. In most

cases, the first melt is :

0 Figure 2-17: Layout of the blast furnace, including the correlation
formed by 40% FeO and between temperature/pressure profile and softening/melting areas in
60%  gangue at a the cohesive zone?1:3592

temperature of 1100°C. Of
course, these compositions depend on the burden charging (e.g. BF with higher sinter rates or

Temperature [° C]

fluxed pellets). The investigations for this research on the influence of alkalis on the softening or
melting behaviour confirm this temperature and deliver additional information (see Chapter
5.4). After the first melt is formed, the bed collapses intermediately. Simultaneously, the
permeability and pressure drops. Between temperatures of 1200-1350°C, the permeability
decreases significantly (for temperature and pressure drop in the cohesive zone, see Figure
2-17). In this context, hydrogen has to be mentioned. It diffuses easily into compact structures
and can continue reduction, even though the CO reduction has slowed down. Permeability is an
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important aspect for productivity. Fines from burden as well as low-melting phases can lead to
disruptions in productivity. Prevention is possible through good screening work before charging
and the lowering of degradation during the process (e.g. by less alkali load in the reactor and
better mechanical prosperities of burden material, especially against low-temperature
degradation reduction degradation index [RDI]).3592 The formation of liquid iron becomes more
complex in the melting process. Carbonization and reduction are major driving forces for the
formation of hot metal. Both lower the melting point of the metal phase to approximately
1450°C. Carbonization in the hearth finally leads to a carbon content of 4.2-4.7% in the hot
metal and, finally, tapping temperatures of ~1400-1450°C. In terms of melting behaviour, the
usage of ternary systems is essential, especially if a look at oxidic systems is taken (see also
Chapter 5.4). Ternary systems can visualize the stable compounds at a certain temperature
(isothermal section) or demonstrate the melting points for certain compositions. For instance,
Figure 2-18 shows an isothermal section at 1600°C and 1 bar for a Ca0-Si0;-Al;03 system [CSA].
The corners are defined by the pure substances. Especially the high melting temperatures of
Ca0, SiO,, and Al;03 are clearly visible. For each mixture (axis show the wt-%), the stable
compounds are mentioned. The areas of pure liquid (slag in the middle of the diagram) are
shown as well as two phase areas. A second type of ternary system is depicted in Figure 2-19,
where the liquidus lines for several different temperatures are visualized. In the special case of a
CSF diagram, the lowest melting area is near the FeO corner. Starting with a small liquid area at
1200°C, the zone expands with increasing temperature.®3 The melting behaviour of oxides (CaO,
Si0y, Al;03, FeO, and MgO, including all types of mixtures) in the cohesive zone and the effect of
alkali oxides can be evaluated with such ternary systems (see Chapter 3.3).
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Figure 2-18: Ternary system Ca0-SiO2-Al,03 (CSA) calculated by Factsage™ and compared with data
from literature (isothermal section at 1600°C and 1 bar)?3
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Figure 2-19: Ternary system Ca0-SiO;-FeO (CSF) calculated by Factsage™ and compared with data
from literature (liquidus lines for 1200, 1300, 1400, and 1650°C, and 1 bar)?93
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3 Alkalis and Ironmaking Processes

Fourthly, there is the science of Surveying that he may be able to estimate how deep a shaft
should be sunk. Fifthly, his knowledge of Arithmetical Science should be such that he may
calculate the cost to be incurred in the machinery and the working of the mine.

Georgius Agricola, De Re Metallica

Alkali is a synonym for alkali metal elements like lithium (Li), sodium (Na), potassium (K),
rubidium (Rb), caesium (Cs), and francium (Fr). In metallurgical processes (e.g. in ironmaking)
only Na and K play a significant role. The name ‘alkali’ is likely derived from the Arabic word

‘al-qaliy-’, which means potash. Potash is an important salt that is mainly used as fertilizer.94-%
In general, all alkali metals have similar physical and chemical properties:

Alkalis have a valency of 1+ (one outermost electron in the s-orbital); due to low
ionization energy, they easily release their other electron and occur as positive ions
(cations like Na!+ and K!*). As metals, they have shiny and soft properties. The colour is
silver-grey. The crystal lattice of pure alkalis is cubic body-centred.%”

The electronegativity is low compared to other elements (Na: 1, K: 0.9). This leads to the
favoured combination with electronegative elements, like halogenides (F,Cl) and
chalcogens (0). The formation of salts is a typical reaction for alkalis as well as the highly
exothermic reaction with water (formation of highly basic hydroxides, such as KOH and
NaOH). This reactivity to non-metals will be considered in the following aspects.

The melting temperature is low for all alkalis (from Li at 181°C to Fr at 27°C). A reason is
the big atom size, which does not allow a dense package.?8 A summary of the melting and
boiling temperatures of alkalis and their main compounds is presented in Table 3-1.

Na and K were described in 1807 for the first time by Davy. Identification of the others
continued until 1939 (Fr).
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Table 3-1: Melting and boiling temperatures of alkali compounds (left value from Factsage™ 75 right from

Gudenau?1)
Alkali Melting Boiling Alkali Melting Boiling
compound temperature [°C] | temperature [°C] | compound temperature [°C] temperature [°C]
Na 98 883/880 K 63 759

NaCl 800 1465 KCl 771 1477

Na,0 1132/920 - K,0 878 881
NaOH 323 1388 KOH 406 1323
Na,CO; 858/851 - K,CO3 901/891 -

NaCN 562/564 1530/1467 KCN 622/635 1625/1350
Na,Si0; 1089 - K,SiO3 976/974 -

In nature, alkali metals occur as compositions. A stable and common form is the binding with
halogens. K is bounded in carobbiite (KF) or sylcite (KCl), Na in villiaumite (NaF) or halite

(NaCl). For ironmaking processes, the
halogens play a minor role: first, because of
the low Cl/F content in the processes and,
second, because the ratio of alkali halogens in
natural iron ores is negligible compared to
other alkali components.

Another favoured binding is the placing into
alumina silicates. Common minerals are
leucite (KalSi;0¢) and feldspar (KalSizOs).
However, due to the ionic replacement in
alumina silicates, K can set a position in
biotites and muscovites—both being the main
formers of rocks. Na is bounded in silicates as
albite (NaAlSiz0s) or as pyroxene. A common
form to visualize these complex, petrographic
correlations between alumina silicates and
alkali metals is a ternary system. Figure 3-1

KAISi;Og

Andesine Bytownite
Labradf:rile \l .ﬂ\nurlhitg
Ve N Y, JY . A
NE&'ﬁIaOE Cam;SIzoa

Plagioclase Feldspars

Figure 3-1: Interaction of alumina silicates with K,
Na, and Ca in a ternary system, including minerals?5

shows minerals of the geological classes of alkali feldspars and plagioclase feldspars. The
exchange of K, Na, and Ca cations leads to continuous change between the single minerals from
their stoichiometric composition (KalSizOg-NaAlSiz0s-CaAl;Si»0s).

Although the bindings with silicates and alumina silicates are the geologically most important
correlations, even in basic or mafic rocks and ores high amounts of K/Na minerals can be found

(see Erzberg ore in the next chapter).15.95.99

PhD Thesis

A. Pichler

Page 33




ALKALIS AND IRONMAKING PROCESSES

3.1 Alkalis in Ferrous Burden Materials: Geological Origin and Mineral
Processing

Apart from artificial iron sources (scrap, dust, mile scale, sludge), natural iron ores are the most
important iron carriers for ironmaking processes. Depending on the deposit, each iron ore blend
has its specific characteristics (mineralogy, chemistry, grain size distribution, tumbling, and
disintegration index). Nowadays, most of the iron ore is mined in countries outside of Europe.8
In general, oxidic iron ores can be classified into several types based on the dominant iron
component—such as hematite, limonitic, magnetite, and siderite ores (see Chapter 2.2.1.1).
Sulphide iron ores have minor importance for ironmaking. For evaluation of the alkali content in
the ferrous raw material for further processing, chemical analysis is necessary. Normally, only
the K0 and Na;O content are measured. Unfortunately, this gives no information about the
alkali compounds (especially carbonates and silicates). This information is important with
regard to the alkali balance in the reactor. In the following sections, the iron sources will be
discussed with reference to K and Na.

Hematite ores are the most important iron ores and they consist of high amounts of hematite
(Fe203). The high iron content (>65% Few) makes it a favoured iron source. The mineralogical
structures vary according to the geological origin (dense and clearly shaped by the oxidation of
magnetite, layers from banded iron formations!>). The main source for alkalis is the gangue
phase. As an example, hematite iron ore from the Sishen mine in South Africa (see Table 5-1 and
Figure 3-2) will be examined. The Fe-rich (dark) and the quartzite-rich (light) layers both have a
dense structure (see mineralogical view via optical microscopy in Figure 3-2 [left and middle]).
The acid gangue layer is based on acid compounds like SiO, and Al;0s. Especially SiO; is a
collecting basin for K (see scanning electron microscopy [SEM] picture in Figure 3-2 [right]).
How the banded structure was generated is not clear; nevertheless, fluctuations in hydrothermal
activity would have led to alternate sedimentation of silicates and iron oxides. The K content in
the final ore is >0.1% K and >0.02 % Na.100 For global trading this can be problematic. In general,
consumers in the field of ironmaking prefer contents <0.1% K and <0.02% Na to prevent reactor
problems.101

Figure 3-2: Geological structure of hematite iron ore from banded iron formations (left and middle: optical
microscopy; right: SEM)102

Magnetite iron ores are dominated by Fez04. The ore is mostly characterized by high density and
high Few: content >65%.81 However, the amount of magnetite used globally for iron production
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is low. With regard to alkali elements, the content varies from 0.02-0.2% K (or 0.02-0.1%
Na).100 An example of a magnetite deposit is the mine of Kiruna in Sweden, which is geologically
an intrusive deposit.103 The alkali content of the raw iron ore can reach up to 0.33% K. This high
content is minimized by mineral processing.100

Limonitic ores are based on FeOOH minerals (limonite or modifications like goethite and
lepidocrocite104). Limonite develops during the weathering of former iron oxides like hematite
(such as Fe;03+H;0 2 2 FeOOH). From the limonitic structure, the geological origin can be
derived easily (e.g. ooidic oxides from ballast beds, shaped structures from former magnetite,
leaf-shaped structures from former organic material).8! The iron content is high (>60% Fe
after dehydration), which makes limonite a main source for iron production. In terms of alkali
metals, limonites have in common that the alteration has led to the washing out of alkali
compounds and, consequently, to low content of K and Na (0.023% for Robe River in Australia,
0.009% for CVRD in Brazil; see Table 5-1).81.100

Although siderite iron ores are hardly used for ironmaking, siderite (FeCOs3) has to be
considered because of the nearby Erzberg mine in Austria. The low content of Fe (Few: <40%)
and the emission of additional CO, during processing (e.g. sintering) make it an unfavourable
iron source. However, the positive aspects are a very good reducibility and, in case of the
Erzberg, a favourable basic gangue.8! The alkali content for siderite ores is quite high (0.15-
0.3% K, 0.03% Na). This is caused by the geological origin. The mine is a metasomatic deposit,
which means the formation of siderite occurs through the exchange of Ca?* in lime by Fe2*
(CaCO3—>FeCO3)15. In addition to the exchange of the cations, even the replacement by Mg2+, K+
and Na* is common, and it leads to higher content of these elements in alkali and earth alkali
metals.

For further information about hematite, limonitic, magnetite, and siderite ores, and their origin
and interaction with Na or K minerals, see the literature.1581,9599,103,105

As extracted material is difficult to process in metallurgical reactors directly from the mining,
beneficiation and mineral processing are essential (crushing, grinding, screening, concentrating,
blending, agglomeration). These stages lead to homogeneous material with a higher value
component (Fe content). In general, sinter feed (100 pm-8 mm) and pellets feed (<100 um) are
the important grades of iron ore fines.228 For use in shaft furnaces, an agglomeration is also
needed by sintering or pelletizing. With regard to alkalis, mineral processing can cause a higher
load in the burden material. Often, Fe-bearing dust with a higher amount of alkalis (e.g. from the
top gas treatment) is recycled in the sinter process. The alkalis are bounded in the sinter and are
emitted again in the BF (and again in the dust fraction of the top gas treatment). This circulation
outside of the reactor is also called an external alkali cycle. In terms of pellets, the binders are
mainly based on different types of alumina silicates. They can lead to the input of mainly Na (by
bentonite) or minor K (by feldspar).
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3.2 Thermodynamics of Alkalis and Behaviour in Ironmaking Processes

In general, K and Na have oxygen-affine characteristics. Under atmospheric conditions with
oxygen pressure of 0.21 bar, metallic K/Na reacts to K,0/Na;0. However, ironmaking reactors
are characterized by a reducing gas atmosphere, with a reduction force depending on the
reaction area, and its temperature and gas composition (CO, CO; H; and H;0 content).
Furthermore, even silicate and carbonate compounds have higher stability at temperatures
<1000°C than do metallic K/Na. To sum up, the stability of metallic K/Na rises with higher
temperatures and a lower oxygen potential (correlating with the sinking layer in BF). Figure 3-4
shows stability lines for different alkali compounds. To show the stable compounds in different
ironmaking reactors, the oxygen potentials in the melter gasifier and the BF are included,
respectively. The path for the BF (long-dashed line) starts at the bosh area with 1500°C and ~2.2
bar absolute pressure (see point A), and follows the lines for the carbon and carbon monoxide
oxidation down to <200°C (see point B). The path of the melter gasifier (dotted lines) is
characterized by a higher pressure (~4.5 bar absolute). The oxygen potential moves from the
lower reactor regions (see point C at 1500°C) to the reactor top at 1000°C (see point D).

Due to the change in temperature and gas composition over the reactor, the stability areas vary
for all alkali compositions. In the higher areas, carbonates and oxides are stable; in the lower
area, metals and cyanides are common. The free enthalpy of the compounds (Figure 3-4) and the
low melting and boiling temperatures (see Table 3-1) lead to a specific behaviour in ironmaking
reactors. Their common process conditions lead to oxidation, reduction, and several phase
transformations (melting, solidification, boiling, condensing) over the reactor’s height. The
combination of these effects leads to circulation inside the reactor and an internal alkali cycle is
formed. Na follows the same reaction as K for the equations in this chapter.
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Figure 3-4: Richardson-Ellingham diagrams for alkali compounds (left: metals and oxides; right: cyanides),

including the process conditions for BF and MG >0
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According to literature!0? and industrial data, the alkalis are mainly charged into the furnace as
silicates, and partially also as halides and carbonates (see Figure 3-3). Primarily, alkali silicates
in the ash and gangue phases descend in the furnace, hardly affected by the process gas due to
their thermochemical stability.”>1%¢ [n the cohesive zone, alkali-containing phases start to melt
and mix with the slag phases and the liquid metal. The alkali silicate decomposes into K,0/Na,0
and SiO; (see Equation 3-1) and gets dissolved in the liquid phases (more precisely, into ions
according to the ion-slag theory?5). A certain amount of alkalis is discharged by the slag. Small
amounts are reduced by carbon, following Equations 3-2 and 3-3, and evaporated by the high
temperature of the metal or slag phase (1400-1500°C).

K,Si05 & K,0 + Si0, 3-1
K0 +C & 2K +CO 3-2
K,0 +3C + 2N & 2KNCg) + CO 3-3

Gaseous metals and cyanides rise to higher regions of the reactor. In connection with lower
temperatures and higher amounts of oxidizing gases (CO), the alkali gases react to carbonates.
The oxidation reactions are summarized in Equations 3-4 and 3-5.

2K+2C0, & K,C053 +CO 34
2KCN +4C0, & K,CO5 + N, +5 CO 35

The carbonates occur as liquid phases. This leads to the condensation of liquid particles out of
the gas flow and, moreover, to the transport to lower regions by the descending burden. This
again leads to the reduction of the carbonates due to the higher CO content and to the
evaporation of the metallic K/Na by the higher temperatures (see Equations 3-6).

K,CO5; 4+ CO & 2K + 2 CO, 36

Alkali oxides like K>0 and Na;O (which, for example, are often mentioned in chemical analyses)
are not stable in common ironmaking processes (reduction and decomposing on the one hand,
further oxidation to carbonates on the other).

Alkali circulation: Equations 3-2 to 3-6 lead to circulation inside the reactor and, consequently,
to an enrichment of alkalis. Only a small ratio of the total circulating load finally leaves the
furnace from the top. Specifically, cyanide and carbonate compounds can be found in the dust,
sludge, and washing water of the waste gas treatment. In addition, Altpeter? points out the
formation of four separated types of alkali cycles (see Figure 3-3):

The cyanide cycle is based on the formation of cyanides at high temperatures (>1625°C).
Especially the area near the raceways is characterized by high carbon and nitrogen activity, both
favouring the formation of cyanides. In this context, a new approach for the oxidation of
cyanides in the upper regions of the reactor should be mentioned. Based on the formation of
ammonia gas in the BF top, a theory was developed that follows Equations 3-7 to 3-9.
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2KCN +4C0, & 2HCOOK + 2 NH, 37
2 HCOOK « H, + (C00),K, 3-8
(€C00),K, & K,CO; + CO 39

The silicate cycle is formed between the cohesive and slag zones. In the cohesive zone, gaseous
alkalis react with silicates and form very stable alkali silicates, which are reduced in the BF
hearth. This cycle can improve the discharge of alkalis via the slag phase.

In the BF shaft, alkali carbonates are formed from gaseous compounds. They condense and
descend in the reactor, where the carbonates are reduced or transformed into silicates. This
leads to the formation of a carbonate cycle.

The fourth type is linked to coke, where alkalis can impregnate the carbon structure and form
CeK, CsK, or C24K. In the lower areas, the carbon is oxidized and the alkalis rise with the process
gas to higher areas.

Input and output—general aspects:

Coal, coke, and burden materials are the main sources for alkali input. From the chemical point
of view, the alkalis are charged as silicates, carbonates, and oxides.18 The load ranges from
<2 kg/tHM (modern BFs with imported raw materials) to 12 kg/tHM (usage of domestic ore—
e.g. in East Europe and Russia%). The mass ratio K/Na is 2/1 for most cases.

The discharge of the alkalis is mainly done by the slag. The rest is emitted by the top gas,
including a significant dust fraction.109 Small amounts are adsorbed by the refractory material
(~1% of total load2882). The alkali steams infiltrate the lining through the open porosity. There,
the K can react with the refractory material and oxidates to kaliophilite (K.0-Al;03-2Si0;) and
leucite (K20:Al;03-4Si0;2). Mechanical destruction by volume-induced stress formation lowers
the stability of the refractory material. Furthermore, low-melting alkali compositions are
formed.110

The operation parameters of the furnace can change the alkali distribution in particular. This
will be discussed in Chapter 4. In general, the slag/top gas ratio of K is higher than for Na.109
Also, own investigations (see output data in Figure 4-16) and other authors?8 confirm that the
discharge by the slag is more effective for K than for Na. Figure 3-5 presents a summary of the
discharged alkalis for both K and Na.

Washing water Washing water
12.0% 29.1%

Sludge 0.6%

Dust 3.1% \

Sludge /
1.7%

Dust 6.2%

Slag 63.0%
Slag 84.2%

Potassium Sodium

Figure 3-5: Exemplary amounts of the alkali output of European BFs10?
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Process behaviour: Alkali enrichment leads to scaffolds and attacks the refractory materials.28
Scaffolds are mainly formed in interaction with carbon and zinc.%6 The shaft and belly regions
are the most important areas here. Scaffolds up to 1.5 metres can decrease the furnace section
by up to several metres. The scabs show a multi-layer structure of burden material, carbon, and
fines (see Figure 3-6). Consequently, the material sticks, gas flow changes, and the dust ratio at
the top increases. Taken together, this leads to a drop in productivity.

Second, the alkali can attack the refractory as a gas compound or dissolved in the slag phase.
Normally, the BF refractory is based on acid compounds like corundum, chromium-corundum,
and alumina silicates. Such oxides are easily impregnated by Na and K, which leads to new low-
melting compositions. Experimental data confirms the increase in alkali content, depending on
the infiltration area (an example of the chemical composition of bricks after the operation is
shown in Figure 3-7). In addition, a change in volume and thermal expansion leads to stress and
blistering of the refractory’s surface.1%® Moreover, hydration of impregnated alkali compounds
can lead to hydrate formation and attrition.198 In case of carbon bricks, alkalis can weaken the
refractory as liquids, vapours, and metals; solid alkali compounds show no influence on the
destruction of bricks. The literature!!! defines the formation of carbon-alkali interface phases
and, consequently, local stress and cracks as the main factors causing the mechanical weakening.
With regard to the fuels, the coal or coke rate increases because of a catalytic effect on the
reaction of carbon carriers with CO,. Moreover, the equilibrium of the Boudouard reaction (see
Equation 2-21) shifts to lower temperatures; consequently, the range of direct reduction
increases and leads to higher coke consumption.

From the energy point of view, the accumulation of alkalis leads to a change in the energy
balance. The reduction and oxidation reactions and the boiling and condensing mechanisms lead
to the transfer of energy from the lower to the upper regions. This is unwanted and harmful for
the total process performance.108
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Figure 3-6: Model of the formation Figure 3-7: Alkali infiltration into the refractory of the
of scaffolds in the blast furnace shaft% middle part of the shaft (including the consumption of

material during operation)10

According to the alkali load, 1 kg alkalis/tHM leads to a decrease in productivity of 3-8% and an
increase in coke consumption of 3-8%. So, there are several opportunities to lower the impact

on the process performance:

28,96,112

Use of input material with low alkali content (e.g. the standard for globally traded iron
ores is <0.1% K;101 oil and natural gas as reductant instead of coal and coke with alkali-
bearing ash108)

No recycling of alkali-bearing dust and slag by the sinter plant (no formation of external
alkali cycle)

Change in basicity for BF slag and sinter mixture; only a short time because S content
will increase

Increase in slag mass and change in flux charging (e.g. more MgO up to 9.5%, more
Al,03109)

Change in process conditions, like decrease of tapping temperature, higher process
pressure (higher pco to oppose alkali gasification reaction by oxygen enrichment or high
top pressure?8), lower nitrogen partial pressure in raceways, lower flame temperature,28
etc.

Centred process flow in reactor—higher gas velocities transport droplets and dust out,
higher temperature in the centre leads to less condensing08

De-alkalization of input materials (by chlorination)%

Charging of CaCl; if the furnace is in deep trouble; the fundamental mechanisms are not
clear yet (washing out of the alkali vapours by gaseous CaCl, breakdown of scaffolds by
weakening of their structure)™

These opportunities are always connected with a worsening in other aspects (e.g. sulfur versus
alkali capacity of slags109).
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3.2.1 Alkali Flow in the Blast Furnace

In this chapter, aspects of alkali balance and accumulation in the BF are considered. Data from
industrial plants should help to get an understanding of the input and output flows. An overview
of different ironmaking reactors and important information concerning their alkali balance gives
Table 3-2. In addition, three different European BFs are evaluated in particular (see Figure 3-8).
This also supplies important information on evaluation of the results of the alkali model in
Chapter 4.

Table 3-2: Summary of the alkali balances of different blast furnace operators (European Union [EU],
Eastern Europe and Russia [EaEu], Japan [Jpn], North America [NA])

Blast Furnace (K+Na) Details Input/Output (% of total input/output) Slag Properties
(BF) [kg/tHM]
BF-EUL™ 8.0 burden: 83%, coke: 14%, coal: 3% B;=1.05
slag: 99.3%, top gas: 0.7%
BF-EU2*® 5.3 See Figure 3-8 B,=0.95
~2% K+Na
BF-EU33_6 2.55-2.79 coke: 48-59%, sinter: 21-28%, B,=1.1
coal: 10-17%, pellets+ore: 6-13% 0.42% K/0.30% Na
slag: 82%
BF-EU4™ 2.7 coke: 49%, sinter: 31%,
pellets: 18%
BF-EU53_6 2.66 See Figure 3-8 0.53% K, 0.20% Na
BF-EU6>® 1.4kgK K: slag: 82%, dust: 4%, sludge: 4%, washing water: 9% B,=1.1-1.2
0.52 kg Na Na: slag: 93%, dust: 2%, sludge: 1%, washing water: 4% 0.25-0.35% K
BF-EU7'" 2.84 See Figure 3-8
BF-EUS™® 1.4-1.55 kg K Output: slag: 90% K , top gas: 9% K B,=1.1-1.25
~0.25-0.42% K
BF-EU9™’ 5 Enrichment to 30 kg alkalis/tHM
BF-EU10™® 7.5 B,=1.05-1.2
1.3-2.8% K+Na
BF-EaFu1™® 8.2 B,=1.2
BF-EaEu2'® 5.5-8 B,=1.2-1.3
BF-Jpn1™® 4.43 Enrichment to 17—18 kg alkalis/tHM B,=1.25
BF-Jpn2' %1 2.14 Enrichment to 22-23 kg alkalis/tHM
BF-Jpn3117 2.29 Enrichment to 13.1 kg alkalis/tHM
BF-NA1™ 2.8 B,=1.0-1.1
0.6-1.8% K+Na
BF-NA2™® 3 B,=1.0-1.2
0.8-1.5% K+Na
BF-NA3™® 5
BF-Na4™™® 5.5
Smelting (K+Na) Details Input/Output Slag Properties
Reduction (SR) [kg/tHM]
SR1™® 2.99 kg K 0.75%K
SR2>>12 2.415 kg K B,=1.2;

See Figure 3-11 and Figure 4-16

0.54 kg Na 0.3-0.9% K, 0.15-0.25%

Na
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Alkali balance of BF with high alkali load, oil injection, low basicity (B,=0.95), and high pellets rate

=

2.2% Na

Slag Slag
97.8% Na

36
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(f B
Sinter 700 kg/t HM 25.3% Na 42.9%K \U/
o
Ore 349kg/t HM 13.94% Na 15.4%K
o
K=
Coke 333 kg/t HM 30.97% Na 18.912% K 3.97 kg/tHM
o Ma =
Pellets 530 kg/t HM 26.45% Na 22.6%K 1326kg/tHM
o
Fluxes 11kg/t HV 3.316%Na 0.194%K jastFumace |
. . . 36
Alkali balance of BF with low alkali load and PCI (BF-EU5)
] ] —
=7
Sinter 1289 kg/tHM 47.23% Na 27.85% K -
o
Ore 152kg/tHM 2.18%Na 0.8% K
o
Coke 338 kg/tHM 33.44% Na 48.45% K
K=
o 1.897 kg/tHM
Pellets 196 kg/t HM 5.9% Na 1.14%K
o Na = ,
S\ 0.764 kg/tHM 2
Fluxes 14.9kg/t HM 1.735% Na 6:7%K L J

ol

Alkali balance of BF with low alkali load and high slag ratio (BF-EU7)

BlastFurnace

r

Sinter 1282 kg/tHM

i
Ore 104kg/t HM

ki3

Coke 550 kg/t HM

o
Pellets 250 kg/t HM

i
Fluxes /Dust
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56% Na

2.5% Na

27% Na

9.5% Na
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Sludge/Dust
Sludge/Dust
1.04% Na dege/0
Slag Slag
98.9% Na 99.5% K

Sludge/Dust
40 HM

Sludge/Dust
35 kg/tHM

Figure 3-8: Comparison of different BFs according to their alkali balance (left: input masses and the
ratio of K or Na in the specific phase compared to the total K or Na load; centre: alkali load; right: output
ratio of Na and K and masses)
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Input: Modern BFs are operated with alkali loads up to 5 kg/tHM.% However, in several plants
with special input material, alkali input up to 12 kg/tHM is possible. For instance, in Eastern
Europe, BFs are charged with local high-K/Na-bearing-ore or Fe-containing material from the
production of ferro alloys.19 According to the accumulation, these high loads lead to
enrichments in the shaft of up to seven to 15 times. Some of the literature determines an
increase in the sinter samples of the furnace of five to 10 times and, in the dust, 2.6-16.6% of
alkali oxides can be found (alkali load of 8.2 kg K+Na/tHM).109

Operators try to prevent problems during the process by the careful selection of low-alkali-
bearing input materials. Table 3-2 gives details of the alkali load, which varies from 1.4 to 8.2 kg
of K+Na. The data is calculated originally from K,0 and NaO analyses of the elementary content.
The distribution of the alkalis in the input materials was considered for the European BFs. They
illustrate a high deviation of the K/Na ratios in the charged materials connected to local
conditions. For the Japanese BFs (BF]Jpnl to 3), the enrichment of alkalis in the reactor is also
mentioned, whereas peaks in the alkali load of more than 10 times of the input mass was
measured.

Supporting and more precise information about the alkali balance in European BFs is provided
in Figure 3-8. Three different operation conditions are linked to the input and output materials.
According to the input, the masses and the K/Na ratios of the single material classes are
included. BF-EU2 is a blast furnace with a high alkali load (especially K by the sinter). Although
oil injection and the usage of high-quality coke (low K content) lower the total alkali load a bit.
BF-EU5 and BF-EU7 are furnaces with a lower alkali load. However, two methods of operation
are compared. BF-EU5 is operated with PCI. This leads to an additional alkali source (coal ash).
Compared to BF-EU7, the alkali load by PCI can be neglected because of the total decrease in
reducing agents (coke and coal). So, the minimization of the coke or coal rate brings economical
benefits as well as a lower alkali load. A discussion on the output streams and the connection
with the slag properties will follow. To sum up, the main alkali sources are coke and sinter, which
are related to the high input masses. Moreover, here a diversity of the K/Na ratio is visible: The
ratio of K charged by the sinter is between 28 and 43 wt-%; for coke it ranges from 19-48 wt-%.
Coke is generally a bigger source of K than sinter. The reason is the amount of K,0-containing
ash. For the Na load, the ratio in the input materials is less spread out. For coke, the value varies
from 27-33 wt-%. By the sinter, 25-56 wt-% of the total Na load is charged.

Output: For the analysis of the alkali output, the main products will be evaluated: the hot metal,
the slag, and the top gas. Depending on the slag properties, the main discharge occurs in the slag
phase (>90%). Only a small fraction exits the reactor via the top gas (<7%). These findings will
now be discussed more precisely.

In the metal phase (hot metal), no alkalis are detectable. This is due to the high temperature and
the low solubility of Na/K in iron.”s

The most important alkali discharge is carried out by the slag. The performance of the slag in
relation to K/Na depends on several parameters like basicity, temperature, and alkali capacity
(for further information, see Ivanov109). Especially the data of Table 3-2 shows the close
connection between slag properties like basicity with the final K/Na content in the slag and,
consequently, the total alkali output. In general, the K+Na content in the final slag is <1%.
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However, a high alkali input (>5 kg K+Na/tHM) and a low basicity (B2<1.1) can lead to an alkali
capacity of the slag of over 2% K+Na.

In addition, Figure 3-8 shows details of the alkali output for three different operation modi of
European BFs. BF-EU2 is characterized by a high alkali load and a very low slag basicity
(B2<0.95). Both lead to a high alkali capacity of the slag and to a high alkali discharge by the slag
phase (>99% of alkalis). The two furnaces with a lower alkali load (BF-EU5 and BF-EU7) have a
lower discharge by the slag (between 93-98%). The main difference is the higher slag volume
for BF-EU7. A higher slag volume has negative aspects according to the energy balance, but more
slag can dissolve and discharge more alkalis. Consequently, even the alkali load of the top gas
(including sludge and dust) is lower if
the slag volume is higher.

120 3 operating regions

A specific view on slag properties like

basicity and temperature is given in 112

Chapter 4.2.2 for the slag model of the

alkali model. In addition, Figure 3-9 sums

up the operation modi of several

European BF operators with respect to

alkali load [kg/tHM] and the slag , .\-\_

basicity. The picture shows the split into

three areas: For a K;0 load <1.8 kg/tHM, 080, : ; : ‘ : :
0.8 18 24 3.2 4.0 4.8 5.6

the operator selects the slag basicity K,0-load [kgAHM]

independent from the alkali load and

does not lower the slag basicity with Figure 3-9: Alkali handling of European BF operators:

regard to better desulphurization Correlation of alkali load [kg/tHM] and B;-basicity!0!

abilities; in a transition from 1.8-

2.6 kg/tHM, the slag basicity shows high variations between 0.85<B,<1.2. The dramatic drop in

basicity is important with regard to the prevention of alkali accumulation.!?2 The third area is

characterized by BF operators with a high alkali load >2.6 kg/tHM. Here, low basicities are used

to handle the alkali emission by the slag; further lowering of B;<0.8 is limited by

desulphurization constraints and the melting temperature of the slag. To sum up, a load of 1.8

kg/tHM seems to be the transition point for the operator to change from an alkali-independent

to an alkali-dependent operation mode reactor.

-
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Table 3-3: Overview of the chemical analysis of dust or gas samples over the BF: A horizontal profile3®

Alkali Hot area (centre) Cold area (wall) Hot area (centre) Cold area (wall)
ESmpeNn Dust in [wt-%] Dust in [wt-%] Condensate in [mg/I] | Condensate in [mg/I]
K (min) 3.5 0.6 0.2 0.1 0.1 0.2 384 23 4 1 0 10
K (max) 29 24 3.1 2.1 1.8 4.5 | 1628 | 1240 439 360 | 907 2,433
Na (min) 0.4 0.3 0 0.1 0 0 63 4 1 0 0 2
Na (max) 4.9 3.9 1.6 1.6 1.6 1.3 434 322 65 41 133 360
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The rest of the alkali compounds are emitted from the slag phase into the reactor and discharged
by the top gas. Here, the distribution and composition of the dust fraction has to be mentioned.
Higher values of K and Na (analysed as oxides with X-ray fluorescence analysis [XRF]) are
present in the dust fraction, compared to the burden material. Table 3-3 shows the analysis of
dust and gas samples in a BF taken by a horizontal probe in the upper layers (dust) and an
inclined probe above the stockline (gas sampling).3¢ The values are listed from the centre (left)
to the wall (right), including the minimum and maximum values from the testing campaigns.
These results assume that especially the centre shows a higher load of alkalis (for Na, the
increase is less than for K).

This also leads to the attachment of a

o
: . . \ KHCO

dust factor in the alkali model. Derived @ ’
from the chemical analysis of dust N
aHCO,

samples, a summary of stability areas can
be seen in Figure 3-10, whereas the left
columns show the ratio of K/Na in the
dust (up to 15wt-%) and the right

K;NaCl

Il v

NaCl

column  visualizes the measured
compounds analysed by XRF.3¢ Moreover,
the total amount of dust rises by a higher
alkali load in the reactor. Specifically, the
dust load after the
precipitator (ESP) can rise from 30-
80 mg/Nm?* (2-3 kg alkalis/tHM) to 100-
230 mg/Nm?® (4-4.8 kg alkalis/tHM).10

I l KCI
-
-
||

electrostatic m W

%K in dust

The alkali fraction of the dust inside and —
outside the reactor mainly consists of %Nain dust
carbonates and KCI/NaCl. Cyanide T

droplets are found in the dust samples at
the centre of the upper stack region and
the edge of the lower stack region. In
addition, complex alkali compounds
were analysed by XRF, like (K,Na)HCOs3,
KZn(CN)3, (NaxKyZn,)CO3, etc.36

Figure 3-10: Alkali distribution in the dust over the

BF height (left: total content of K/Na; right: compounds
measured by XRF analysis); data derived from Lin36

Finally, the top gas treatment gives three
separated materials with higher alkali content: dust, sludge, and the washing water (see Figure
2-2). The separation of K and Na compounds into these different output materials is due to the
thermochemical properties (oxygen potential, melting temperature, etc.). Some general
considerations may take into account the separation of the top gas material into single
compounds (dust, sludge, washing water). The separation degree of dust between the cyclone
and the ESP is ~90/10%, whereat the coarse fraction is separated by the cyclone (>40 pm, ~10
kg/tHM). The sludge fraction is ~2 kg/tHM. All these considered aspects of the alkali balance are
mentioned in the alkali model. The data delivers information about dust ratios, contents of
alkalis in the dust, distribution over the reactor height, and much more, which is important for
the modification and validation of the BF model.
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3.2.2 Alkali Flow in Direct and Smelting Reduction Processes

In terms of direct and smelting reduction processes, a clear separation is necessary with regard
to alkalis.

Direct reduction processes are not significantly affected by alkalis. Since the alkali metals are
mainly charged as K/Na silicates, the process temperatures are too low (<1100°C) for reduction
to metals or formation of cyanides. Moreover, the absence of liquid phases does not favour alkali
generation. This statement can also be confirmed by own investigations with high-K-bearing
iron ores.123 The lump ores were reduced by laboratory-scale rotary kilns (Tprocess=1100°C, direct
reduction by coal with a high CO-containing atmosphere); no change in alkali load before and
after the testing was observed. Derived from that, no significant effect of alkalis on the process
performance can be determined.

For smelting reduction processes, the situation is similar to the BF. The formation of a liquid
product (metal and slag) is linked to high temperatures and highly reducing conditions, which
favours the reduction of K/Na silicates and carbonates. In the following, the COREX® and FINEX®
processes will be examined. With regard to the higher specific fuel rate compared to the BF, the
alkali load from fuels is suggested to be higher. Most coals show an alkali content between
0.5-5% in the ash phase. If the ash content varies, this can lead to an increase in alkali input of up
to three times compared to the BF.120 A second main difference is the discharge by three
different possibilities: the slag, the cooling gas, and the off-gas. In addition, several properties
lead to different alkali flows in the smelting reduction processes: higher dust generation
(approximately 40 kg/tHM instead of 20 kg/tHM), lower alkali and dust absorption of the bulk,
filter effect of coke is missing, higher gas velocities, higher slag volumes, and higher pressure.120
According to the slag, which has the most powerful impact on the alkali discharge, a higher alkali
content is suggested for the melter gasifier (MG). This is caused by the high ratio of non-
stoichiometric reactions in smelting reduction processes (some alkali silicates leave the furnace
unreacted by the slag). Furthermore, the gas properties above the slag (high process pressure)
influence the maximum alkali content of the slag. In the generator gas, the alkalis are suggested
to occur as metal and carbonate. Although the amount of Kmer and Name: is high after the melter
gasifier, the rising CO, content leads to a further carbonizing of the carbonates. A full
transformation of metals to carbonates takes place after the hot gas cyclone. The alkali content
of the sludge after the cooling gas-cleaning unit is high; however, a small ratio is recycled and it
gets into the hot gas cyclone again via the cooling gas. In the off-gas, the alkali content is higher
than in the BF. This is caused by the smaller adsorption properties via the coke-less bulk
(reduction shaft in COREX® process) and the high gas velocities (fluidized bed reactor in the
FINEX® process). Based on the formation of cyanides, smaller amounts will occur due to the use
of technical pure oxygen as hot blast (N, content <1 vol-%). Further information about cyanides
will follow in Chapter 4.3). Summing up all possibilities of alkali discharge, the balance between
input and output is better for smelting reduction processes than for the BF process.120
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Figure 3-11: Alkali flow for potassium in the COREX® and FINEX® process, including the stable phases and
complex gas treatment system?120.121

The complex gas flows of the COREX® and FINEX® processes are summarized in Figure 3-11.
Based on data from earlier research work!20.121 and considerations from the alkali model (see
Chapter 4.3), a schematic figure of the alkali cycle for the COREX® and FINEX® processes can be
illustrated. Like in the BF, the main discharge is done with the slag. The K leaves the reactor
bounded in the glassy slag phase as K;O. The rest gets into the generator gas. There, the
temperature is high and the oxygen potential is low. Knec and K2CO3 are formed. In the hot gas
cyclone, the temperature drops and K,CO3 gets the most stable phase. Especially the hot gas
cyclone has a high impact on the alkali accumulation and the total alkali balance. A higher
separation rate leads to a higher accumulation because of dust recycling (see Chapter 4.3). The
cleaned generator gas is separated into the reduction gas and the cooling gas. The cooling gas is
cleaned in a scrubber, where all alkalis are removed into a dust or sludge phase. In the cleaned
cooling gas, no alkalis are left. The reduction gas gets into the reduction stage, where alkalis can
further react with the input materials or get deposited on the solids. From there, a repeated
charging into the melter gasifier is possible (outer alkali cycle).

Industrial investigations show that the K,O content in the dust before the fluidized bed reactor
R1 in FINEX® correlates with the K,O content in the slag. Specifically, 10 wt-% K0 can be found
in the dust if 0.9% KO is in the slag; 5 wt-% is found in the dust if 0.5% KO is in the slag.12!

In general, it can be assumed that the internal and external alkali flows in direct and smelting
reduction processes are less researched than that of the BF.
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3.3 Effect of Alkalis on Reduction and Melting Behaviour of Ferrous
Burden Materials

Apart from operative aspects, the microscopic interaction between burden materials and alkalis
has to be considered to get a full understanding. The following chapter summarizes
investigations by other authors into the effect of K/Na on reducibility, as well as on mechanical
and melting properties. In general, ferrous burden materials are always affected negatively by
higher alkali content. For instance, swelling, disintegration, abrasion, and sticking occur, as well
as an increase in the melting range. A positive aspect of K/Na is the increase in reactivity, which
leads to faster reduction. A bigger surface or reaction area and an effect on nucleation and grain
growth of Fene: are named are reasons for this.118 The microscopic effects are important for both
the BF and smelting reduction process. This thesis describes and interprets these effects in a
precise way and compares results from literature with those from its own investigations (see
Chapter 5.3.4).

Alkalis and reducibility: The influence of alkalis on reducibility is well researched and
significant. The influence on the reaction rate is correlated with the ionic radius of alkali metals.
Figure 3-12 shows this correlation for alkali and earth alkali elements in their ionic states. Here,
a difference between K and Na in terms of reducibility is identified. K is expected to show a
higher increase in reducibility than Na due to 50— LN B 7 B B
a bigger atomic diameter of the ion. Bahgat!24
shows that a maximum reducibility is reached
at a total content of 1-3 % K;0 in the sample.
With higher addition, the reduction velocity
decreases again. However, for temperatures
>1000°C no change in reducibility by alkalis
was measureable. In line with the work of

8 3
| I

REDUCTION RATE INCREASE (%)
a3
o
|

Davies,118 the increase in reducibility starts at a0 d o F i Bt
0.4 wt-% K-0 and rises linearly up to 1.2 wt- 0 05 1.0 15

% K20 (reducibility doubles from 0.4 to 1.2 .

wt-%). Other authors also point out the
influence of K/Na on reduction and define
alkali metals as activators for iron ore

Figure 3-12: Increase in reaction rate of iron
oxide in correlation with the ionic radius of alkali
and earth alkali elements?28

reduction (hematite to iron!2> as well as wuestite to iron,12¢6 whereat the step from wuestite to
metal is affected more). In particular, pellets are a key point of interest in this research because
the relations between alkali input on pellet stability and furnace permeability were observed!2’
(see also alkalis and swelling). Concurrently, investigations on mechanical values as well as
reducibility were conducted. These show the increase in reducibility by small amounts of K/Na.
The results will be discussed in comparison with the analysis of this research in Chapter 5.3.4, in
correlation with thermodynamics (activation energy) and Kkinetics (chemical/diffusion
controlled). However, investigations on reducibility in the mentioned literature have been
carried out on natural and artificial materials—for example, (K,Na).SiO3, (K,Na)Cl, or (K,Na).CO3
impregnation before or during sintering. For the testing procedure of the present thesis, these
considerations were evaluated and included.
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Alkalis and mechanical properties: In general, alkalis increase the loss of strength of ferrous
burden materials.28 Low temperature breakdown (LTB) tests show that alkalis lead to a
detrimental effect on the stability of pellets and sinter. Clear reasons have not been found yet,
but relations with higher reducibility are obvious.28 Davies!!8 describes the surface reduction
from hematite to magnetite as the main cause for higher stress and, consequently, of weakening.
Fluxed pellets have not shown these significant effects due to more slag bonding inside these
pellets. Sinter with medium basicity showed adverse properties after LTB (high disintegration).
[ljana gives examples of the influence of additives on mechanical behaviour.128129 He assumes
that K leads to cracks in pellets (olivine bounded). The reason is the migration of K inside the
particle and the formation of fibrous iron at the cracking boundary. In total, a significant
increase in the abrasion index after reduction was observed for magnetite pellet grades. The
investigations for this research focus on degradation, abrasion, and the swelling or sticking of
lump ore, pellets, and sinter (see Chapter 5.3.4).

Alkalis and swelling: Swelling is the abnormal growth of particle geometry during reduction of
more than 400%. At high temperatures (~1000°C), alkali metals lead to extreme swelling of
pellets. Consequently, porosity increases and strength drops. The gas flow is affected by
compacted, broken pellets and the higher amount of dust.28 During stepwise reduction of iron
ore pellets (magnetite-wuestite metal) under CO/CO; atmospheres at 1000°C, a volume change
was observed for alkali-treated and untreated materials. The volume increases the most from
hematite to magnetite, leading to brittle, magnetite interim products. The formation of metallic
iron normally leads to restabilization. The comparison of K-dotted with non-doted samples
showed different types of iron nucleation.!3¢ Ende et al.12? separate the total swelling into
normal and anomalous swelling. Normal swelling is caused by the volume of change during
phase transformation (especially from hematite to magnetite, a lower effect from magnetite to
wuestite, and no effects from wuestite to iron). This type of swelling is also observed in alkali-
free materials during reduction. Anomalous swelling is linked to the placing of K/Na into the
crystallographic structure. This makes the anomalous swelling independent of the phase
transformation and the oxidation degree. The swelling can be controlled by additives or slag
formers. Acidic compounds bind the alkalis, whereas basic additives shift the alkalis to the iron-
bearing phases, leading to higher swelling rates.
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Alkalis and melting: For ironmaking reactors, the influence of K,0 and Na;O on oxidic systems is
significant. Due to the low melting temperature of alkali oxides, even compounds with Ca0, SiO,
and Al;03 show lower transition temperatures than the pure substances (e.g. Tm of SiO:
decreases from 1713°C to 1089°C for Na,SiOs; see Figure 5-33). In that context, Figure 3-13
shows the influence of K;0 addition to the Ca0-SiO; system.
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Figure 3-13: Ternary system for Ca0-SiO; and KO projection, including the isothermal lines for T, for
different compositions (pressure =1 atm)?3

The melting temperature can drop to <500°C (see grey area in Figure 3-13 with the minimum at
326°C, caused by a low-melting eutectic of CaO and K,0 at 62 mol-% K;0), which has effects on
the burden materials stability and melting range of the cohesive zone, and, consequently, on
permeability and pressure drop. Although investigations on the softening or melting behaviour
of burden materials with varying contents of FeO and alkali oxide have been performed in
earlier research,3¢ the effects are not clear yet. The addition of Na,O showed a decrease in
solidus temperature, especially for pellets and the corresponding slag compositions (high SiO-
content). For Ca0/Al;0s-rich slags, the decrease in the melting temperature was not high and, in
some cases, not even measureable. Especially for industrially used materials (reduced pellets
and sinter), the effect of FeOiquia formation is larger than the addition of alkali oxides. Moreover,
in terms of viscosity, the effect of FeO is higher than the added content of alkali oxides. These
considerations are the basis for the investigations of this research on the melting range of alkali-
treated and -reduced burden materials (see results and discussion in Chapter 5.4).
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3.4 Previous Problems and Approach of Work

As described in the previous chapter, alkalis mainly occur as harmful elements during
ironmaking. Based on these considerations, this work took a closer look at the interaction
between burden material and alkali compounds. The approach by the microscopic analysis of
influenced materials was derived from former research work in the field of iron ore
reduction.5#131 Investigations have been done in the field of iron ore reducibility and
characterization of reduction mechanisms for lumpy and fine iron carriers. Based on these, a
closer look at the process behaviour of ferrous materials had to be taken under a higher load of
alkalis in the reactor. Higher amounts of dust and enlargement of the cohesive zone are two
aspects that needed to be linked to fundamental mechanisms of ironmaking. Therefore, an
approach was considered that simulates the whole ironmaking reactor from the top to the bosh
region. The total path of the iron carrier was separated into alkali assimilation (upper shaft),
reduction, and mechanical stress (lower shaft), as well as softening and melting (cohesive zone).
Each zone of the reactor was linked to a certain methodology, which will be described together
with the testing results and the evaluation in Chapter 5.

Another point of view is the total alkali balance of ironmaking processes (BF and direct/smelting
reduction processes). The literature review shows that a clear determination of the alkali flows
in a reactor is difficult due to the enrichment inside the reactor. Furthermore, even the mapping
of alkali compounds (cyanides, carbonates, etc.) is a necessary tool for the evaluation of alkali
flows. In addition, the literature shows the difficulties in the balancing of alkalis. Therefore, a
new type of model was developed to illustrate the alkali balance of an ironmaking reactor. To
reach a successful result, this model is based on thermochemical fundamentals to depict the
chemical reactions and on a new model layout to implement data from the mass balance. In
particular, the modelling of smelting reduction processes in correlation with alkali metals is a
new topic. Further information about the layout, results, and validation of the model is
contributed in Chapter 4.
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4 Macroscopic Effect of Alkalis: Modelling of
Ironmaking Reactors

Sixthly, his learning must comprise Architecture, that he himself may
construct the various machines and timber work required underground.

Georgius Agricola, De Re Metallica

To gain a full understanding of ironmaking processes, thermochemical modelling has become
essential over the last few decades. Moreover, in the field of alkalis, calculation using
thermochemical programs is especially helpful. An alkali model for ironmaking processes was
developed within the frame of this work. Based on a multi-reaction-area model, a standard BF
model was defined and the alkali flow inside the reactor was calculated. Several variations of
parameters were used to evaluate their influence on the alkali distribution. In addition, other
ironmaking processes like the COREX® and FINEX® processes were investigated in this work.

4.1 Layout of the Alkali Model for Ironmaking Reactors

The alkali model consists of an input file that is operated by the user and the thermochemical
calculation file. The user document is based on a multi-zone model created with Microsoft
Excel,132 the thermochemical calculations are performed by the program Factsage™ The user
inserts the needed parameters in two data sheets. The sheets contain the input masses, chemical
analysis, and the most important process parameters (for an example, see Table 4-2).
Furthermore, the profiles for gas composition, temperature, and pressure are defined by these
data sheets. This makes a connection with other calculation models (for instance, a raceway
model or an alternative slag model.) possible. The necessary data for the input will be described
in Chapter 4.2.1.

The initial point of the model is the slag phase. The discharge of alkalis by the slag phase and the
generation of alkalis in the BF take place there. The alkali distribution between the gas phase
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and the slag phase in relation to the temperature, pressure, and basicity is calculated by an
empirical model. The slag model is only calculated by Excel. Chapter 4.2.2 will discuss the outline
of the slag model.

Next, 14 separated zones are fed with information about gas composition, temperature,
pressure, and alkali flow from the input sheets and the slag model. These reaction zones will be
described in Chapter 4.2.3. Each zone gives information to the program Factsage™,7s which
calculates the thermochemical equilibria automatically (linked to Excel by a macro code). The
results (stable alkali compounds) are sent back to the Excel file. This is done for each zone.
Because of the melting and vaporizing temperatures of alkali compounds (mainly from 100-
1000°C), a high ratio condenses or solidifies within the reactor. Gaseous compounds and dust
enter the higher zones, while solid and liquid compounds descend into the lower zones of the
reactor. The alkali cycle starts to build up. After an iterative calculation, the result simulates the
alkali distribution of a steady-state ironmaking process. The base for the multi-stage model is
the interaction of the alkalis with the gas phase (in kmol per hour). This was choosen due to the
high impact of gaseous reactions on the alkali cycle. The size of the reaction areas is defined by
the gas profile (T, p, GOD) over the reactor height. The edge of the reaction area is defined by
isotherms (more details in chapter 4.2.3).

In general one step for the iteration is equal with one hour of operation. The slag phase emittes a
constant amount of alkalis into the reactor and the calculated alkali flow starts to converge. After
200-300 steps (depending on the process conditions) the material flow reaches a steady state.
The abort criterion is reached if the evaporated amount of alkalis from the slag is equal with the
amount of alkalis in the top gas.

The fundamental layout is similar for the BF and smelting reduction processes.

thermochemical
calculation (Factsage)

- ' Output File
Input File automatic (Excel incl.
(Excel) ' VBA)
Model with mass flow [
in zones (Excel) '
Validation
| (industrial data)

Figure 4-1: Connection between single elements of the model!32

Finally, the calculated data is post-processed and can be compared with data from industrial
plants. This output sheet also provides information for the validation of the model. The approach
involved a deviation analysis between calculated and measured values for the products.

Figure 4-1 gives an overview of the single process steps and their connections. Further
information about the outline (including the program codes) and the handling can be taken from
the User Manual.132
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4.2 Alkali Model for the Blast Furnace Process

The alkali model for BF ironmaking is based on a multi-stage model with a slag zone and seven
independent reaction zones. To describe the input parameters, the outline, and the results, a
standard BF was defined. Later, variations of chosen process parameters were used to evaluate
their influence on the alkali flows within the reactor.

4.2.1 Data Input and Profiles of the Standard Blast Furnace Model

Before the calculation begins, the following important parameters have to be added into the file:
Analysis and input masses: The input materials such as ferrous burden materials and fuels are
inserted into the model in terms of their masses per ton of hot metal (tHM) and their chemical
analysis (K and Na content in wt-%). For further calculations, all charged alkalis are seen as
alkali silicates, which means that the total alkali load will descend in a stable manner to the slag
phase. The input and output analysis for the standard BF are derived from industrial charged
materials and products.19115133 These are summarized in Table 4-1.

Table 4-1: Exemplary data of potassium and sodium in input and output materials derived from literature
for standard BF mode]19:36.115,133

Charged materials Input masses [kg/tHM] Chemical analysis Input alkali metals [kg/tHM]
Sinter 1000 0.17% K/0.06% Na 1.66 kg K/0.59 kg Na
Pellets 300 0.04% K/0.04% Na 0.12 kg K/0.11 kg Na

Lump Ore 300 0.08% K/0.03% Na 0.25 kg K/0.09 kg Na
Coke 400 0.21% K/0.07% Na 0.83 kg K/0.30 kg Na
Coal (PCI) 100 0.05% K/0.05% Na 0.05 kg K/0.05 kg Na
Total Input 2.91 kg K/1.14 kg Na
Product Output masses [kg/tHM] Chemical analysis Output alkali metals [kg/tHM]
Hot Metal 1000 <0.003% K+Na 0
Slag 230 1.08% K/0.37% Na 2.484 kg K/0.851 kg Na
Dust (top gas) 10 0.21% K/0.19% Na 0.021 kg K/0.019 kg Na
Sludge (top gas) 3 0.50% K/0.10% Na 0.015 kg K/0.003 kg Na
Washing water 0.031 kg K/0.029 kg Na
Total Output 2.551 kg K/0.902 kg Na
Discrepancy 0.35 kg K/0.02 kg Na

The data of the products is needed for the comparison with the calculated results, but they have
no further impact on the calculations. The difference between input and output is based on
industrial data. The discrepancy is normal. It is caused by deviations during measurement and
the increase of the alkali stock in the reactor.

Temperature, pressure, and gas composition: Temperature, pressure, and gas profiles are
derived for all reaction zones from top gas and hot blast parameters. Table 4-2 shows the

process parameters for the standard BF model. By multiplying the oxygen content with the gas
volume, calculation of the total oxygen in the blast [kmol/h] is possible. The further reactions
with carbon to CO (raceway reactions) give the total CO amount [kmol/h] in the lowest zone. On
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the other side, the specific gas streams in the top gas are received by multiplying the vol-% of
the gas with the total gas volume [kmol/h]. The results give the gas flows in the highest reaction
zone. For the other zones, the gas volume is a combination of the described boundary areas (top-
highest and raceway-lowest) with gas profiles from the literature3> (see Figure 2-3).

Moreover, for the temperature and pressure profile, the boundary conditions (top and raceway
areas) are inserted by the top gas and hot blast properties (see Table 4-2). Based on top gas
temperature and flame temperature and top pressure and blast pressure, the profile for the total
reactor height is calculated according to empirical profiles from the literature3s (see Figure 2-3).
The pressure is always mentioned as the total pressure (pressure absolute). The temperature of
the model describes the gas temperature, not the temperature of the solid material. For the
implementation of a horizontal temperature profile, a temperature range can be added to
simulate the cold edge and hot centre zones (+150°C for the standard BF). Further details in line
with the single reaction zones will be described with the outline of the multi-stage reactor in
Chapter 4.2.3.

Table 4-2: Process parameters for the outline of the reactor profiles and the following thermochemical
calculations for the standard blast furnace model

Top gas properties Hot blast properties
Top gas temperature 150 Temperature [°C] 1150
CO [vol-%] 21 Blast pressure abs. [bar] 2.15
CO, [vol-%] 21 Blast humidity [%] 4
H, [vol-%] 3 Gas volume [m3/tHM] 1000
Top pressure abs. [bar] 1 O, content [vol-%] 23
Gas volume [m3/tHM] 1500 Flame temperature[°C] 2200
Hot metal/ Slag Slag composition
Temperature [°C] 1420 Cao [%] 50
Slag basicity (Bs) 1000 Sio, [%] 50
Productivity [tHM/h] 50 Al,O3 [%]
Slag volume [kg/h] 13500 MgO [%]

Rest (K,0, MnO, S, TiO,, Fe,03, Na,0)

For the slag reaction zone, the slag temperature, the productivity, and the slag composition are
mentioned. These values are directly linked to the activity akzo in the slag phase.

Dust ratio: For the construction of the alkali model and, in particular, the formation of a
circulation, a kinetic factor called dust ratio was included. It gives the ratio of an ascending dust
fraction compared to the dust, which is deposited and descends in the reactor. The dust factor
has to be inserted as an input parameter. Based on literature and own calculations, the dust
factor for a successful modelling is between 30-40 mol-%. More details will be presented in the
multi-stage model description of Chapter 4.2.3.
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4.2.2 Slag Model

The evaporation of alkali-based gases (Kme;, KCN, Namer, NaCN) mainly occurs in the slag zone of
the ironmaking reactors.96107.109113 Moreover, in the alkali model, the initial point for the alkali
flow inside the reactor is based on the produced slag. Therefore, all alkalis of the input material
first enter the slag phase as silica-bounded K3SiO3/Na;SiO3. There the silicate decomposes into
K20/Naz0 and SiO; (see Equation 3-1 for K). The silica and the alkalis dissolve in the slag and
leave the reactor by the slag phase. Only a specific ratio of alkalis reacts with the dissolved
carbon and nitrogen of the liquid phases (according to Equations 3-2 and 3-3). To model this
complex interaction, the main parameters were determined according to Figure 4-2. To simplify
the total reaction, a homogeneous liquid slag phase and a gaseous phase interact in the hearth of
the BF.

3

@
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@ I CO-pressure I IK/KNC-pressureI
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?é - | Carbon activity I | Nitrogen activity I
=
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Figure 4-2: Simplified equilibrium conditions for the reduction and evaporation of alkalis in the slag phase

Based on Equations 3-1 to 3-6, the molar ratio of K and KCN (similarly for Na and NaCN) in the
gas phase for the equilibrium reactions is determined.

kxXag,oxac
Xg = ;3 4-1
XC0XPges
kxag,oxagxaf
Xgen = [T 3 4-2
XcoXPges

The following parameters are involved in the reaction:

The molar ratios xk and xkcn of the gas phase are the results of Equations 4-1 and 4-2, and they
give the equilibrium composition between slag and gas phase. Further calculations in the bottom
zone lead to the amount of gaseous K and KCN(g per ton hot metal. To picture the equilibrium
composition, the equilibrium constant k has to be considered. It is calculated from the free

reaction enthalpy AG of each reaction through Equation 4-3.
AG
k =e rRxT with AG =AH —T X AS 4-3

The CO of the gas phase is the product of the K;O reduction by carbon and it affects the
equilibrium in terms of CO partial pressure. It is calculated by the mol-% of CO in the gas phase
above the slag (CO generated by full combustion of the hot blast oxygen) and the total gas
pressure in the hearth.

The carbon activity in the liquid phase affects the reduction of the dissolved K0. An increase in
carbon activity leads to higher amounts of K and KCN evaporation. Derived from the low oxygen
potential in the hearth zone of the BF (no FeO in the blast furnace slag, carbon saturation of the
hot metal), the carbon activity of the liquid phases can be determined as ac=1.74

The nitrogen activity in the melt is calculated based on Equation 4-4. It combines the interaction
parameter, the equilibrium constant, and the partial pressure of N; in the gaseous phase. The

PhD Thesis A. Pichler Page 57



MACROSCOPIC EFFECT OF ALKALIS: MIODELLING OF IRONMAKING REACTORS

interaction parameter fy combines the reactions of N with other elements like C, O, etc. For
defined conditions in the BF hearth (1600°C, C-saturated hot metal), it has the constant value
3.606. The equilibrium constant ky between dissolved nitrogen and gaseous N, depends on the
slag temperature and follows for the liquid phase an empirical equation of Turkdogen.”
Equation 4-4 combines the interaction parameter and the equilibrium constant with the partial
pressure of N in the gas (law of Sievert). The nitrogen activity directly influences the KCN
evaporation according to Equation 4-2.

ay = fn " kn " /Pnz 4-4

—188

(=188 4
with  fy = 10557 = 3,606 for liquid phases (1600°C) and ky = 10 Tstag

.76)

The most complex parameter of Equations 4-1 and 4-2 is the activity of the alkali oxide. The
main parameters for akzo are the slag temperature and the slag composition. According to
Ivanov!%? and Abraham,% higher temperatures lead to more evaporation as well as to a higher
basicity. In order to include these connections in the model, a specific slag model was developed,
which combines empirical data with thermochemical equations and kinetics. Due to the
importance of the basicity for the activity of the alkalis in the slag, the optical basicity A is
included. Each single slag compound (CaO0, SiO, Al,03, Mg0O, MnO, K0, etc.) is connected with a
specific, theoretical optical basicity A;,.199 The sum is calculated by Equation 4-5 and it gives the
total optical basicity of the mixture. Meanwhile, x gives the molar ratio of a compound in the slag
and n is the number of oxygen atoms of each compound (e.g. n=2 for SiO, n=3 for Al,03).
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Figure 4-3: Evaporation rate for K (empirical) in connection with the optical basicity of blast furnace near-
slag compositions and different temperatures (curves mathematically fitted to results and points from
literature109,122,134-136)
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According to Ivanov,1% an increase in the optical basicity leads to higher activity and,
furthermore, to higher evaporation rates k of metallic potassium. Tests have been carried out for
optical basicity levels between 0.6 and 0.75 (this equates to a B; basicity of approximately 0.9-
1.4). The temperature was varied from 1400 to 1500°C. The determined empirical evaporation
rates are summarized in Figure 4-3 (with points from literature109122134-13¢ and the
mathematically fitted curves at special temperature).

In addition, the increase in slag temperature (light grey for 1500°C) leads to higher K
evaporation. Equations 4-6 and 4-7 are derived from the empirical data. They attempt to
correlate the basicity and the temperature with k(K). The mathematical approach was
performed using different types of exponential regression. This model is limited to an optical
basicity between 0.6 and 0.7 (B2=0.9-1.2) and a temperature range of 1350-1500°C. For a
higher basicity, the alkali capacity of the slag leads to lower evaporation rates k(K) for industrial
applications.

ai
a;—az

kyo0 = x (e(-a2XA) _ ¢(=a1XA)y yith a,, a, as mathematical coefficients ~ 4-6

kKZO =mX e(bXT)

with m, b as mathematical coefficients 4-7
Ivanov1% also points out the direct correlation between evaporation rate k(K) and the activity
akzo in the slag phase. This correlation was implemented in the model by an upscaling term,
which is based on investigations by Fukutake,!34 Friedrichs,135 Meimeth,22 Choi,13¢ and
Ivanov.199 The upscaling term is necessary to reach industrial near conditions in the BF
(experimental investigations were done under Ar flow, with small sample masses and under
batch mode conditions). The determined K and KCN flow from the slag phase into the gas phase
connects the slag model with the following multi-stage shaft model.

Other approaches have not led to the suggested mass transport from the slag phase into the
reactor. For instance, models from literaturel® lead to excessively high evaporation rates;
meanwhile, the calculation by thermochemical programs?s delivers values that are too small.
However, the slag model has to be developed according to alkali capacity. Therefore, empirical
equations (see Equation 4-8)1%6 can be included to illustrate the relation between KO capacity
and activity.

%Ca0+%Mgo (_7_4_7)

0, 1 —
% K50 in slag = (1.44 X Si0, +HAL,0,

4-8

In addition, Biswas2® names an activity of the alkali silicate of 0.02-0.06. The equilibrium
pressure of K and Na above the slag phase is 0.025 and 0.015 atm.2?8 In the standard BF model, an
equilibrium pressure of approximately 0.002 atm is reached for the evaporation of realistic
values, which shows the discrepancies between the modelling and measured data.
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4.2.3 Multi-stage Shaft Reactor Model

The results of the slag model for the metal and cyanide flow into the reactor are the initial points
for the calculation with the thermochemical program Factsage™ (version 7.0; FactPS
database).”s The gas flow from the slag area (also named zone 8) is separated into a hot and a
cold column. In each column, the gas flow ascends from zone 7 to zone 1. Zone 7 represents the
lowest zone (comparable with the bosh area). The gaseous and dust product of zonel
(comparable with the furnace top) exits the reactor by the top gas. Each reaction zone acts as an
ideal stirred reactor, where the alkali compounds have enough time to react with the process gas
to their most stable composition. The main constituents of the gas mixture are CO, CO2, N2, CHa,
H;, and H;O in different ratios depending on the reaction area. The gaseous fraction fully rises
into the next reaction area. The liquid and solid compounds are separated into an ascending and
a descending dust fraction,3¢ which flow into both higher and lower areas. The movement of
liquid or solid particles into lower and higher zones is mainly caused by the rise of droplets and
dust particles by the process gas flow. Biswas?® also highlighted the separation of fine
carbonates into the ascending gas and the descending burden column.
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Figure 4-4: Simplified alkali flow in the Figure 4-5: Reaction areas of the multi-stage model
reactor for the reaction model*3 and the separation into cold and hot zones
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Based on industrial investigations,3¢ this factor is between 30-40% (35% for the basic model) of
the total liquid and solid mass fraction. The rising and descending of the alkali compounds lead
to the formation of a circulation similar to the observed alkali cycle in the BF. This circulation
between zone 7 and zone 1 is an iterative process that leads to an output above zone 1 (top gas).
Besides the vertical temperature profile, it is necessary to define a horizontal temperature
profile. This is done by the separation of the BF into a colder and a hotter column (see Figure
4-5). The gas flow and the alkali flow from the slag phase for the standard BF is separated
50/50 mass-% into two independent systems. The circulation of the alkali compounds leads to a
steady-state mode after a certain number of iterations. Then the ratio of alkali compounds in the
top gas as well as the enrichment in the specific reaction zones can be determined.

Table 4-3: Reaction zones of the standard blast furnace, including temperature, pressure (absolute), and
gas composition derived from industrial dataz1.28

Reaction Blast furnace zone Temperature Pressure Gas composition[mol-%]
Area (hot/cold area) (abs.)

Top gas Top 160°C 1.0 bar 22% CO, 23% CO2, 3% Hz, 4% H20, 48% N2
Zone 1 Top 300/50°C 1.0 bar 22% CO, 23% CO2, 3% Hz, 4% H20, 48% N2
Zone 2 Heating zone 550/250°C 1.1 bar 22% CO, 23% CO2, 3% Hz, 4% H20, 48% N2
Zone 3 Heating zone 650/350°C 1.1 bar 27% CO, 19% CO2, 4% Hz, 2% H20, 48% N2
Zone 4 Heating/soaking zone 950/650°C 1.2 bar 31% CO, 14% COz, 5% Hz, 1% H20, 49% N2
Zone 5 Soaking zone 1050/750°C 1.3 bar 37% CO, 4% COz, 6% Hz, 1% H20, 52% N2
Zone 6 Boudouard zone 1250/950°C 1.4 bar 42% CO, 7% Hz, 52% N2
Zone 7 Melting zone 1550/1250°C 1.5 bar 42% CO, 7% Hz, 52% N2

Slag zone Metallurgical zone 1420°C 2.15 bar 42% CO, 7% Hz, 52% N2

/hearth

To simplify the model, a selection of the most important gas compounds and alkali compositions
was performed (see schematic alkali flow of Figure 4-4). The following compositions are
considered in the standard model:

Gaseous: Hz, CH4, N2, O, H20, CO, CO, K, KCN, Na, NaCN;
Liquid: H20, Na, NaCN, K, KCN, K0, Na;0,K,CO0s, Na,COs3;
Solid: C, Hz0, Na, NaCN, K, KCN, K;0, Na,0 K,CO3, Na,COs;

Halides, silicates, and further alkali compounds play a minor role for the circulation and are
neglected by the calculations of the multi-stage model. For the slag model (Chapter 4.2.2), the
input by silicates and the interaction of K/Na with all slag compounds is mentioned.

Table 4-3 shows the gas and temperature profile of the standard BF. The lower regions near the
bustles are characterized by high temperatures (>1000°C) and higher contents of H; (2-6%) and
CO (up to 35%) in the process gas. This leads to a gas mixture with a high reduction potential, as
it is necessary for the reduction of iron ores to metallic iron. In higher regions of the BF, the
reduction potential decreases as a result of the increasing amount of COz up to 24%. Moreover,
the temperature decreases to 150-200°C at the top. The pressure mainly depends on the hot
blast pressure in the tuyeres, which is derived from the burden distribution of the charging
program and the melting behaviour of the ferrous burden material and the additives.
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4.2.4 Results and Alkali Distribution in the Standard Model

The main outputs of the calculations carried out by the alkali model for the BF are summarized
in this chapter.

The basis for the evaluations is a 50 tHM/h-standard BF. The results for the calculation are
summarized in Figure 4-6. The main result is the calculated amount of different alkali
compounds over the BF height. The zones are based on the multi-stage model of the previous
chapter. The process conditions and input parameters belong to the standard BF, with
parameters described by Table 4-1, Table 4-2 and Table 4-3. The total input of alkalis is 2.9 kg K
and 1.14 kg Na (see Table 4-1).
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Figure 4-6: Distribution of alkali compounds for the standard blast furnace over the furnace height*3

The calculated capacity of the slag is 3.44 kg K+Na/tHM, which is approximately 85% of the total
alkali load. The evaporation of alkalis by the slag reaches 0.614 kg/tHM (15% of the total load),
whereas 0.358 kg is K and its compounds, while 0.256 kg is based on Na. Data from the
literature3é shows similar values. Approximately 50% of the alkalis are generated as metals by
the slag; the rest is mainly KCN/NaCN. The lower areas of the blast furnaces are characterized by
a higher amount of K/Na and KCN/NaCN. Because of the drop in the process temperature below
1000°C, the stability of cyanides and metallic alkalis decreases. In connection with the lower
reduction potential of the process gas (higher CO, and H»0O contents), carbonates become more
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stable. Gaseous compounds rise inside the reactor, while solid and liquid compounds descend in
the reactor (65 wt.-%) and ascend as little droplets (35 wt.-%).36 Like in industrial operations,
an increase of the alkali load in the middle of the BF can be observed. The maximum occurs in a
temperature range between 650°C and 1050°C. For the basic model, a load of nearly 20 kg K+Na
(19.9 kg/tHM) is calculated. The alkali load decreases up to the top area. Finally, the alkali flow
exits the reactor by the top gas (0.614 kg K+Na/tHM). The molar ratio between cyanides and
carbonates in the top gas is nearly 1:2 (32 molar-% to 68 molar-%). However, this ratio is highly
dependent on the temperature profile of the top zone.

For the description of the horizontal alkali distribution in the BF, two separated areas—a cold

one outside and a hot one at the
centre—are defined by the multi-stage
model (see Figure 4-5). The temperature
between the gas flow
(homogeneous gas temperature for the
cold and the hot zone) and the reaction
areas is 150 °C. This leads to different
equilibria for the alkali compounds at
the centre and the edge zone. The
calculations of the basic model show
different values for the hot and cold
areas (see Table 4-4 and Figure 4-7), the
total load, and the ratio. The alkalis
enter the lowest reaction areas from the
slag zone with a ratio of the elements K
and Na of 50%/50%. The alkali load of
the top gas is the sum of zone 1.

difference

Potassium load [kg/tHM]

Cold edge Hot centre
0.324 0.503
0.925 1.436
2.046 3.169
4.138 5.727
8.031 3.670
5.396 0.179
0.179 0.179

Figure 4-7: Distribution of alkali compounds for the
standard blast furnace 43

Table 4-4: Specific alkali load and ratios of the outer cold and inner hot zones (standard blast furnace for
slag temperature 1420°C and B,=1)*3

K-load [kg/tHM and %]

Na-load [kg/tHM and %]

hot area (centre)

cold area (edge)

hot area (centre)

Reaction Temperature [°C]

Area (hot/cold area) cold area (edge)
Zone 1 300/50°C 0.32 kg (39%)
Zone 2 550/250°C 0.93 kg (39%)
Zone 3 650/350°C 2.05 kg (39%)
Zone 4 950/650°C 4.14 kg (42%)
Zone 5 1050/750°C 8.03 kg (68%)
Zone 6 1250/950°C 5.40 kg (97%)
Zone 7 1550/1250°C 0.18 kg (50%)

0.50 kg (61%)
1.44 kg (61%)
3.17 kg (61%)
5.73 kg (58%)
3.67 kg (31%)
0.18 kg (3%)
0.18 kg (50%)

0.19 kg (37%)
0.56 kg (37%)
1.23 kg (37%)
2.47 kg (38%)
4.77 kg (58%)
3.23 kg (78%)
0.13 kg (50%)

0.33 kg (63%)
0.95 kg (63%)
2.10 kg (63%)
4.06 kg (62%)
3.52 kg (42%)
0.94 kg (23%)
0.13 kg (50%)

In reaction area 6 to 5 the cold area has a higher alkali load (temperature range of appr. 1000°C).
This peak changes in reaction area 4 to 1, where the hot area has the higher alkali load. The
main alkali discharge from zone 1 to the top gas comes from the hot area (more than 60 %).
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To summarize the results of the standard BF model, Figure 4-8 illustrates the input and output
flows. The left side shows the input data of the charged materials. The data is based on industrial
measurements. The mass of the single burden fractions is shown in kg/tHM. The ferrous burden
is dominated by sinter. The fuel rate is typical for European BFs with ~500 kg coke+coal /tHM.
The load of Na and K is shown in kg/tHM. In addition, the ratio of the alkalis in the burden
fraction compared to the total load is mentioned. Coke and sinter can be seen as the main
sources for K and Na. On the right side of the figure, the output streams are presented. The hot
metal is the biggest fraction, but it does not contain alkalis. The slag fraction carries the highest
alkali load. The top gas fraction (mass is shown for dust plus sludge) is separated into dust,
sludge, and washing water. Here, the total Na or K in the products as well as the ratio to the total
alkali output are mentioned. The masses are from measured industrial data. The alkali load of

the products is calculated by the standard BF model.

Output
Input Data Mass data Calculated data
Coki N K [ f 5 ! I I :
= 0.30 kga/tHM 0.83 kg ftHM Dust/Sludge  washingwater  washing water
400 kg/t HM 26% 28.5% U u 16 kg/tHm o.o; ﬁtum 0.1:30 I;:/;HM
._ a X
I Rl
e
Sinter ose hklga/ - ng/ il. T i Sludge Sludge
: t 1.66 kg /tHM ' K-load = 0.06kg/tHM 0,06 kg/tHM
1000 kg/tHNM 52% 57% /{f 2.91kg/tHM \\ 5.7% Na 2,1"5‘(.(
I'f Na-load= \1\'
Coal Na K fﬁl 1.14 kg/tHM \\ Dlll(sgt/ Dust
o 0.123kg/tHM g 117kg/tHM
0.05kg /tHM | | 0.05kg /tHM /
700 ke/t HM 55 20 {{/ \\ 11.5%Na 4.1%K
Lump ore Na K (;D/’h X . . ILC Slag Slag-Na Slag-K
0.09 kg /tHM VT i 0.89kg/tHM 2,56 kg/tHM
B0 b/t HM :i’ D.ZSgkiltHM \\ S J;f/ // 230 kg/t HM 82.9% Na Coben
J COLD \ HOT m
Pellets Na K o HM;.:;,‘
. 't
300 kg/t HM D.llllég%{tHM 0 124kfﬁ/tHM Blast Furnace - Dk.f!,(
standard conditions
Figure 4-8: Alkali flow of standard 50 tHM /h blast furnace
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4.2.5 Validation of Standard Model

For validation of the basic model, a comparison with industrial data and trends from literature

was essential.

Validation of the output streams using industrial data:

The data from industrial operations show that the alkalis are divided into two main fractions:
the slag phase and the top gas. The top gas fraction is separated during waste gas treatment into
dust, sludge, and washing water. In particular, the industrial values give a total K input of
2.9 kg K (all values in this chapter are for one ton of hot metal). Whereas 2.48 kg of K is dissolved
in the slag phase as K>0-Si0, the rest (0.067 kg K) enter the top gas as carbonates, cyanides, and
metals. The behaviour of Na is similar. The total Na input is 1.1 kg. It is separated into the slag
phase (0.85 kg Na) as Naz0-SiO2. The rest is discharged as carbonates, cyanides, and metals by
the top gas (0.051 kg Na). All the data are for a 50 tHM/h BF with input material and process
parameters similar to the standard BF in Table 4-1.

Species Amount Into top gas fraction
Washing water [kg/tHM]
0.031 kg K/ 0.029 kg Na (industrial data) 10 .
0.113 kg K / 0,000 kg Na (model data) K(g) 9 10_11 Washing water
” KCNg 7-10 Washing water
| Studge Na, 110" Washing water
|||' 0.015 kg K / 0.003 kg Na {industrial data) 11 .
I.' 0.058 kg K/ 0.061 kg Na {model data) NaCNg 1-10 Washing water
| Dust KCN 0.189 Washing water
|
||'|| 0,021 kg K/ 0.019 kg Na (industrial data) K,CO35) 0.311 33 wt-% fines (sludge)
Illy 0.117 kg K/ 0.123 kg Na {model data) 67 Wt-% coarse (dUSt)
.".'I NaCN 0.000 Washing water
. || Na,CO5 0.425 33 wt-% fines (sludge)
'\% \E\ > Hot Metal 67 wt-% coarse (dust)
\_ _"[53 0 kg K /O kg Na (empiric) Ktot 0.289
ﬂ coLp\ HoT Slag Nao: 0.185

} 2.48 kg K / 0.85 kg Na (industrial data)
2.56 kg K /0.89 kg Na (model data)

Figure 4-9: Comparison of calculated values (see values of single compounds in the table and the
allocation to top gas fractions on the right) with analysis from industrial operation*3

To compare the measured data with the calculated values, Figure 4-9 provides an overview. For
the slag phase, the model calculation gives a value of 2.56 kg/tHM K and 0.89 kg Na. This means
a deviation between the measured and calculated data of <49%. In this context, Biswas?28
determines that equal inputs of K and Na lead to equal amounts in the slag. Although this is not
seen in all BFs (Table 3-2), even in the calculations performed for this research, the ratio of
alkalis from the input material into the slag phase is similar with 80-90%.
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For the top gas, the individual treatment steps have to be considered. The top gas is treated
using several cleaning steps: cyclones, electrostatic filters, and washing units. This waste gas
treatment produces dust, sludge, and washing water as solid and liquid (aqueous solution)
leftovers. These cleaning steps also separate the alkali compounds from the gas flow—
particularly 0.021 kg/tHM K (0.019 kg Na) into the dust fraction, 0.015 kg/tHM K (0.003 kg Na)
into the sludge, and 0.031 kg/tHM K (0.029 kg Na) into the washing water of the wet cleaning
unit.

In the alkali model, the K/Na compounds are linked to the specific top gas fractions: 67% of the
solid carbonates in the top gas enter the dust phase (coarse particles), 33% of the solid
carbonates enter the sludge phase (fines particles), and the cyanides and metal compounds
enter the washing water. The results for the calculated standard BF are summarized in Figure
4-9 (right). The amount of metallic K/Na and NaCN is low (<10-10 kg/tHM). The thermochemical
stable product is mainly solid carbonate. Here 0.31 kg K>CO3() and 0.425 kg Na,COss) enter the
dust and the sludge. At the edge of the top zone at <150°C, even KCN is stable. This cyanide
enters the washing water. NaCN shows no stability under top gas conditions. In total, 0.289 kg K
and 0.185 kg Na leave the reactor by the top gas.

If you carefully weigh the calculated as against the measured data of Figure 4-9, the difference is
significant in some aspects. For the K balance, the calculated values are up to five times higher;
for Na, it is even more. This discrepancy is mainly caused by the mass balance of the industrial
data,116¢ whereas alkali input and output usually show a deviation of >10% during industrial
operation. After the evaluation of the output streams, the internal flows are examined more
closely.

Evaluation of the internal flows and alkali accumulation in the reactor:

A main task of the alkali model is allowing a look inside the reactor to provide knowledge about
the K and Na flow. The following methods of determining the alkali distribution in the reactor
are mentioned in the reviewed literature: On the one hand, an analysis of sampled material
according to the K and Na content is possible after a BF shutdown.119137 On the other hand,
models!1were also developed to predict the distribution.

For validation of the internal alkali cycle, mainly sources from the reviewed literature were
employed. Figure 4-10 summarizes data from the literature and the modell®® (Figure 4-10
[middle]), and from industrial data?® (Figure 4-10 [right]). As a result of these investigations, an
enrichment of K in the coke ash (middle) or total alkali oxides in the coke ash (right) was clearly
measureable. This enrichment is confirmed by the calculated values for K+Na (Figure 4-10, left).
However, the data from the literature focuses only on the alkali load in the coke fraction (the
developed alkali model focuses on the total mass flow through a fixed region in the BF and does
not mention the fractions of coke or ferrous burden material, which are in that region). For a
thermochemical prediction of values like the K content in the coke ash, additional information
about the burden movement would be necessary, which was not mentioned in the model of this
work.
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Figure 4-10: Alkali load (total potassium and sodium) for a basicity B,=1 and a slag temperature of 1420°C
(standard model), and comparison with the alkali distribution (middle: total K/Na in coke; right: sum of K/Na-
oxidic in the coke ash) over the blast furnace height based on industrial investigations36.109.119

Other investigations by an experimental BF138 also show the increase of K0 and NazO in SiO»-
based fluxes like dunite, olivine, and gravel over the reactor height. Figure A-8 (see Appendix)
presents the chemical analysis of these materials after the operation. The rise in alkali content is
linked to the enrichment of K/Na-containing compounds in the process gas. Especially for high
SiO2-bearing gravel, the K;0 content enlarges by the factor 10. However, these trends can be
seen as a confirmation of the basic outline of the standard alkali model.

Blast furnace: JPN 1" Blast furnace: Alkali model *° Blast furnace: JPN 2 '"°
Calculated balance Calculated balance Experimental data
Alkali input (4.42 kg/tHM) Alkali input (6.42 kg/tHM) Alkali input (2.62 kg/tHM)

Lumpy
zone

Zone

Dropping  Softening

zone

V

3.74 > 5.65 > 254

Figure 4-11: Comparison of alkali flows [kg K/tHM] between own alkali model (middle for standard blast
furnace with high alkali input), prediction from other models (left), and from industrial data (right)
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In general, for the analysis of the accumulation of alkalis in the reactor, several complex methods
can be performed. Figure 4-11 shows three different alkali balances from three different
approaches (calculated from model, own calculations, and experimental data). The basis for all
three balances is a small-scale BF (approximately 50 tHM/h). Although the load varies between
2.6-6.4 kg K+Na, the enrichment is determined clearly in all three methods. The values of the
internal alkali flow are linked to certain zones in the BF (dropping, softening, and lumpy zones).
Especially the discrepancy between calculated values (left and middle) and the experimental
data show the complexity of the alkali balance. However, the model reaches empirically
determined values for industrial plants (11-19 kg/tHM) in the lower shaft region.
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4.2.6 Parameter Analysis with Focus on Slag Properties

For the parameter analysis, four different variations of the standard model were performed.
First, two examples of a BF with small variations in pressure and slag composition plus tapping
temperature will be presented. Second, the impact of slag temperature on alkali generation and
enrichment will be shown. Finally, the slag basicity and its influence on the alkali distribution
will be examined.

Results of BF—variation 1 (hot blast pressure):

In the following, an example of a small modification of the pressure profile in the hearth is
presented. According to industial conditions a pressure drop through the stock and the tuyeres
of 0.5 bar is considered. This leads to a lower pressure at the slag phase compared to the
standard model. For the calculation, the pressure of 2.15 bar (see Table 4-3 at the slag zone) is
replaced by a reduced value of 1.65 bar. The data for the input and output materials (see Table
4-1), the process parameters (see Table 4-2) and the reactor profiles (see Table 4-3 except the
slag zone pressure) remain the same as for the standard blast furnace in chapter 4.2.1. Figure
4-12 shows the results of the BF-variation 1 (values and black columns) in contrast to the
standard blast furnace (grey columns). The lower pressure in the hearth leads to a higher alkali
generation by the slag phase due to Equation 4-1 and 4-2. The amount increases by 37% from
0.61 to 0.84 kg Na+K per tHM. Consequently, also the load in the higher regions rises.

049 topgas 0.35 top gas 0.84 topgas

Potassium Sodium 151 Alkalis total
0.62 .

total total

1.29

s 5.45
T 3.68 1.77
=
2 saz 3.91 12.03
B 1570 7.1 23.41
=]
= 19.81 10.49 30.29
1]
=
< 9.88 5.67 15.55
0.493 0.35 0.84
0.493 vaporized from slag 0.35  vaporized from slag 0.84 vaporized from slag
0.000 0.98 ' 2.67
K and Na metallic K and Na cyanidic K and Na carbonatic
0.000 0.00 10.58
g
0.000 23.36
I
= 0.00
g
£ 044
5 0.01 44.68
3
= 7.54 0.25 24.37
g
S 1088 7.98 - 036
0.47 0.69 0.00
0.74 vaporized from slag 0.18 vaporized from slag 0.00 vaporized from slag

Figure 4-12: Alkali distribution over the furnace height in kg/tHM (sum of cold and hot areas; values and
black columns for BF-variation 1, grey columns for the standard BF)
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The peak in zone 5 increases by 50% from 20 kg to 30.3 kg Na+K per tHM. The stability areas
for cyanides and carbonates remain constant for both cases. Generally, all compounds rise by the
lower pressure in the hearth, although the pressure, gas and temperature profile of the reactor is
not changed compared to the standard model. Variation 1 is seen as better model than the
standard BF due to the implementation of the pressure drop through the stock and the tuyeres.
Additionally, it shows the need of further examinations, especially of the dust rate.

Results of BF—variation 2 (slag properties):

In the following, an example of a small variation of slag parameters is presented. Table 4-5
shows the variation of Ts.g of +5K and an increase in slag basicity to B,= 1.16 with an industrial

near-slag analysis containing Ca0, Table 4-5: Process parameters of the blast furnace—
Mg0,Si02, Al203, MnO, S, TiOz and  variation 1 (including the parameters of the standard blast
other elements. The top gas and hot furnace)

blast properties and, consequently, the Hot metal/ Slag Slag composition
temperature, pressure, and gas profiles Temperature [C] 1425 (1420) Ca0 [%] 44 (50)
remained the same. The result of the K Slag basicity (B,) 1.16 (1.0) Si0, [%] 31 (50)
distribution over the BF height is Productivity [tHM/h] 50 ALO3 [%] 12
shown in Figure 4-13. In addition, the Slag volume [kg/h] 13500 MgO [%] 6
amounts of metallic and cyanide K K,0+MnO+S+TiO,+Fe,05+Na,0 [%] 7

compounds are illustrated.

0.08 top gas 0.00 top gas 0.12 top gas
'7, 027 } 0.00 § 041 }

091 % 0.00 % 0.00 %

243§ 000 § 0.00 ;

555 % 018 ¥ 0.00 %
S\ 1306 8 024 ; 002 §

235§ 6.08 % 544 §

047 3 ~

i 024 % 0.39 %
K total [kg/tHM] Kmetanic [kg/tHM] KCN [kg/tHM]

Figure 4-13: Distribution of total K and selected K compounds in the different reaction areas of the blast
furnace (variation 2) in kg/tHM (sum of cold and hot columns)*3

Comparing the results of the standard BF (Figure 4-6) and variation 2 (Figure 4-13), the
following statements can be made: By the defined slag variation, the total generated alkalis
already rise by 30%. In particular, the K peak increases from 11.7 to 13.1 kg/tHM. The stability
areas for Kmec and KCN are similar to the standard BF because of the same gas conditions. Only
the load is higher in variation 2 because of the higher alkali generation from the slag phase.

Variations 1 and 2 of the BF were important approaches for the model development and for the
evaluation of process parameters. The slag temperature and basicity will be discussed next.
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Evaluation of slag properties—temperature:

The next important step was evaluation of the slag parameters on alkali accumulation. As
discussed by several authors,96107.109113 the slag parameters have a major influence on alkali flow
inside the reactor. In particular, the temperature plays a major role in the equilibrium constant
(Equation 4-3) and the evaporation rate (Equation 4-7). To determine the effect in the alkali
model, calculations were performed with different slag temperatures. Figure 4-14 shows the
mass transport of the alkalis and their compounds (derived from all compounds) in correlation
with the slag temperature. The continuous lines with spotted points show the K/Na emission by
the slag phase. Lower slag temperatures lead to less K/Na evaporation. It rises with the
temperature. The dotted lines with the spotted points describe the amount of K (black) or Na
(grey) that leaves the reactor with the top gas. The gradient is smaller than the evaporated
masses in the BF hearth because of the influence of other parameters like top gas composition,
temperature, and pressure. The lines with square points are linked to the enrichment in zone 5
(1050°C/750°C) for both K and Na. The enrichment reaches a total value of approximately 20-
25 kg alkalis per tHM. Zone 5 was chosen for the evaluation because this area is also known by
other authors36.139 as the region with the highest alkali load.
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Figure 4-14: Influence of slag temperature on the alkali content in the reactor with the alkali load in
zone 5 (square points), and the alkali vapour (spotted points) from the slag phase (continuous lines) and
the top gas (dotted lines)*3

Evaluation of slag properties—basicity:

Another main factor for the alkali flow in the BF is the slag basicity. Acid compounds like silica
lead to a higher discharge of K and Na by the slag phase and less evaporation into the reactor.
Other slag compounds influence the evaporation due to their optical basicity%® (see Equations
4-5 and 4-6). Table 4-6 summarizes the performed calculations for different slag compositions
based on the basic model and a temperature of 1450°C. The calculations were carried out for the
standard BF with five theoretical slag compositions. Slags 1 to 3 are simple two-component slags
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with Si0; and CaO0. The contents vary between 45-55%, while the basicity varies from 0.82-1.22.
The change of the SiO; and CaO leads directly to a change in the alkali evaporation. At a basicity

of 1.22,

the evaporation rate is twice as high as at 0.82. The higher alkali flow from the slag into

the reactor leads to a higher enrichment in the stack and bosh regions. The K load for zone 3

(lower stack region) is shown in Table 4-6. Like the evaporation, even the mass flow is twice as
high with a higher basicity. For slags 4 and 5, Al,03; and MgO were considered as well. The
Si02/Ca0 ratio remains the same; up to 15% Al;03 and 10% MgO are added. It is seen that the
acidic character of Al;03 leads to less K in the reactor by slag 4 compared to slag 2. In contrast to

Al;03, MgO acts as a basic compound in the slag and an addition leads to a higher formation of K

by the slag. Moreover, the alkali load in the reactor rises with slag 5 compared to slag 2 or 4.

Table 4-6: Effect of slag composition on K/Na content in top gas and in the lower stack region of a blast

furnace (zone 3)%3

Slag No. Slag Composition Basicity Optical Basicity Kin top gas K enrichment
(Ca0/Si0,/MgO/Al,03) B,/B,4 A [kg/tHM] [kg/tHM]
Slag 1 45%/55%/0%/0% 0.82/0.82 0.64 0.31 3.9
Slag 2 50%/50%/0%/0% 1.00/1.00 0.66 0.44 5.6
Slag 3 55%/45%/0%/0% 1.22/1.22 0.69 0.66 8.3
Slag 4 40%/40%/5%/15% 1.00/0.82 0.66 0.42 5.3
Slag 5 40%/40%/10%/10% 1.00/1.00 0.67 0.49 6.3
Review on a parameter study of the alkali model and further work:

To sum

up, the following statements can be made after the parameter study:

Although the temperature and gas profiles of the reactor remain the same, a change in
the slag properties leads to a significant change in the alkali load of, for example, the
stack and bosh regions.

The slag model has to be developed further. The literature28 shows that the alkali content
of the outgoing slag seldom exceeds 2 wt-%. So, a maximum alkali load is seen in
industrial operations. This maximum capacity of the slag phase is not implemented yet.
The change of K;0/Na;0 activity from the cohesive zone to the hearth is not considered
yet. Instead, it is fixed by a stable value.

By means of this model, the determination of areas with a high alkali attack on coke,
burden material, and refractories is possible for different operation modes.

The model also shows that a higher slag temperature can enrich the alkali load by up to
500%; in particular, there is a theoretical increase of Tsag from 1300°C to 1600°C.
Moreover, the basicity changes the evaporation of K from 0.31 kg/tHM (B»=0.82) to 0.66
kg/tHM (B,=1.22), which is more than the double. Overall, a low tapping temperature
and a low basicity lead to higher discharge of K and Na by the slag phase and a decrease
in the alkali load of the reactor.
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4.3 Alkali Model for Smelting Reduction

Similar to the BF, other ironmaking reactors were examined as well. Especially because smelting
reduction processes have not been evaluated with regard to alkalis so far, this topic was a major
point of interest. For the evaluation of the alkali balance in smelting reduction processes
(COREX® or FINEX®), the melter gasifier was examined more closely.

4.3.1 Fundamental Layout of the Alkali Model for the COREX® or FINEX® Process

For thermochemical reasons, the alkali carbonates and silicates are stable in the reduction steps
of the process (see Figure 2-5 and Figure 2-6). Only afterwards in the melter gasifier do the high
temperature and reducing compounds in the process gases become dominant. Based on these
considerations, similar to the BF, a model for the melter gasifier was created. Again, the two
main parts of the simulation are an empirical slag model (see Chapter 4.2.2) and a multi-stage
reactor for the thermochemical calculation of stable alkali compounds (see Chapter 4.2.3).

Once again, the silicates reach the melter gasifier hearth, where they are reduced and boiled. The
conditions in the melter gasifier and BF hearth are similar with regard to alkalis due to the
similar reactor layout (as an in-bed reactors!). Consequently, the properties of hot metal
(C=4.6/4.5%, Si=0.3/0.5%, Mn=0.3/0.1%, P=0.07/0.11%, S$=0.03/0.02% for BF/melter
gasifier)?55 and the slag are similar. The FeO content of the final slag and the basicity B; are low
(approximately 1.1-1.3). The tapping temperature is lower for the BF (1420-1450°C versus
1500°C for the melter gasifier).

These similarities and discrepancies lead to both similar and different aspects in the field of
alkali reactions. Derived from the different paths concerning the gas conditions and the reaction
equilibria in Figure 3-4, the following statements are defined:

e The alkalis enter both reactors mainly as silicates (K.SiO3;, Na;SiO3) via the burden
material (gangue, binder) and fuels (coal/coke ash). Due to the thermochemical stability,
they do not react until the hearth area. In the hearth, the alkalis dissolve in the slag phase
and are partially reduced by the high carbon activity. Carbonates and oxides play a
minor role for the alkali input.

e The alkalis evaporate from the slag phase into the reactor as metals or cyanides. They
ascend in the reactor and get oxidized by CO, and H20 (as well as by FeQ). The lower
temperature in the upper reactor areas leads to condensing and solidification.

e The melter gasifier is shorter, and it has a higher top temperature and pressure in
comparison to the BF. This leads to a higher alkali load of the generator gas and less
alkali enrichment in the melter gasifier. However, the slag is the main source for alkali
discharge, as seen in the BF.

e Regards to the cyanide formation, a higher load of KCN and NaCN is expected in the BF.
This is caused by the higher N,-content of the process gas. Own calculations (see chapter
4.4.2) also show a higher cyanide load in the BF. However, the formation of cyanides is a
complex topic, which still has to be studied.
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e In general, two types of alkali cycles are known: an internal and an external alkali cycle.
In the BF, an internal circle forms over the reactor height. In addition, in the BF process,

the recycling of dust by the sinter plant leads to the repeated input into the process chain
(external cycle).
For the melter gasifier, an internal cycle also forms over the reactor height. Furthermore,
two kinds of external cycles exist. The first one is connected with the hot gas cyclone. It
separates the dust from the generator gas directly after the melter gasifier and feeds it
back into the reactor. However, the melter gasifier, including the hot gas cyclone, is only
a part of the total process. The second external cycle is formed by interaction with the
reduction stage because the COREX® and FINEX® processes are both two-stage
processes with a reduction and a smelting stage. After the melting aggregate and the hot
gas cyclone, small amounts of dust can remain in the reduction gas. This dust can be
filtered by the bulk in the reduction stage and the dust gets deposited at the solid
ore/sponge iron. After the reduction stage, the solids are again charged into the melter
gasifier by the iron carrier (e.g. DRI or HCI). This interaction between the reduction and
smelting stages is not a part of this work.>s

A comparison between the melter gasifier and the BF based on the alkali distribution is

discussed in Chapter 4.4.2.

4.3.2 Data Input and Outline of the Melter Gasifier

In this chapter, the input data and the profiles for the melter gasifier simulation are discussed.

Analysis and input masses: The masses of the charged materials per ton of hot metal (tHM) and
the chemical analysis (K- and Na-content in wt-%) are the initial parameters for the simulation.
They are inserted by an input sheet. For further calculations, all charged alkalis are seen as alkali
silicates. All alkalis will descend in the reactor and get dissolved in the slag phase of the melter
gasifier hearth. The input and output analyses for the melter gasifier are derived from
industrially charged materials and products,5> and summarized in Table 4-7.

Table 4-7: Exemplary data of potassium and sodium in input and output materials derived from industrial
datass for the melter gasifier model

Charged materials Input masses [kg/tHM] Chemical analysis Input alkali metals [kg/tHM]
HCI 1500 0.01% K/0.02% Na 0.13 kg K/0.23 kg Na
Additives (Quartz) 150 0.28% K/0.00% Na 0.43 kg K/0.00 kg Na
Coal 650 0.28% K/0.06% Na 1.85 kg K/0.38 kg Na
Coal (PCl) 150 0.05% K/0.05% Na 0.08 kg K/0.08 kg Na
Total Input 2.49 kg K/0.69 kg Na

Product Output masses [kg/tHM] Chemical analysis Output alkali metals [kg/tHM]

Hot Metal 1000 <0.003% K+Na 0
Slag 300-330 0.75% K/0.21% Na 2.25-2.45 kg K/0.62-0.69 kg Na
Dust after hot gas cyclone 2.5-3.1 7.92% K/5.56% Na 0.20-0.25 kg K/0.14-0.17 kg Na
Average Output 2.56 kg K/0.82kg Na
Discrepancy 0.07 kg K/0.13 kg Na
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Although the materials and analyses vary in the BF and melter gasifier model, all alkalis enter
the slag phase as silicates in both models.

Temperature, pressure, and gas composition:
The temperature, pressure, and gas profiles are derived for all reaction zones from the generator

gas and hot blast parameters. All used process parameters are summarized in Table 4-8.

Table 4-8: Process parameters for the outline of the profiles of the melter gasifier

Generator gas properties

Blast properties

Hot gas cyclone

GG temperature [°C] 1050
CO [vol-%] 64.2

H, [vol-%] 16.0
CO,[vol-%] 13.3

Temperature [°C]

Blast pressure abs. [bar]

Gas volume [m>/tHM]

Blast humidity [%]

HGC temperature [°C] 735
Top pressure abs. [bar] 5.5

Gas volume [m*/tHM] 2250

H,0 [vol-%] 6.3 O, content [vol-%] 99.5
N, [vol-%] 2 Flame temperature[°C] 2000
Top pressure abs. [bar] 4.5
Gas volume [ma/tH M] 1500
Hot metal/Slag Slag composition

Temperature [°C] 1500 CaO [%] 40
Slag basicity (B;) 1.43 Si0, [%] 35
Productivity [tHM/h] 180 Al,03 [%] 15
Slag volume [kg/h] 58500 MgO [%] 10
Rest (Kzo, MnO, S, TiOz, FeZ03, Nazo) 0

For the gas composition, all specific gases are calculated as kmol/h (see Chapter 4.2.1 for the

BF). The profile of the gas composition is fitted between the raceway zone (lowest zone defined
by the blast) and the dome area (highest zone defined by the generator gas) by a characteristic

trend curve. The basis for the trend is taken from literature

53,59

(see Figure 2-6).

Table 4-9: Reaction zones of the standard melter gasifier, including temperature, pressure (absolute), and
gas composition derived from industrial dataz1.28

Reaction Melter Gasifier zone Temperature Pressure Gas composition [mol-%]
Area (hot/cold area) (abs.)
HGC Hot gas cyclone 735°C 5.5 bar 64% CO, 13% CO2, 16% Hz, 6% H20, 2% N2
Generator Dome/freeboard 1050°C 4.5 bar 64% CO, 13% CO2, 16% Hz, 6% H20, 2% N:
gas
Zone 1 Dome/freeboard 1200/900 °C 4.5 bar 64% CO, 13% CO2, 16% Hz, 6% H20, 2% N2
Zone 2 Dome/freeboard 1200/900 °C 4.5 bar 64% CO, 13% CO2, 16% Hz, 6% H20, 2% N:
Zone 3 Dome/freeboard 1100/800°C 4.5 bar 70% CO, 13% CO2, 12% Hz, 5% H20, 2% N2
Zone 4 Upper char bed 900/600 °C 4.55 bar 76% CO, 10% CO2, 10% Hz, 4% H20, 2% N2
Zone 5 Upper char bed 1100/800 °C 4.8 bar 86% CO, 3% CO2, 8% H2, 3% H20, 2% N2
Zone 6 Lower char bed 1350/1050 °C 5.0 bar 99.75% CO, 0.25% N2
Zone 7 Lower char bed 1450/1750 °C 5.3 bar 99.75% CO, 0.25% N2
Slag zone Hearth 1500 °C 5.3 bar 99.75% CO, 0.25% N2
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The approach for the temperature and the pressure profile is similar. For the implementation of
a horizontal temperature profile, a temperature range can be added to simulate the cold centre
and hot edge zones (*150K for the melter gasifier). The difference to the BF (cold edge-hot
centre) is caused by the central charging of cold coal briquettes from the top. Table 4-9 shows
the temperature, pressure, and gas composition for all reaction zones, the slag zone, and the
generator gas (sum of zone 1 cold+hot). In addition, the conditions for a further reaction zone—
the hot gas cyclone (HGC)—are included.

For the slag zone, the slag temperature, productivity, and slag composition are mentioned in
Table 4-8. These values are directly linked to the activity ak.o in the slag phase.

Dust ratio and separation degree of HGC: For the construction of the alkali model and
particularly the formation of a circulation, a kinetic factor called dust ratio was included. It gives
the ratio of an ascending dust fraction compared to the dust, which is deposited and descends in
the reactor. The dust factor has to be inserted as an input parameter. Based on the literature and
the calculations performed as part of this research, the dust factor for a successful model is
between 30-40 mol-%. More details have already been discussed in the description of the multi-
stage model in Chapter 4.2.3. For the HGC, the separation rate had to be included. The value for
the separated dust fraction, which moves back into the reactor by feeds, is fixed at 90%.
However, variations of the separation rate were used to evaluate the impact on alkali

enrichment in the reactor.

4.3.3 Results of the Standard Melter Gasifier

For the evaluation of the alkali balance of the melter gasifier, a closer look at the alkali
distribution, and the alkali flows of input and output materials was taken.

The results for the standard melter gasifier are shown in Figure 4-15. At the top, the comparison
between K and Na is mentioned, as well as the total sum of the alkali load. At the bottom, the
three most important classes of alkali compounds are illustrated (left: metallic K+Na; middle:
cyanide K+Na; right: carbonate K+Na). Based on these results, the following statements are
made: The ratio of cyanides is lower at the bottom of the melter gasifier, but they are still stable.
Above the lower char bed area, the amounts of cyanides are negligible. The carbonates behave
similarly to those in the BF; the maximum is in the upper char bed region and the value
decreases in the dome. In total, the load of carbonates is lower than in a comparable BF. Metallic
K and Na are the main compounds in the dome area. They finally leave the melter gasifier by the
generator gas as a main alkali compound (>90% of K and 60% of Na are charged out as gaseous
metals).
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126 Benerator gas
Potassium
total

1.34
1.56
0.88
1.842
3.47
2.29
0.13

0.064 vaporized from slag

1.955

1.955

0.105

0.025 K and Na metallic

0.246

Alkali load [kg/tHM]

2.645

0.108

0.175 vaporized from slag

0.78

0.84

1.01

0.65

1.35

2.53

1.65

0.040

0.005

0.005

0.001

0.003

0.012

2.401

0.184

generator gas

Sodium

total

vaporized from slag

K and Na cyanidic

0.059 vaporized from slag

0.434

1.239

2.859

6.318

11.453

0.000

0.000

2.03

217

2.58

1.54

3.19

6.00

3.94

0.208

generator gas

Alkalis total

0.104 vaporized from slag

K and Na carbonatic

0.000 vaporized from slag

Figure 4-15: Alkali load for the standard melter gasifier
(180 tHM/h, Ts1ag=1500°C, B2= 1.1, sum of cold and hot areas)

A special aspect of the melter gasifier model is the waste gas treatment by an HGC. In the HGC,
the dust-loaded gas stream is calculated again for a temperature of 735°C. The gas composition
remains constant for the generator gas and the HGC. An important factor is the separation
degree of the cyclone (90% of the total solid and liquid alkali loads are removed from the stream
and recycled). The HGC lowers the alkali load in the stream from 2.03 kg/tHM to 0.2 kg/tHM.
The remaining dust (1.83 kg/tHM) is fed into zone 2. Figure 4-17 shows the effect of the dust
recycling and a second alkali peak forms in the dome area. The main compound of this peak is
metallic K/Na due to the high temperature and CO content in the process gas. To evaluate the
influence of the external dust recycling, a variation of the separation degree of the HGC was
performed. Through the change in the separation rate from 90% to 95%, the alkali load in the
generator gas increases by more than 90% from 2.03 kg/tHM to 3.87 kg/tHM.
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In addition to Figure 4-8 (BF), Figure 4-16 shows the mass balance of the standard melter
gasifier. The input materials are on the left side, including the amount and ratio of the input
masses (HCI, coal, coke, fluxes) and the ratio of the total alkali load for each mass fraction. On the
left side at the bottom, the output data derived from the industrial operations of hot metal, slag,
and dust (including the ratio of total output) is visualized. At the top, the calculated amount of
K/Na in the different fractions including the ratio is shown (the dust of the external circulation
of the HGC is also mentioned).

Input-data
HCI Na K
1480 kgft HM 0.18 kg /tHM 0.17 kg /tHM
34% 7.1%
Coal (briqu.) Na K
650 kg/tHM 0.29 kg ftHM 1.83 kg /tHM
53.6 % 75.8%
Coal (PCI) Na K
150 kg/t HM 0.06kg /tHM 0.06kg /tHM
10.2% 2.6%
Coke Na K
50 kg/t HM 0kg /tHM 0kg /tHM
0% 0%
Fluxes Na K
150 kg/t HM 0.01kg/tHM  0.35kg/tHM
21% 14.4%

(=

K-load =
2.415kg/tHM

Na-load=
0.54kg/t HM

COLD

HOT

GZD

Melter Gasifier

standard conditions

Output
mass data calculated data
Dust
40 kg/tHM
Dust after HGC Dust after HGC
0.08 kg/tHM 0.13 kg/tHM
13.4%Na 5.1%K
Dust before HGC Dust before HGC
0.76 kg/tHM 1.26kg/tHM
Slag Slag Na Slag K
330 kg/t HM 0.51 kg/tHM 2.34 kg/tHM
86.6% Na 94.9 %K
Hot Metal HM-
0kg/tHM
1000 kg/t HM 0% K

Figure 4-16: Alkali balance for the standard melter gasifier with input data and output masses from

industrial data and calculated K/Na in the slag and dust
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4.4 Discussion about Alkali Model

In the following chapter the outcome of the alkali model for both reactors is discussed.

4.4.1 Background of the Standard Blast Furnace Model

For the standard process a blast furnace with high alkali load (4.1 kg K+Na per ton hot metal)
was chosen. The reason therefore is the local iron production by blast furnaces with high alkali-
bearing materials. Consequently, the slag basicity B, is below 1, which is not typical for
European blast furnaces. A slag with high silicon content has a high capacity for alkalis, which
leads to a minor K/Na-emission into the reactor. However, the higher basicity combined with
the lower content of alkalis in the charged material will lead to a similar dimension of the alkali
cycle for other European blast furnaces. This is confirmed by data from literature (see Figure
3-8) and own investigations (see chapter 4.2.6). Another aspect for the evaluation is the size of
the blast furnace. The standard model deals with a productivity of 50 tHM/h. This value is low
compared to modern blast furnace operations. The size was chosen because of two different
reasons. First, the production with furnaces of 50 tHM/h productivity is typical for local steel
producers. The data from the local blast furnaces were essential for the model development.
Second, the literature for the evaluation is based on blast furnace data with a similar size.110.119
The typical productivity of modern blast furnaces is up to 400 tHM/h. In the model the higher
productivity will increase the total alkali flow in the reactor. The amount of alkalis per ton hot
metal will depend on the gas volume in the reactor and can vary compared to the standard blast
furnace. This point was also considered for the comparison between the blast furnace and the
melter gasifier in the following chapter.

4.4.2 Comparison between Blast Furnace and Melter Gasifier

There are several differences between the two ironmaking reactors (see Chapter 2.1). For
instance, the firing is done by tuyeres for both reactors but with different gas agents (BF: 23% O
and 77% Ngz; melter gasifier: 99.5 % 02).
Furthermore, the diagrams in Figure 2-3 and
Figure 2-6 show the differences in the
temperature, pressure, and gas profiles. The

Table 4-10: Important differences in the process
layouts of the standard reactors

pressure is lower for the BF operation. Blast furnace g;lseilitizrr

Starting from 2.15 bar at the raceways, the —gr i 1220 °C 1500 °C

pressure drops to 1 bar at the top. The melter Basicity Bo/B;/By 1/1/1 1.1/14/1

gasifier starts with 5.3 bar and shows 4.5 bar ~ Rising dust ratio 35 wt-% 35 wt-%

in the dome. The temperature is similar for ~ broductivity 50 tHM/h 180 tHM/h

both he h h (alth h th Blast volume 1000 Nm*tHM 400 Nm*/tHM
oth reactors at the hearth (although the Hot gas cyclone o yes

tapping temperature for the melter gasifier is
higher—1500°C versus 1450°C). It drops in the higher areas to T<1000°C. This decrease in
temperature continues for the BF to a top gas temperature of 150°C.
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For the melter gasifier, the dome at the top shows a higher temperature (1050°C) compared to
the char bed (850°C). The process gas is characterized by a high nitrogen content (~50%) for
the BF. The GOD increases over the furnace height (CO and H; are decreasing, CO; and H;0 are
increasing) up to ~50%.

0.614 top gas 2.034 generator gas

1.354

2.174
K and Na total
3.868 2.576
5 =
I = .
X 8541 W 13
o =
T 16.400 g 312
3 o
£ 19991 s 5%
= <
9.749 3940
0.614 0.208
0.614 vaporized from slag 0.104 vaporized from slag

Figure 4-17: Alkali load (total potassium and sodium) for the blast furnace (left) and the melter gasifier
(right)

In contrast, the melter gasifier shows no N, and mainly CO for the lower areas. The CO content
only drops to values >65% in the dome area, which means a GOD of 10-15%. One important part
of the melter gasifier is the HGC, which is located after the generator gas pipe. It separates the
dust from the gas phase (separation degree of 90% for the model). The dust is recycled into the
process by feed ducts, which are located above the char bed (see Figure 2-6). For the calculation,
this recycled dust is considered in reaction zone 2. The temperature for the HGC was defined
with 735°C for the calculation of the equilibrium.

For a comparison of the alkali flow in the BF and the melter gasifier, calculations were
performed until the steady state for both reactors. Although both reactors are based on a similar
multi-stage model, the following additional discrepancies in the process conditions have to be
considered (see Table 4-10). The slag properties are quite different for temperature and
composition. The melter gasifier slag is hotter and has a higher basicity caused by the higher
ratio of MgO. The results for the alkali load over the reactor height are visualized in Figure 4-17
for the BF (left) and the melter gasifier (right). The enrichment is measureable for both reactors.
From the start at the lowest zone (slag area), the BF shows higher values for the evaporated
alkalis. The higher amount of gas and the lower pressure from the tuyeres are the main reasons.
Both lead to the favoured transport of K and Na from the slag into the gas phase above the
furnace hearth. Slag properties like a lower tapping temperature and similar basicity Bs
theoretically lower the alkali emission, but have minor consequences in these cases.
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Table 4-11: Comparison of the main findings by the alkali model for blast furnace and melter gasifier

Blast furnace

Melter gasifier

The high range of process gas composition,
pressure, and temperature over the furnace
height lead to the formation of complex alkali
cycles. The enrichment is significant. The model

General

simulates the concentration of alkali compounds
in specific BF areas.

The high ratio of Nz in the process gas leads to
the formation of cyanides in the lower zones, as
well as in the top region. The cyanides in the top

Cyanides

region are separated mainly by the washing
water from the waste gas flow.

The temperature of approximately 150-300°C
(160 °C for the final top gas, 300 °C for the gas in
the hot reaction zone) and the high amount of
oxidizing compounds in the top gas (CO2) lead to
the stability of mainly carbonates. They mainly
get separated from the waste gas flow by the
dust or sludge fraction.

Top gas

The slag is the main source for alkali generation
into the furnace. The basicity the
temperature are the main parameters for the
K20/Naz0 activity and, consequently, the
evaporation. The amount of metallic and cyanide
vapour is similar with regard to the hot blast
composition.

and

Emissions by the
slag phase

The melter gasifier is characterized by a dome region
with high temperature. The process gas is defined by a
high CO content (high reducing conditions). The recycling
of dust from the HGC leads to a second peak in alkali
enrichment above the upper char bed area.

Due to the injection of 99.5% oxygen through the tuyeres,
the amount of alkali cyanides is negligible compared to
other alkali compounds.

The top gas is characterized by a high temperature
(>1000°C) and a high CO content. This leads to a high
ratio on metallic alkali vapour compared to other alkali
compounds. A significant increase in K/Na is caused by
the recycling of dust from the HGC.

The slag is the main source for alkali generation into the
reactor. The basicity and the temperature are the main
parameters for the K20/Naz0 activity and, consequently,
the evaporation. The amount of metallic vapour is higher
than for the cyanide compounds. In addition, the total
alkali evaporation is less due to the lower gas rate from
the tuyeres (only 30% of hot furnace blast volume)

A main goal of the alkali model for the melter gasifier is to predict the alkali output by the slag
phase and the top gas (BF) or generator gas (COREX® and FINEX® processes). The correlation
between composition and emitted fraction (carbonates in dust or sludge, metals and cyanides in
washing water36) allows the forecast of K/Na in the top gas treatment system. In Table 4-11, the
main finding of the alkali models for the BF and the melter gasifier are compared based on

several significant categories.
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4.5 Results of Alkali Model: Future Potentials

The alkali model for ironmaking reactors enables a

specific focus on the behaviour of K/Na compounds in ‘égf‘%fglefi
the BF and in smelting reduction processes. It predicts 100G 2 bar
the stability of alkali compositions as well as the :‘Hcélir:]j‘](’"

enrichment in specific areas of the reactor. The
comparison with industrial data shows analogies of the
calculated values.#3 However, continuous improvement
and development of the model is necessary.

The next steps should focus on the interaction of alkali
metals with halogens (Cl, F) and the behaviour of other
circulating elements (Zn, Pb) in ironmaking processes.
Previous research by several authors3é!13 has already
focused on the accumulation of halogens in the reactor
and in the gas treatment system. Figure 4-18 shows the
circulation of chlorine in a BF, where KCl, NaCl, and HCI
are stable compounds. In the next step of alkali cont
modelling, the stability of these compounds will be Et;(\zl
considered. The similarity of measured CI flows to the
developed alkali model is clearly visible. Preliminary

studies have already confirmed the approach of Cl/F
modelling by the alkali model. The chlorides and
additional fluorides are formed as stable compounds Figure 4-18: Chlorine in the blast
over the BF height. They descend or ascend with the gas furnace, including the interaction with
stream and the bulk. However, the thermochemical alkalis!13

stability of these compounds has to be linked to Kinetic

approaches to get a better and process-near picture of the chlorine accumulation.

“R-750 °C

~800°C-1400°C
~22-3bar
KCl(g). NaCl(g), (HCl(g))

~2 200 °C, 3 bar
'“;HCl‘-q_‘\. KC\\‘_Q‘{.‘_
-=* NaCl(q)
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5 Microscopic Effect of Alkalis on Reduction,

Disintegration and Melting

Next, he must have knowledge of Drawing, that
he can draw plans of his machinery.

Georgius Agricola, De Re Metallica

This chapter deals with the investigations on the microscopic effects of alkalis on the ferrous
burden materials. By the adoption of common methodologies as well as the development of new
approaches for the investigation of alkalis, the reproductive measurement of different iron
carriers was performed under the influence of alkalis. To get an overview about the total project,
the following aspects are investigated in the following chapters:

Investigated materials and methodology (Chapter 5.1)

The assimilation of alkalis in ferrous burden material by different morphological phases
(Chapter 5.2)

The influence of K and Na on indirect reduction of the iron oxides by reduction gases
containing CO and H; (Chapter 5.3)

Mechanical stability, particularly abrasion, sticking, and a disintegration tendency
(Chapter 5.3.3)

The effect of alkalis on the formation of metallic iron (Chapter 5.3.4)

The softening and melting behaviour of reduced burden material under the influence of
alkali metals (Chapter 5.4)
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5.1 Methodology for Investigations of the Samples of Ferrous Burden
Material

For these investigations, representative samples of ferrous burden materials (lump ore, pellets,
sinter) used in the BF and smelting reduction processes were taken. For lump iron ore, hematitic
as well as limonitic ore was chosen; for the pellets and for the sinter, two different blends were
investigated. The chemical composition of the raw materials is summarized in Table 5-1. The
hematite raw ore shows a high content of iron oxide, while the gangue has a very low basicity
(high content of acid compounds SiO; and Al>03). The amount of K and Na is high (approximately
0.1% K:0), which is typical for ores from iron-banded formations.%> The surface area is low,
which indicates a dense, hematite structure. The limonitic ore shows a high Fe content and a
high LOI (which represents the bounded water). The basicity is low (high SiO; and Al;03
contents). The surface area is high, which is typical for ores with a high ratio of limonite. K,0 and
Na;0 have already been washed away during weathering, so they are not present. For the
pellets, two different brands were chosen. Pellet 1 is characterized by an acidic binder (very high
SiO; content) and a high amount of alkalis. Pellet 2 is a basic pellet (higher CaO content) with a
lower amount of alkalis. Both pellets show a low surface area, and their Fe content is high and
LOI is low (indicating hematite as the main iron carrier). For the sinter samples, two industrially
used materials were chosen. Both show a similar Fe content. Sinter 1 shows a lower basicity and
double the amount of alkalis than sinter 2. The surface area is very low and it was not
measureable by BET measurement (Brunauer-Emmett-Teller analysis).

Table 5-1: Chemical composition and specific surface area of the investigated raw materials

Specific surface  Fe Fe’ Al,0; CaO0 K,O Na,0 MgO SiO, LOI B, B,

area [m?/g] [%] [%] [%] [%] [%] [%] [%] [%] [%]
Hematite 0.42 67.0 1.01 0.71 0.02 0.118 0.1 0.01 2.6 0.34 0.0 0.0
Limonite 3.74 63.3 0.76 11 0.01 0.004 0.01 o0.01 1.68 6.36 0.0 0.0
Pellet 1 0.23 64.6 1.38 0.38 0.17 0.08 0.05 0.33 6.34  0.06 0.0 0.1
Pellet 2 0.4 65.4 0.26 1.28 2.26 0.02 0.02 0.01 2.1 0.19 4.5 13
Sinter 1 n.a. 52.41 5.4 2.25 9.72 0.54 0.072 299 7.9 0 1.23 1.25
Sinter 2 n.a. 52.69 5.6 1.74 12.07 0.303 0.046 3.14 6.7 0 1.80 1.80
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grain size
distribution

grain size
distribution

Visual data grinding

BT.A Visual data

tast data

Figure 5-1: Flow sheet for the evaluation of ferrous burden material affected by alkalis

Prior to the investigations, all samples were leached with K and Na separately, following a
standardized methodology (see Figure 5-1). First, the raw material is dried before being soaked
in an aqueous solution containing either NaOH or KOH. Pre-tests were performed using NaCOs3,
which showed the same assimilation of Na as NaOH. After a soaking time of 14 days, the samples
were taken out and dried. A chemical analysis was done to determine the assimilation of K and
Na. The reduction tests with the treated samples were carried out to determine the change in
reducibility in comparison to non-treated materials. To determine the mechanical stability, the
reduced samples were sieved and tumbled according to the standard ISO 4701:2008.140 The
measured grain size distributions were compared to values before reduction and to the values of
untreated materials. To evaluate the softening and melting behaviour, the reduced samples were
tested by hot stage microscopy, high-temperature laser-scanning confocal microscopy (HT-
LSCM), and differential thermal analysis (DTA). Especially the results of the DTA were
considered for characterization of the influence on melting and softening by alkali treatment. In
the following chapters, the methodology of the single steps is described, including the main
influences and results of the alkali addition to ferrous burden materials.

5.2 Alkali Assimilation of Ferrous Burden Material

Derived from the gas atmosphere in ironmaking processes, a specific methodology for the
soaking of materials was developed. In industrial processes, alkalis often occur as gases and
impregnate solid particles like burden materials and coke. For instance, this relation is seen in
the BF shaft. Hence, a methodology was developed that shows the fluid-solid reaction between
burden material and alkali vapour, similar to that seen in the BF shaft. The soaking of solid
ferrous material in an aqueous solution was an approach to simulate the interaction between
fluid (alkali vapour in the process gas) and the solid particles (burden material). Similarly to the
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BF shaft, the alkalis move from the fluid into the solid material by diffusion. Compared to the
literature,125126 this procedure is the best way to visualize the real process (no synthetic phases
and no input of halogenides, which also affect the reaction mechanisms). The solution was
prepared using distilled water and 5 molar KOH or NaOH separately. The raw material was
sieved (grain size between 10-12.5 mm) and dried (24 h at 105 £5°C141). The dried material was
then put into the solution and the soaking continued for 14 days. The samples were dried and
analysed with regard to their alkali assimilation. Table 5-2 shows the analysis for lump ore,
pellets, and sinter for the raw material and the 5-molar treated materials. In addition, Figure 5-2

shows the increase during the alkali treatment. Soaking was also carried out in 1 and 2.5 molar
solutions as well to verify the trends.

Table 5-2: Chemical analysis of K/Na of untreated and treated raw materials

Specific surface Untreated K-treated (5-molar) Untreated Na-treated (5-molar)
area [m?/g] K,0 [%] K,0 [%] Na,O [%] Na,O [%]

Hematite 0.42 0.118 0.37 0.1 0.2

Limonite 3.74 0.004 0.87 0.01 1.16
Pellet 1 0.23 0.08 1.965 0.05 1.139
Pellet 2 0.4 0.02 1.085 0.02 0.939
Sinter 1 n.a. 0.54 0.92 0.072 0.89
Sinter 2 n.a. 0.303 1.176 0.046 1.158

18+ Il untreated

16 i I 1 molar
1 B 2.5 molar
141 5 molar

content of K/Na [%]
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Figure 5-2: Alkali content of the ferrous material in correlation with the molarity of the solution

All materials show an increase during soaking; the tendency follows a linear correlation
between alkali assimilation and the molarity of the solution (which is similar to the assimilation
in industrial processes by the partial pressure of alkalis in the gas phasel%9). To get an overall
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view on the different materials, additional analysis by microprobe was performed. These results
are shown for the burden materials separately.

Hematite lump ore: During treatment, an increase of K and Na in the ore was detectable.
Although the total increase is not high because of the dense structure, especially the gangue is
affected by K and Na. However, the gangue already shows a higher amount of K before the

saturation.

L S o
Higher K- adsorption (% |
in gangue '."

F, \Hr s

i Gangue (dafk) 'k‘\ '

No K- adsorption
in hematitic areas

by K7

Figure 5-3: Mineralogical structure (left) and K distribution after treatment (right) in hematite lump ore

Limonitic lump ore: The limonitic lump ore shows higher assimilation compared to the hematite.
This is mainly due to the higher surface area, which leads to high amounts in the porous limonite
for K as well as Na. Figure 5-4 shows the major assimilation in the limonite and the minor
assimilation in the hematite. Compared to the original raw ore, which consists of hardly any K
and Na, the total assimilation was very high (nearly 1% in a 5-molar solution). The distribution
of Na over the particle is similar to that of K.

Limonite PR R £ 0 Lowerk-adsorption
(dark) - in hematitic areas

Hematite | : X
. R & i  Higher K- adsorption
(Ilght) g . inlimonitic areas

Figure 5-4: Mineralogical structure (left) and K distribution after treatment (right) for limonitic lump ore
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Pellets/Sinter: Both pellets and sinter show high assimilation of alkalis. In contrast to the lump
ores, the specific surface area is very low; hence, it cannot be the reason for the high alkali
increase. Absorption instead of adsorption on the inner surface is the main process during
treatment. Investigations by microprobe (see Figure 5-5) show the K especially in the glass and
gangue phases. In the sinter, the calcioferrite and hematite—and the hematite grains for
pellets—are less affected by the alkali treatment.

Calciumferrite [ higherk. goordly K€
( ) adsorption in ‘N s?rp mn.m
grey glass calciumferrite

Hematite
(light)

No K- adsorption

in hematitic areas
- )

<+—>

T

v 3

Figure 5-5: Mineralogical structure (left) and K distribution after treatment (right) for Sinter 1

For the alkali treatment, it was important to eliminate the effect of the basic solution (OH- in
aqueous solution) and of the water itself on the ferrous material. Therefore, tumbling was
carried out after the soaking, but no effects on the mechanical properties of the binding forces—
for example, in the glass phase—were measureable between untreated and treated material.
Table 5-3 shows an overview of the assimilation investigated by chemical analysis, scanning
electron microscope (SEM), and microprobe.

Table 5-3: Summary of the K/Na content in different iron carriers under the influence of alkalis

Type of ferrous burden Mineralogical phase Untreated K-treated Na- treated
. hematite no very low very low
Hematite . .
gangue low medium medium
limonite no medium not measured
Limonite hematite no low not measured
gangue no medium not measured
hematite no low low
Pellets ) )
glass low very high very high
hematite no no no
Sinter calcioferrite no low low
glass medium very high low
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5.3 Influence of Alkalis on Reduction Reactions and Mechanical Stability

The effect of K and Na on reduction is determined by reduction tests under reducing
atmospheres (gas mixtures with CO, Hz, CO2, H20, and N3) and specific temperature regimes. In
total, three different reduction tests were performed: a standardized test (ISO 4695) and two
types of process-near tests (BF conditions, smelting reduction conditions). They were operated
with untreated and alkali-treated materials. The outcome of the tests gives an explanation about
the effect of K and Na on reduction reactions.

5.3.1 Testing Equipment and Programs for Reducibility and Mechanical Stability

The reduction is carried out in a fixed-bed reactor with a diameter of 75 mm. Figure 5-6 shows a
scheme of the reduction facility, including the gas supply units (mixing of the single gas
compounds CO, COz, Hz, H20, and N;). The gas mixture enters the vertical reactor from the
bottom and the sample is positioned on a grid above the gas-preheating zone. The reactor retort
is electrically heated in a three zone-tubular furnace. The reduction is operated in a batch mode.
The exhaust gas leaves the reactor at the top. The weight loss is recorded by a weighing device
and is used to determine the change in the RD over time. The most important values for the
determination of the reducibility are the RDgo (needed time to reach an 80% RD) and the

reduction rate (C%D) (rate at a 40% RD). The main technical data is shown in Figure 5-6 and
40

Table 5-4.

weighing gas supply unit Table 5-4: Technical data and values!3!
offgas system T ]

N > ' Sample mass 500 [e]
‘ process gas, ; Max. testing temperature 950 [°C]
thermo- i
c© €0, i Grain size 10-12.5

couple . — —
______ ) (input material) ]

/
—

1]
1

1
A]

i i‘
! . O enoe
o=l B i Reduction degree RD = ( = ] -100 [%]
3.stage 3 1 total
heating ...
system L P . .
{on Time for RD = 80% RDso [min]
Bl &
T B~ dRD 33.6
_—_— Reduction rate [Tj =, [%o/min]
‘ > “\ " sample portion f w0 oo h
= /=T gid process control

Figure 5-6: Testing device (retort) for the reduction of
iron ores!3!

To get an overall picture of the reduction behaviour, standardized and process-near tests were
performed. The standardized test follows ISO 4695142 and is carried out under a CO atmosphere
at 950°C. Although this test delivers important values for the characterization of the material, it
does not visualize the real process conditions in ironmaking reactors like a BF very well.
Consequently, two adapted reduction tests were established to perform the tests under process-
near conditions; one under BF process-near conditions (BF) and one under smelting reduction
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process-near conditions (SR). The modified temperature profiles, gas composition, and gas flow
rates are summarized in Table 5-5 for all testing types. For further information about process-
near tests, see Hanel.80

Table 5-5: Parameters of the standardized and process-near reduction tests

Time
Test Step Temperature [°C] Flow rate Gas composition [vol.-%] .
[NI/min] [min]
n O AT to 950°C 50 NI/min 100% N, ca. 60
[e B
2L | 950°C 50 NI/min 40% CO, 60% N,, RDgo
0 AT to 300°C 25 Nl/min 100% N, ca. 20
5 2 S | 300-500°C 50 NI/min 24% CO, 23% CO,, 3% H,, 50% N, 30
Q p= .
S S T 500-950°C 50 NI/min Continuous from phase | to phase Ill 60
m 2 9 .
°om 950°C 50 NI/min 42% CO, 5% CO,, 3% H,, 50% N, RDg,
0 AT to 300°C 25 NI/min 100% N, ca. 20
wv
5 3 51 300-500°C 25 NI/min 39% CO, 46% CO,, 15% H, 20
] ki~ .
h> S T | 500-800°C 25 NI/min Continuous from phase | to phase IlI 40
»n 2 o .
o 800°C 25 NI/min 65% CO, 10% CO,, 25% H, RDg,

*AT....ambient temperature

As a consequence of the modified process conditions, new mechanisms occur during the iron ore
reduction. The Baur-Glaessner diagram illustrates the single steps from oxide to metal for the
modified tests. The dotted lines show the stability fields for pure H2/H.0 or CO/CO; mixtures,
while the black line shows the equilibrium lines for the gas mixture at the beginning of the test.
In contrast to 1SO 4695 (pure CO, which directly leads into the stability area of metal iron), a
reduction route through a changing gas and temperature profile is performed.

1000 ! T iz 1000 1y
Il Fe.,0 \
800 i 2 w0 NIl
~ H H ' ~
p H 3 i i | ~
o0 S Ayt 748 ym s v e
g F ; ! [ ~——
E 700 ~ o B~ TOD <
H 2co,
g 500 et ~ f cg, 600 K
£ Fe ~x Fe 1
500 P . 1 500 .
v
! 1
0 01 0.z 0.3 0.4 0.5 0.6 0.7 0.3 0.3 1 [/} 0.1 0.2 0.3 0.4 0.5 06 oT [ }:] 0.9 1
— (Xno + XeoJ(Xn#XcotAnotKen) — (%m0 + Xeo)/(Xn+ReotRnotXen,)
==== 0,00 (2H, « Xr0) === xnol{xn, + Xn0)
e Koo, l{Xeo » Xeo,) seeeeses e, f{Xeo + Xeo))
Figure 5-7: Process route of the blast furnace Figure 5-8: Process route of the smelting reduction
process-near reduction test (BF) in the Baur- process-near reduction test (SR) in the Baur-
Glaessner diagram Glaessner diagram

The main differences between BF and SR tests are the lower temperature for the SR test, the
higher ratio of H; in the process gas, and that no nitrogen is present during reduction. Moreover,
the path in the Baur-Glaessner diagram is different for the two procedures. In the BF test, the
process conditions of the reduction gas leads to the formation of iron from the beginning. During
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the SR test, magnetite is formed in the first reduction phase. Further effects of the different
process conditions on the burden materials will be discussed in the following chapters.

In addition to the reduction tests, research also focused on mechanical stability. Therefore,
tumbling tests with a drum (for specific data, see Figure 5-9 and Table 5-6) were performed with
the reduced materials. The mechanical parameters were adapted to industrial near-process
conditions (see Hanel8?) that are mainly derived from ISO 4696-1.143 In general, all tendencies
are calculated by the ratio between a specific mass fraction m; and the total mass mo. The mass
fractions are for the disintegration (m1) a particle size <6.3 mm, for the abrasion (m:) a particle
size <0.5 mm, and for sticking (m3) a particle size >12.5 mm.

200 Table 5-6: Testing conditions of the tumbling tests and
equations for the evaluation!3!

8 Rotations 900 [---]
8 Rotation velocity 30 [U/min]
= m
Disintegration tendency (DT) DT = m—l - 100 [%]
0
rotating chamber m,
| Abrasion tendency (AT) AT = o 100 [%]
0
Sticking tendency (S ST="2.100 o
Figure 5-9: Schematic picture of the tumbling ticking tendency (ST) S mg ]

drum, including the dimensions?3!

5.3.2 Results of the Reduction Tests

In this chapter, the influence of different process conditions and the effect of alkalis on different
iron carriers (lump ore, pellets sinter) are discussed. In general, all materials are affected by
alkalis. First, the performance under ISO and BF conditions is discussed, then a comparison to
SR-conditions for exemplary materials is carried out as well as an evaluation of the results based
on kinetic aspects. All reduction curves of the investigated materials showing the process data
for temperature and gas flow as well as the measured RD as a function of time are presented in
Figures A-1 to A-4.

Lump ore (hematite and limonite):

The change in reducibility is directly linked to the assimilation of K and Na in the material.
Limonitic ore shows a higher increase due to its higher specific surface and porous limonite in
the microstructure than hematite ore. Under ISO conditions, both K and Na accelerate the
reduction (K/Na assimilation in ore approximately 0.7/1%). Moreover, under BF near-
conditions, K and Na accelerate the reduction in a similar way. The reduction curves can be seen
for both tests in Figure 5-7 for limonitic ore (and in Figure A-1 for all lump ores). To determine
the representability, several tests were performed, which show a deviation in reducibility by a
maximum of 3%. Interestingly, there are nearly the same reduction curves for K and Na, which
may be the effect of the gas diffusion as a limiting kinetic step (evaluation at the end of this
chapter). For hematite iron ore, the same trend was determined, although the increase was less
due to the lower content of alkali assimilation of the particles.
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Figure 5-10: Process data and reduction curve for limonitic lump ore under ISO (left) and BF (right)
conditions and the addition of K or Na

Pellets (acid pellet 1 and basic pellet 2): The pellets also show an increase in reducibility.
Especially under a pure CO atmosphere (ISO tests), this change is significant. Under BF
conditions, the effect is less. Although the reaction rate accelerates for both brands, the curves
seem to vary. Pellet 1 shows a change in the kinetic limiting step for untreated material (see light
grey curve in Figure 5-11, left) from diffusion-limited to reaction-limited. In general, the
diffusion is fast for pellets and the chemical reaction is the limiting step. For K/Na-treated
materials, the diffusion seems to be the limiting step for the total time, which indicates the effect
of K/Na on the chemical reaction (reduction of iron oxide). For basic pellet 2, the chemical
reaction is the limiting step during the total testing time, which also leads to acceleration by
alkalis from the beginning.
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Figure 5-11: Process data and reduction curve for acid pellet 1 (left) and basic pellet 2 (right) under ISO
condition (pure CO) and the addition of K or Na

Sinter (blends 1 and 2): Sinter is known to be a well-reducible material. However, an
acceleration of reduction was also observed (see Figure 5-12 for sinter 2). Although the chemical
composition and microstructure varies between the two blends, the behaviour with alkali
treatment shows the same trends. Under pure CO, the effect was higher than under BF
conditions, where the differences are not significant. From the kinetic point of view, a
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performance similar to pellets was observed. The increase of the reduction rate was smaller
than during the testing of lump ores, which indicates diffusion as a limiting step during sinter
reduction. The ISO test delivers an interesting result: It shows different increases in reducibility,
even though the assimilation of K and Na is of nearly a similar quantity. A possible reason is the
already high K-content in the untreated sinter samples. This indicates that not only is the
assimilation important, but also the absolute content of K or Na plays a role in the reduction
process.98144
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Figure 5-12: Process data and reduction curve for sinter 2 under ISO (left) and BF (right) conditions, and
the addition of K or Na

Reduction under smelting reduction near-process conditions (SR): In addition to the ISO and BF
tests, tests with higher H, and no N; were performed to show the reduction behaviour and
effects of alkalis under testing conditions similar to conditions during smelting reduction
processes. The results were similar to those of the BF tests. The effects of K and Na are less than
for ISO conditions. The reason is the variation of the material properties. Sinter and pellets were
less affected than lump iron ores. Figure 5-13 shows the reduction curves for hematite lump ore
and basic pellet brand 2. Overall, the SR tests show an interesting trend: that the effect of K and
Na decreases with lower CO content in the reduction gas.
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Figure 5-13: Process data and reduction curve for hematite lump ore (left) and basic pellet 2 (right) under
smelting reduction near conditions and the addition of K or Na
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Conclusion and discussion of the reduction tests: For the evaluation of the specific effects of K
and Na, several kinds of ferrous burden material as well as several different reduction
conditions were investigated. Table 5-7 shows a summary of the performed tests, particularly

. dRD . . : .
the reduction rates (7) and the reduction time RDgo. Sinter samples show the highest
40

reducibility. In addition, pellets are characterized by high reduction rates. However, the addition
of alkalis (both K and Na) leads to an acceleration of the reduction for all materials under CO-
containing atmospheres.

Table 5-7: Summary of reduction times and reduction rates of the performed tests

Reduction test at ISO conditions Reduction test at industrial-scale conditions (BF)
Non-soaked K-soaked Na-soaked Non-soaked K-soaked Na-soaked
sample material material material material material material
(L%Dln RDso (L%Dln RDso ((%Dl“ RDso [‘%Dln RDso [(%Dl“ RDso [‘%D)m RDso

Hematite ore 0.70 133 1 96 0.68 135 0.59 222 0.73 184 0.53 225
Limonitic ore 1.04 81.5 1.5 56 1.66 0.86 155 1.38 116 1.39 125
Pellet brand 1 0.60 141 1.14 79.5 0.89 86 1.05 169 1.19 125 1.07 1334
Pellet brand 2 111 79 1.66 53.3 1.58 55.2 1.22 128 1.36 120 1.19 127
Sinter 1 1.34 69 1.92 48 1.37 66.5 1.27 145 135  136.5 1.46 134
Sinter 2 1.26 74 1.81 50 1.43 64 1.14 1.29 148 1.02  154.8

The comparison of the alkali assimilation with the change in reducibility (see Figure 5-14)
shows the correlation under ISO conditions with high CO content. The black points (m) show the
tests under ISO condition, the red points () under BF-near testing conditions, and the blue
points (A) under SR-near testing conditions. The decreasing content (as well as partial pressure)
of CO leads to less change in reducibility resulting from alkali conditions. This comparison of the
performed tests is an important basis for scientific evaluation of the microscopic processes,
which will be discussed in Chapter 5.3.3, in combination with mineralogical investigations and
determination of the mechanical stability.

The effects of alkalis on the reducibility of burden materials can be summarized as follows:

e Hematite lump ore: less assimilation but change in reducibility effect under all
performed testing conditions

e Limonitic lump ore: significant change in reducibility under all performed testing
conditions

e Pellets: higher reducibility by K or Na addition, especially under a pure CO atmosphere
(ISO conditions)

e Sinter: higher reducibility under ISO conditions and by the addition of K; no significant
effects for other tests
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Figure 5-14: Relative change in reducibility by the addition of alkalis for different materials
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5.3.3 Influence of Alkalis on Mechanical Stability during Reduction

In this chapter, the influence on mechanical stability is evaluated. In particular, the focus is on

sticking, abrasion, and a disintegration tendency during reduction processes. The data is
measured by tumbling and sieving.

Disintegration: The disintegration is evaluated by the disintegration tendency (DT), which
describes the ratio of material after tumbling <6.3 mm; for this fraction, the crack is induced in
the centre of the particle, which mainly indicates weakening and disintegration, not abrasion
mechanisms. However, the disintegration is caused by two different mechanisms, whereas the
first one depends on the process conditions (e.g. higher values for SR-near process conditions)
and the specific effect of K and Na (summarized for all materials in Figure 5-15). No
disintegration was detected for lump ore. All brands and blends of pellets and sinter show a
lower stability under the influence of alkalis. One exception is the sinter under process-near
conditions (BF, SR), where an increase in structural stability is detected. The reason is the softer
structure under the influence of alkalis. Especially in the gangue and the glass phases, the stress
induced by the formation of metallic iron during reduction below 950°C, is lowered. This is also

discussed in Chapters 5.3.4 and 5.4 in comparison with the softening behaviour and microscopic
investigations.
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Figure 5-15: Summary of the disintegration tendency (mass ratio <6.3 mm) for ferrous burden material
(untreated and alkali-treated)
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Figure 5-16: Summary of the abrasion tendency (mass ratio <0.5 mm) for ferrous burden material
(untreated and alkali-treated)

Abrasion: The abrasion is evaluated by the abrasion tendency (AT), which describes the ratio of
material after tumbling <0.5 mm. The fines are generated from the particle surface by
mechanical forces during reduction and tumbling. Following the addition of alkalis, an increase
in the fines ratio is detected (see Figure 5-16). Especially lump ores and pellets show a
significant change, whereas pellet 1 (acid) was affected by Na massively. The weakening of the
surface by a faster nucleation mechanism as well as increased whisker formation are the main
reasons for this. For sinter, no significant change in AT was observed. This might be because of
the already high DT and low sticking tendency (hardly any whisker formation).

Sticking: The formation of metallic fibres on the particle surface during reduction and the
following agglutination of the material bed is generally known as sticking (further information is
available in the literaturel45146). The sticking tendency (ST) is defined as a ratio of material
>12.5 mm after reduction and tumbling. Similar to the abrasion tendency, lump ore (especially
limonitic) and pellets were affected by alkali addition. For pellets, the effect of swelling also
needs to be considered, which was not part of the performed work!30 (also see Chapter 3.3).
Sinter has no sticking tendency. The trends are summarized in Figure 5-17.
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Figure 5-17: Summary of the sticking tendency (mass ratio >12.5 mm) for ferrous burden material
(untreated and alkali-treated)

A summary of the determined values for DT and AT is given in Table 5-8. In general, a weakening
of the particles by K/Na is observed. Only for process-near conditions was an improvement in
the mechanical behaviour determined; the reason is the earlier start of softening of the Fe-Ca
phases by the addition of K/Na. This makes the structure more flexible, and crack formation and
growing is limited. Additional research of pellets and sinter has been done in the past by other
authors.127.130.147 Alkalis lead to swelling and, sometimes, to complete destruction of the particles.
These outcomes were also confirmed by the performed work.

Table 5-8: Summary of disintegration and abrasion tendencies under ISO and BF conditions

Reduction test at ISO conditions Reduction test at industrial-scale conditions (BF)
Sample

Non-soaked K-soaked Na-soaked Non-soaked K-soaked Na-soaked

material material material material material material
[value in %]

DT AT DT AT DT AT DT AT DT AT DT AT
Hematitic ore 10.8 2.4 14.9 4.2 10.2 2.2 12.0 0.9 12.0 1.8 11.7 1.0
Limonitic ore 13.5 7.4 26.2 15.7 18.4 12.1 14.4 5.2 13.8 7.9 15.5 1.1
Pellet brand 1 0.7 0.3 4.7 1.4 49.2 26.0 30.5 1.3 47.1 4.0 52.4 14.7
Pellet brand 2 3.5 1.6 4.1 0.9 14.2 6.5 1.1 0.85 6.5 16.7 10.5 1.2
Sinter 1 8.0 1.6 433 5.0 9.2 2.2 60.3 3.7 40.2 3.6 58.9 3.0
Sinter 2 4.3 1.3 29.8 3.6 9.8 0.9 38.1 2.9 23.5 3.5 11.4 1.1
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5.3.4 Morphological Investigation of Reduced Samples

For a comprehensive understanding of reaction mechanisms and especially the effect of alkalis,
morphological investigations and a comparison with similar work from the literature were
performed. After the tests, polished sections of the reduced materials were prepared and studied
by optical microscopy.148 Investigations on reduced pellets (see Figure 5-18) show the bigger
size of the metallic nuclei (white) in the Na-treated material (right). A possible reason for the
bigger metal grains is the earlier formation of a stable metal nucleus in the Na-treated structure.
These stable grains can also describe the increase in reducibility from the beginning, in
connection with the catalytic effect of metallic iron on reduction reactions (see Chapter 5.3.2).
Both K and Na lower the nucleation energy for metallic iron.

Untreated Na-treated

Pellet brand 1 Na-treated
1SO-conditions Pellet brand 1

1SO-conditions

Figure 5-18: Morphological comparison of untreated pellets with Na-treated pellets after reduction under
ISO conditions
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Figure 5-19: Morphological comparison of untreated sinter with K-treated sinter after reduction under
ISO conditions
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Furthermore, the bigger size of the stable metal grains (as well as the faster growth) can be the
reason for the particle weakening (leading to more stress inside the particle) and the sticking or
abrasion (bigger nuclei for whisker formation at the surface area). These findings match with
the mechanical values determined in Chapter 5.3.3 (especially pellet brand 1 of Figure 5-18
shows a high tendency for sticking and abrasion). Moreover, for sinter, this trend of bigger
metallic grains was observable (see the left side of Figure 5-19 for untreated and the right for K-
treated reduced materials).

5.3.5 Comparison with Literature and Discussion of Results

For the interpretation of the testing results, the literature is examined closely. This enables an
insight into the fundamentals of iron ore reduction and the establishment of new knowledge.

Investigations and findings by other authors:

The effect of alkalis on iron ore reduction has already been discussed by several authors.
However, most of the work was performed on artificially created material (the alkali carrier was
melted together with an iron carrier before reduction) or non-process-near reduction
conditions. This research focuses on the simulation of industrially used materials under both
process-near conditions and K/Na load. This leads to difficulties for the direct comparison of the
results, but the trends are similar. Authors like Pan,12> Gougeon,!26 Bahgat,12¢ Nakagawa,4® and
Al-Ajeel!50 show the effect of K and Na on the reducibility. Figure 5-20 to Figure 5-23 show
exemplary graphs of these investigations. For Al-Ajeel, 150 the increase in reducibility is due to
the catalytic effect on the Boudouard reaction. The tests were performed on ore-coke mixtures.
The acceleration is derived from the faster carbon gasification under the influence of K. This
outcome is not verified by the actual investigations, because no solid or fixed carbon was
present during the ISO, BF, or SR tests (only CO and CO; as carbon carriers). This falsifies all
theories that link the increase in reducibility to catalytic effects on the Boudouard reaction.
Another theory presented by Nakagawa relates to the surface change on the addition of K. The
grain boundaries of wuestite (after reduction from magnetite) show an irregular and strongly
eroded shape with a bigger contact area for further reactions. However, this effect was not
detected by the transformation to metallic iron. Moreover, the use of KCI is an approach that
does not lead to the effect of K on iron reduction only (dissolved Cl ions also have a big influence
on reaction mechanisms).14 Besides, Gougeon!2¢ sees a change in the surface area as a main
factor for the increasing reducibility. The relatively big K atoms (effective ionic radius for
K*=0.138nm, N+=0.102 nm, Fe?*=0.063 nm151152) infiltrate the outer layers of the Fe-O lattice,
which leads to local expansion. The Fe-O bond is thereby weakened.
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Gougeon!26 also demonstrates that already-reduced material can be soaked in alkali solution a
second time. In subsequent tests, a faster reaction is seen. This leads to the theory that alkali
ions do not affect the Fe-O bond. Moreover, a change in nucleation energy and growing was
mentioned as a reason for faster reduction. In addition, tests with varying H; as the reducing gas
were performed; no changes in the reaction velocity for treated and untreated materials were
observed (the effect of H, will be discussed in Figure 5-24). Moreover, Pan!?> and Bahgat!24
performed reduction tests with sintered (Pan) and K,COs-treated (Bahgat) materials. Although
the sintering does not illustrate the actual process, K/Na shows similar effects. The reducibility
increases to a maximum at its total alkali content of approximately 1-3%. With higher content,
the reaction rate decreases again. This is described by a lower softening temperature (low
melting K-/Na-containing phases) and clogging of the fine pores (confirmed by a lower surface
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area). Both also discovered more whisker formation and sticking (similar to the tests in Chapter
5.2.3). To determine the real reaction mechanisms, first, a comparison of the activation energy
has to be conducted (see data from Pan for Fe;03 reduction and Bahgat for FeO reduction in
Table 5-9). The energy was calculated using an Arrhenius plot, which shows a significant
minimum of 1-3% of K;O or NazO. This leads to the theory about a catalytic effect during
reduction.

Table 5-9: Comparison of activation energy for iron oxide reduction

Reduction degree Reduction of Fe,03 (Panlzs) Reduction of FeO (Bahgatm)
[%] 0% Na,0 1%Na,0 3%Na,0 5%Na,0 | 0%K0 1%K,0 3%KO0 5%K,0
5 36 kJ/mol 26 klJ/mol 29 kl/mol 43 kJ/mol
15 35kJ/mol 16 ki/mol 22 kJ/mol 24 ki/mol
30 19 kJ/mol 10kJ/mol  2.35kJ/mol 3.4 kl/mol
80 8.8 kJ/mol 3.75 kJ/mol 25 kJ/mol 57 kl/mol 60 kJ/mol 68 ki/mol

Moreover, Luo!>3 and Knell'5¢ describe a catalytic effect of K-dotted Fe oxides for the shift
reaction (see Equation 5-1). In that context, it needs to be considered that metallic iron also acts
as a catalyst during reduction. For instance, Fene: is used during the Fischer-Tropsch synthesis
(Equation 5-2). Knell determines this effect on the higher ion exchange rate for Fe3+ and Fe?* in
K-treated iron carriers (however, this does not describe the passivity of K during reduction by
H>). For the evaluation of the performed reduction tests, the two catalytic effects of K/Na and
Feme: have to be considered.

H,0 + CO & H, + CO, with AH = +38 kJ /mol2s 51
2 Hy +x CO © x Hy0 + CH,, 5-2

In addition to these thermodynamic aspects, kinetic considerations also have to be included.
Especially if a view on H; reduction is taken, it will lead to an understanding of reduction
kinetics in the particle. For instance, the performed tests under process-near conditions (BF, SR)
show less influence of alkalis on reducibility compared to the standardized tests (ISO 4695) with
pure CO. To check the specific influence of a single reducing gas, modified ISO 4695 tests with
pure H, were performed (same temperature, gas flow, and pressure). The result (see Figure
5-24) shows that H; reduction is not affected by the addition of K or Na (also confirmed by
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Figure 5-24: Reduction of lump ore with pure CO (left) and pure H; (right) atmospheres (testing
conditions derived from ISO 4695)
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Two mechanisms can be the reason for this. On the one hand, the kinetics of hydrogen plays a
role. H; is characterized by faster diffusion; in most cases, iron ore reduction by hydrogen is
controlled by the kinetics of the chemical reaction. CO reduction can be limited by diffusion as
well as by chemical reaction kinetics. It can be determined that no change in limiting kinetic
steps and no change in the chemical reaction (iron oxide reduction by hydrogen) have taken
place. For CO reduction, the evaluation of kinetics is more complex. However, pellet brand 1 (see
Figure 5-11 left) supports important information. A clear change (a buckle) of the reduction rate
under a pure CO atmosphere and, derived from that, the limiting kinetic step are visible after a
few minutes. This indicates a change from a diffusion-limited to a chemical reaction-limited
process. Untreated pellet brand 1 is first limited by the transport of CO to and CO; from the
reaction area (the reaction rate is high). After a few minutes, this changes to a limitation by the
chemical reaction. The fact that pellets have a high surface area for the reaction confirms the
diffusion as a limiting step for the start of pellet brand 1 (and for the total reduction time of
pellet brand 2). According to the effect of K/Na, the change in the limiting kinetic step is not
observed. Both pellets show an increase in the reduction rate (although pellets are already
characterized by a high reducibility). This indicates the chemical reaction to be the kinetic step,
which is influenced by alkalis.

Conclusion and final interpretation:

The combination of the discussed ideas and facts leads to the theory that alkalis destabilize the
C-0 bound of the CO (the reason for faster reduction). The following points confirm this theory:

e Lower activation energy (see Table 5-9 and the literature!2s.124)

e (Chemical reaction as the influenced kinetic step (comparison of ferrous burden
materials, especially pellet brand 1; for an example, see Figure 5-11)

e Bigger metallic grains observed by petrographic investigations (see Figure 5-18 and
Figure 5-19; this also leads to less mechanical stability, as mentioned in Chapter 5.2.3)

o Different effects of H»/CO in the reduction gas (see Figure 5-24)

All these research results were derived from following key aspects:

The saturation was carried out with OH solutions for both KOH and NaOH. Hence, it is assumed
that the hydroxide solution changes the original ferrous materials and leads to changes in
reduction behaviour. This statement can be falsified as the OH content is similar for two
solutions with the same content of KOH or NaOH (5-molar), but the change in reducibility is
slightly different. So, a constant change in basicity does not lead to a consequent change in
reducibility or mechanical properties. Moreover, tumbling tests were performed directly after
the aqueous treatment. These have not shown changes compared to the original material. In
addition, saturation tests with aqueous NaCO3 solutions were performed with the same molarity
of Na. The results were similar as those for material under NaCOs; treatment and NaOH
treatment for the same Na content.

The statement that a catalytic effect on the Boudouard reaction leads to changes can be
negotiated with regard to the absence of carbon in the tests. However, a specific effect on CO
reduction was detected (decreasing influence of alkalis with decreasing CO content in the
reduction gas). This aspect is seen as controversial in the literature.124126 The investigations for
this research determine that alkalis and CO influence each other during iron ore reduction, but
alkalis and hydrogen do not. This is also confirmed by the ISO tests under pure CO, which show
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the biggest change in reactivity. Although the partial pressures and temperature profiles are
complex for the performed tests, the independence of alkalis during H; reduction is definitive.
Moreover, the trends are similar for all materials, although the structures and chemical
compositions are very different for pellets, lump ores, and sinter samples.

Inorganic chemistry!44 can support important facts relating to the evaluation of the microscopic
mechanisms. Due to the electropositive characteristics of K/Na atoms, the low electronegativity
can affect the partially polar CO molecule (an effect at the non-polar H; can be denied) and leads
to fluctuations of the electron cloud of the compound. This behaviour is presented schematically
in Figure 5-25. Moreover, the formation of the interim product Na,O (FeO+2Na) and the further
easier reduction by CO (Na;0+CO leads to 2 Na + CO>) can play a possible role in the reducibility.
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Figure 5-25: Influence of alkali on the chemical mechanisms during reduction by CO

The change in the crystallographic structure of the solid material as a reason for the accelerated
reducibility is seen as a minor factor (see hydrogen reduction, which was not affected by alkalis,
although they were clearly detectable in the material structure).
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5.4 Effects of Alkalis on Softening and Melting Behaviour

Alkali metals are known to have lowering effects on the melting temperature of burden material.
To evaluate this effect on the softening and melting of iron carriers, particularly under the
influence of alkalis, investigations were performed. Especially the cohesive area of the BF is
important for the process behaviour due to the lowering of the softening temperature by K/Na
(see Figure 3-13) and the connected worse BF performance caused by a wider temperature
range for full melting (higher pressure drop in cohesive zone).82 The investigations were linked
to the melting temperatures of alkali-bearing oxides. Na and K can penetrate the particle,
especially in the gangue and glass phases (confirmed by microprobe; refer to Chapter 5.2). The
methodology is a further development of the performed reduction and tumbling tests (see
Chapter 5.3). It helps to gain information about affected materials in the cohesive and melting
Zone.

5.4.1 Preparation of Material and Methodology

To simulate the behaviour in the melting zones of the reactor, partially reduced material
(approximately 80% RD) was taken as input material (reduced material from previous chapter;
also see Figure 5-1) for softening and melting tests. Data from the literature show similar RDs
for the area directly above the cohesive zone.2882

All iron carriers from Chapter 5.2 were studied (for the chemical analysis, see Table 5-10). The
RD was similar at ~80% for all samples.

Table 5-10: Chemical analysis of partially reduced iron carriers for the softening and melting tests

Few [%] Basicity Untreated K-treated (5-molar) Untreated Na-treated (5-molar)
B4[-] K,0 [%] K,0 [%] Na,O [%] Na,O [%]
Hematite 82.5 0.01 0.145 0.456 0.123 0.246
Limonite 80.9 0.01 0.005 1.112 0.013 1.482
Pellet 1 79.6 0.07 0.099 2.421 0.062 1.403
Pellet 2 80.3 0.67 0.025 1.332 0.025 1.153
Sinter 1 61.6 1.25 0.634 1.08 0.085 1.045
Sinter 2 61.9 1.8 0.356 1.381 0.054 1.36

The task for the research was evaluation of the influence of alkalis like K and Na on the softening
and melting behaviour, according to three special points of view: the change in transformation
temperature, the effect on specific morphological phases (e.g. gangue or glass), and the
differences between different iron carriers and types of alkalis (Na, K).

Investigations were carried out using HSM, HT-LSCM, and DTA. Supporting information was
delivered by chemical analysis and SEM. The testing conditions were adapted to industrial
conditions (see Figure 2-3 and Table 5-11).
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The reduced material was prepared due to their use in the different methods. For the
investigations with the HSM and the DTA, the material was ground to a grain size <50 pm. For
the HT-LSCM, the material was cut into cylindrical samples with a diameter of ~7 mm and a
height of 5 mm.

5.4.2 Methods of Testing (Softening and Melting Temperature)

First, several methods of testing were performed to find a successful methodology for simulation
of the cohesive zone according to the alkali load. However, the less successful methods were
used to gain supporting information.

HSM (hot stage microscopy): A HSM is used to measure the melting and wettability of
substances on solid materials (e.g. slag on refractory material). Therefore, the investigated
substance is located on the material, charged into a tube furnace, and heated up. The shape of
the materials is recorded with a camera, which analyses the change in the size of the shape. For
further information, see the literature.15> One method that was also used for the defined task is
to press pulverized material into a cone or cylinder. During heating up, the shape of the cone
changes. The shape of the investigated material can be linked to specific temperatures like
deformation, softening, hemispherical, and flowing (melting) temperature.156.157

RT 1525° € 1527 ¢ 1531° €

Figure 5-26: Exemplary result of the melting behaviour recorded by hot stage microscopy (left: ambient
temperature, softening point at 1525°C, hemispherical point at 1527°C, and flowing point at 1531°C)58

HT-LSCM (hot temperature laser scanning confocal microscopy):
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Figure 5-27: Schematic picture of the HT-LSCM, including the sample holder (Al,O3 crucible)!59
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With HT-LSCM, it is possible to examine a material’s surface at temperatures up to 1700°C. This
is normally not possible with an optical microscope because of the emission of tempering
colours by ferrous materials starting with T >200°C. Therefore, the sample surface is scanned by
a laser that is contolled by mirrors. The laser initiates a local, fluorescent radiation that is
intensified and detected by a photomultiplier. A schematic image of the setup is shown in Figure
5-27, including the sample holder system. For further information on the technical details and
procedures, see the reviewed literature.33

DTA (differential thermal analysis): The DTA is based on a simultaneous gravimetric analysis
with a reference sample. Based on the comparison of the energy consumptions of two samples
that are heated up under similar conditions (pressure, atmosphere, gas flow), it is possible to
determine phase transformations of the investigated sample at certain temperatures (including
solid-liquid transformations). The reference material itself undergoes no transformation. In
particular, the difference in heat consumption is measured, which also allows statements about
endothermic or exothermic reactions. The two types of DTA signals are shown in Figure 5-27.

recrystallizing
melting

derivative DTA (dAT/dt)

derivative DTA (dAT/dt)

T T T T T T
210220 230 240 250 260 270 210 220 230 240 250 260 270
Temperature (‘C) Temperature ('C)
Figure 5-28: Exemplary schemata of DTA curves for phase transformations (endothermic reaction for

melting [left] and exothermic reaction for recrystallization [right])**°

By these tests, it is possible to determine the transformation temperatures of the reduced
materials, including the melting temperature. Afterwards, it is possible to compare alkali-treated
material with untreated materials.16! For the interpretation of the results (see Table 5-12 and
Figure 5-14), it has to be considered that the measurements were carried out using different
DTA facilities with different measured temperature ranges.

Table 5-11 presents a summary of the main parameters for the testing procedures of HSM, HT-
LSCM, and DTA measurements.

Table 5-11: Process conditions for the softening and melting tests

Sample Temperature Heating rate Atmosphere Measured value

mass [g] range [°C] [K/min] [%]
HSM 0.250 0-1600 10 100% N, Optical (sample profile)
HT-LSCM approx. 25 0-1500 5 100% Ar Optical (sample surface/section)

Heat (changes to reference
DTA 0.250 0-1600 10 100% N, (70 ml/min) (chang )
sample
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5.4.3 Influence of Alkalis on Melting and Softening Behaviour: Test Results

In the following chapter, the results of the individual methods are summarized.

HSM (hot stage microscopy): The results of the HSM were derived from transformation points.
These points were measured by a camera as per Figure 5-29. The research focused on partially
reduced limonitic ore (top) and the basic pellet brand 2 (bottom). Untreated, K-treated, and Na-
treated samples were observed. The measured temperature values for the softening and melting
(flowing) points are also included in Table 5-12. To sum up, no significant difference between
the softening and melting temperatures of treated and untreated materials was measured. So,
the HSM is not the appropriate method for evaluation of the influence of alkalis. These tests
mainly revealed that the metallic iron seems to be definitely not influenced by alkalis. This
statement can be derived from the stability of all cylinders up to ~1530°C, the T of pure
metallic iron. Another outcome refers to the previously performed reduction tests.
Investigations on ISO-reduced materials and on material that was reduced under process-near
conditions (BF conditions) show no differences during melting. This confirms the independence
of metallic iron in reduction.

RT 1525° C 1521° C 1531° C

1527° C 1529° C 1539° C

Figure 5-29: Exemplary result of the melting behaviour recorded by hot stage microscopy (top: partially
reduced limonite, Na-treated; bottom: partially reduced pellets, K-treated)!58

HT-LSCM (hot temperature laser scanning confocal microscopy): Observations by HT-LSCM

were carried out using three different samples: limonitic lump ore, pellet brand 2, and sinter
blend 2. The reduced materials behaved similarly in the equipment. For example, Figure 5-30
shows monitored pictures of pellet brand 2. The metallic fraction was clearly visible (white
areas) the whole time. This also confirms the findings from the HSM: that the metallic structure
is stable up to 1530°C. Moreover, the pores (black) and the oxidic areas (dark grey for glass and
gangue, light grey for wuestite) were clearly visible.
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Pellet brand 2
ISO-conditions
before melting

Glass
(dark grey)
Wustite
(grey)

Pellet brand 2
during melting
1023° C

Pellet brand 2
during melting

Glass ¥
(dark grey)

i Glass
dark grey)

v

Pellet brand 2 et A ATE S — ' Pellet brand 2
during melting e % : during melting
. 4 1183° C

Glass
dark grey)

AN (black) ¥R | g | L ymmamr vl (black) ¥ A

Figure 5-30: Observation of reduced pellets by HT-LSCM before heating up (light microscopy) to 1023°C,
1090°C, 1158°C and 1183°C
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However, a serious problem occurred during the operation. For a successful test, the HT-LSCM
needs a plane surface of the sample. This can be achieved up to temperatures of 1100°C. Above
this temperature, the softening of oxidic phases starts and the surface becomes irregular. No
picture of the sample can be recorded anymore. However, the results of pellets (Figure 5-30),
limonitic lump ore (see Figure A-5), and sinter (see Figure A-6) are included in this work
because they give supporting information about the microstructure.

DTA (differential thermal analysis): Investigations using DTA have been performed with the
limonitic lump ore, both pellets brands, and both sinter blends. Furthermore, a comparison
between untreated, K-treated, and Na-treated samples proved successful. Figure 5-31 illustrates
all measured DTA curves. For all figures, the curves for untreated (light grey), K-treated (black),
and Na-treated (dark grey) samples are included. The corresponding values are summarized in
Table 5-12. For the measurements, only material from the ISO reduction tests was taken.
Additional tests with material from the BF reduction test shows no difference.

A careful look at the main outcomes shows that especially the transformation temperatures of
the iron-bearing phases dominate the curves. The limonitic lump ore and pellet 2 were heated
up to 1600°C. So, the melting of the metallic iron can be seen clearly at 1530°C. Here, a high
amount of energy is consumed. Another transition temperature, which is visible in every
measurement, is the y-8 transformation of iron. Due to its characteristic as a solid-solid
transformation, the consumed energy is smaller than in the melting point. With regard to oxides,
evaluation of the results becomes more difficult. The FeO-bearing phase is dominant in every
material due the partial reduction of ~80%. The melting point of FeO is between 1250-1350 °C,
depending on how the FeO is bounded in the different phases. For instance, the limonitic lump
ore has dense wuestite cores and it shows a defined transition at ~1350°C. However, the sinter
shows a lower FeO point because of the correlation with calcioferrites. The pellets and sinter
samples show multiple phase transformations between 1150 and 1350°C. Overall, the
measurement of the phase transformation was representative (see repeated tests in Figure
5-31) and the determination of the transition temperature was precise (see evaluation in next
chapter).
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Figure 5-31: Comparison of the recorded DTA curves for reduced ferrous materials (untreated and
treated)
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5.4.4 Influence of Alkalis on Melting and Softening Behaviour: A Comparison with
Literature and Data Evaluation

In this chapter, the results of the melting tests are summarized and analysed.
5.4.4.1 Evaluation of Testing Results and Comparison of Different Methods

In general, DTA was the most successful tool for determining the specific influence of K/Na on
the melting behaviour. The results of the HSM only showed the melting temperature; the
softening temperature was measured at nearly the same range (see Table 5-12 [top]). This is
caused by the metallic fraction (iron) in the reduced material, which stabilizes the cylinder
during the heating up phase. The metallic iron starts to melt at a temperature of ~1530°C
(theoretically at 1536°C for pure iron). Measured values above 1536°C (e.g. K-treated samples in
Table 5-12) show the difficulty of this measuring method. Consequently, this methodology was
only used for supporting information, but not for reaching the determined task. Similarly, the
HT-LSCM only delivers optical information about the materials’ surface during heating up;
specific deformation or melting temperatures are difficult to measure (see Figure A-5 to A-6 and
Figure 5-30). Observation of the partially reduced material above 1300°C (depending on
material source) is hardly possible. The reason therefore is the softening of oxidic compounds,
which makes the flat surface irregular. However, a flat surface is important for the measurement.
A successful approach involved determining the transformation temperatures using DTA. Due to
a precise measurement (calibration with cobalt [Co] ensures reproducibility of +1K158),
representative results are available. This enables the comparison between treated and untreated
materials. All transformation temperatures are summarized in Table 5-12 (bottom).

Limonitic lump ore: The limonitic lump ore is characterized by small amounts of acid gangue.
During HSM, no significant changes were visible with the addition of alkalis (see temperatures in
Table 5-12 [top]). This is caused by the stable metallic fraction up to 1530°C. This relation can be
confirmed with the observation by HT-LSCM, which shows stable metallic iron spots up to
1400°C (see Figure A-5 [white areas]). The DTA shows all phase transformations up to
Femetgiquid)- This enables an interpretation of all transformations in correlation with the chemical
analysis (see Table 5-10). The most important peaks are caused by the melting of Femet
(measured: 152045 °C) and FeO (measured: 1326+50 °C). Phase transformations of the solid
metallic fraction cause lower peaks: a-y transformation at 920+5°C and y-6 transformation at
1394+2°C. Derived from Table 5-12, it can be seen that only FeO is affected by the addition of
alkalis; the metallic fraction appears unaffected. For Na-treated material, the increase by 1.5%
Na leads to a drop of nearly 50°C in the transformation temperature for FeO)-FeOg). This trend
was not detectable for K-treated material. The low ratio of non-ferrous compounds leads to
hardly detectable and non-significant transformation peaks of the gangue phase. As mentioned,
tests with reduced materials from ISO reduction and process-near reduction (BF conditions)
were carried out. It was observed that the method of reduction has no influence on the metal’s
behaviour during melting (see Figure A-5 for limonitic lump ore).
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Table 5-12: Comparison of transformation temperature influenced by alkalis?>8

Method Material Temperature Untreated K-treated Na-treated
(Phase transformation) T[°C] T[°C] T[°C]
Limonitic Softening 1528/1526 1528/1530 1525
Hotstage .o Melting 1530/1530  1541/1546 1531
microscopy -
(HSM) Pellet Softening 1526/1525 1527/1527 1524
brand 2 Melting 1531/1532 1539/1527 1530
Femet (O-y) 920 915/918 915
. . Na-silicate 1091
Limonitic SAF 1326 1327/1339 1287
ore
Femet (v-0) 1394 1396/1396 1395
Femet (6-quuid) 1520 1518/1525 1523
Femet (O-Y) 926/922 925
SAF 1159/1160 1100/1119 1089
Pellet SAF 1248/1239  1214/1185 1254
brand 1
FeO 1301 1326 1331
Femet (V-6) 1397/1396 1393/1395 1393
Femet (0-y) 930 925/926 930
Differential CAF 1080 962 1007
Thermal Pellet FeO 1299 1165/1180 1208
Analysis  prand 2 1306/1295
(DTA) Femet (v-8) 1394 1397/1397 1393
Femet (8-liquid) - 1530/1531
CSF 1143 1159/1160 1054/1091
CSF 1237 1220/1205
Sinter 1 CSF 1290 1265/1264 1290
FeO-based phase 1340 1345/1341 1307
Femet (V-6) 1392 1393/1393 1397/1395
CSF 1148 1103/1092 1132/1135
CSF 1235 1185/1183 1212/1216
Sinter 2 CSF 1295 1243/1242
FeO-based phase 1346 1300/1301 1322/1331
Femet (V-0) 1392 1392/1396 1392/1395

Pellets: Two different pellet brands were investigated (pellet brand 1 with acid gangue and
pellet brand 2 with basic gangue). Observations by HSM show behaviour similar to the limonitic
lump ore (stable cylinder up to 1530°C; no difference between treated and untreated material).
The measurement by the HT-LSCM (see Figure 5-30) only shows results until 1200°C;
afterwards, the softening binder or oxides do not allow a clear picture of the flat surface. After
the test, it was seen that the gangue and FeO phases sank below the original surface level
(metallic iron was still at the same height). In addition to the recorded HT-LSCM pictures, a SEM
measurement was carried out to confirm the stability of alkalis in the material during heating up
(normally the boiling temperature of K/Na is <900°C). The results of the metal-rich and oxide-
rich areas are summarized in Table 5-13, and they confirm the presence of the K/Na in the
material up to nearly 1500°C. An enrichment of 4.7% Na in total was measured for the oxide-
rich phase.
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Table 5-13: Analysis of melted material (based on partial reduced pellet brand 2, Na-treated) by SEM
measurement?!>8

‘ 0 [%] Na [%] Al [%] Si [%] Ca[%] Ti[%] Mn[%] Fe[%]

Metal-rich area 2,43 - 0,56 0,23 0,14 - - 96,64

Oxide-rich area 32,68 4,7 11,85 8,72 9,11 0,15 0,86 31,93

The DTA results show similar results as for the limonitic ore. The main phase transformations
can be linked for both brands to the metallic phase transformations (a-y transformation:
925+5°C; y-8 transformation: 1395+2°C; §8-lig transformation: 1330+1°C). Other phase
transformations are linked to the behaviour of oxidic systems (gangue, binder, and FeO phases).
These oxidic systems are also the main difference between the two pellets brands.

Sinter: For the research on sinter, two different types based on two different blends were
investigated (sinter 1 with basicity B;=1,2 and sinter 2 with basicity B,=1,8). In addition, for
sinter, the observation by the HT-LSCM (see Figure A-6) was unsuccessful due to the sinking of
the oxidic phases (gangue, glass, calcioferrites, FeO) at temperatures >1200°C. The DTA delivers
useful information due to the effect of alkali addition. Apart from metallic transformation (see

limonitic lump ore and pellets brands), all oxidic transformations were affected by alkalis (K and
Na). This effect is even higher than for the pellets brands.
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5.4.4.2 Discussion of the Melting Tests and Conclusion

In the following, the main outcome of the softening and melting tests is summarized and
discussed.

According to the methodology, the DTA analysis is the best way to determine the influence of
alkalis on the melting behaviour of ferrous (partially reduced) burden material. Besides the
chemical analysis and SEM investigations, HSM and observation by HT-LSCM are supporting
methods that help to confirm the results of the DTA and supply additional information.

Due to the determined results, it may be assumed that alkalis have no influence on the metallic
phases but high influence on the oxidic compounds of the iron carrier. Nearly all investigated
materials show a constant transformation temperature for both treated and untreated materials
(a, v, 6, lig transformations). Only slight discrepancies can be seen between theoretical values?’s
and measured data. To confirm this outcome, the results from Table 5-12 can be compared to
the Fe-0 binary system of Figure 5-32. These also fit the results of the HSM and HT-LSCM.
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Figure 5-32: Fe-0 binary system including the phase transformations and temperatures’s

However, the oxidic compounds are highly affected by alkalis, which can be seen in a significant
change of the transformation temperatures. To get an impression of the impact of K/Na on the
transformation temperatures, Figure 5-33 compares the two binary diagrams Fe0-SiO; and FeO-
Na,SiOs3 to visualize the change in the stability areas by addition of Na,O.
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Figure 5-33: Comparing the binary systems of FeO-SiO; (black) and FeO-Na,SiO3 (grey)7>

The oxidic systems are of particular interest. Therefore, Table 5-14 selects the oxidic compounds
of the reduced and investigated materials, and places these in relation with ternary systems.
Although the materials are inhomogeneous due to their origin as industrially used iron carriers,
the approach for the interpretation needs to use multiple-compound systems. The most
important ternary systems are Ca0-Al,03-Si0; (CAS), Ca0-Si0;-FeO (CSF), Ca0-Al;03-FeO (CAF),
and SiO2-Al;03-FeO (SAF). According to the basicity, especially limonite and the pellets have
acidic characteristics (high SiO; and Al;03). The amount of FeO is high in all samples due to the
partial reduction of the total material RD ~80% before melting).

Table 5-14: Comparison between the oxidic systems of the iron carriers (C-Ca0, A-Al;03, S-SiO, F-FeO)

CAS [%] CSF [%] CAF [%] SAF [%]
Limonite 0.4/39.4/60.2 0.1/9.4/90.6 0.1/6.3/93.6 8.8/6.1/85.4
Pellet 1 2.5/5.5/92.0 0.7/27.4/71.8- 1.0/2.2/96.8 27.2/1.6/71.2
Pellet 2 40.1/22.7/37.2 10.7/9.9/79.4 11.1/6.3/82.6 10.4/6.3/83.3
Sinter 1 48.9/11.3/39.8 31.3/25.4/43.3 38.2/8.8/53.0 33.4/9.5/57.0
Sinter 2 58.9/8.5/32.7 37.4/20.7/41.9 44.1/6.4/49.5 30.5/7.9/61.6

An evaluation of the materials in correlation with the literature and the data from Table 5-12
and Table 5-14 is conducted in the following chapter. To evaluate the results from DTA, a closer
look at ternary systems and data from the literature is essential. Afterwards, the transition
temperatures were linked to specific phases (see Table 5-12).
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Figure 5-34: Ternary system CSF with the liquidus lines for 1000-1600°C, and the modifications with 5
wt-% K30 and Na;0 (chemical composition of the oxidic compounds of the investigated materials marked
as points)

PhD Thesis A. Pichler Page 117



MICROSCOPIC EFFECT OF ALKALIS ON REDUCTION, DISINTEGRATION AND MELTING

CAF system (CaO-Al,05-FeO)

AlLO,

Limonite

N S Pellet1
\ &

Sinter 2
Pellet 1
/ v ’
CaO ) o y - - ) FeO
mass fractions /CaO+Al,0,+FeQ)
CAF with 5 mass-% K,0 CAF with 5 mass-% Na,0
ALO, Al,0,
f.s"\\‘ ;‘r “,
.){ ?\1 . _E"F A
;} \‘: ',€'+ N,
A N A N
Vs 2 A~ N N
P ~ , Gy
# AN % £ e
4 NG N & NN
5 - - ‘\. 3, i-__]'.foo\, , *
;_{__ G _\:\ Lo c, } NON
£ o AN Y
/ O AN TS L Y
A \ | .
;K\\ \\\5_; " A \'\\\ N ’
£ N ‘(\q A ’o\ . ‘;00-\\ \-\__R'"—'\
£ 1 £ B Ne
/ o A : N
\ N
e \\\ 1400" € __,*f/ \?‘3\93\0 NN T
ff{ . Sinter1 A ;f § é*\"‘ler1\|I
;iﬂ— Sinter2 ‘\ Pell 2“—-“_‘ }:\r;cl;::: ;’[ Simsfz\. \. \'.\_\{\
/ N\ — ¢ Po / N N
"“\“\’Wt \ N v
Cao Feo CaO

mass fractions ACa0+ALO +FeQ) mass fractons {Ca0+Al,D +FeO)

Figure 5-35: Ternary system CAF with the liquidus lines for 1000-1600°C, and the modifications with
5 wt-% K0 and Na;O (chemical composition of the oxidic compounds of the investigated materials
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Figure 5-36: Ternary system SAF with the liquidus lines for 1000-1600°C, and the modifications with 5
wt-% K30 and Na;0 (chemical composition of the oxidic compounds of the investigated materials marked
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Limonitic lump ore: To evaluate the acid limonitic lump ore, the Si02-Al;03-FeO system was
studied (SAF system). On the addition of K, no significant change was observed. This is also
confirmed by the ternary system with K,O addition (see Figure 5-34, Figure 5-35, and Figure
5-36). In contrast, Na addition led to a decrease in the transformation temperature (the Tm
decreases in the SAF system by 40-60°C, which is also measured by DTA). A low-melting NasSiO3
phase (1090°C) was also formed by Na treatment (see Table 5-12); a low-melting K>SiO3 phase
(976°C) was not detected. In general, an addition of 1-1.5% Na/K led to a drop in the melting
temperature of 40-60°C for almost all oxidic phase transformations.

Pellets: Acidic pellet 1 was also evaluated by an SAF system. For the oxide phase (untreated
sample), a transformation temperature of ~1200°C was expected; the DTA measurement gives
temperatures of 1160 to 1240°C. For the K-treated samples, a drop in Tm of 40-60°C was
observed for oxidic compounds (similar to limonitic ore). A decrease of 70-80°C was also
observed for Na-treated materials. So, acid pellets can be seen as significantly affected by alkali
elements according to the melting behaviour.

For the basic pellet 2, a CAF system was taken for the evaluation of the melting behaviour (see
chemical analysis in Table 5-10). The addition of K shows a decrease in T, for oxidic compounds
(similar to acidic pellet) of >100°C (formation of a low-melting K,O-CAF phase and formation of
a FeO-K;O-rich phase at 1164°C). Moreover, the Na-treated samples melted at lower
temperatures (AT~85°C). The formation of a Na,0-CAF phase (1006°C) and a FeO-Na;O-rich
phase (1208 °C) are the reasons for this.

For the pellets, trends and data from the literaturel62 are taken as supporting information to
validate the measured results. So, Figure 5-37 compares the melting of acidic and basic pellets
(untreated) by the measurement of the pressure drop. The softening (layer thickness) starts at
~1100°C and ends at ~1400°C, whereas the pressure drop in acidic pellets is more significant.
Own investigations have shown a melting area for untreated materials from 1160-1300°C
(acidic) and 1080-1300°C (basic).
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Figure 5-37: Pressure profile during a melting test for an acidic pellet grade (left) and a basic pellet grade
(right)*®*
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Sinter: The sinter samples show differences related to the basicity. Sinter 1 (B,=1.3) was
evaluated in comparison with a CSF ternary system. The measured transformation temperatures
(1143°C, 1237°C, 1290°C and 1339°C) can be linked to different kinds of calcioferrites or
calciosilicioferrites as the main compounds of sinter samples. Calciosilicioferrite melts at
~1220°C (kirschsteinite (CaFeSiO4): 1223°C; ferroankermanite (CazFeSiz07): 1220°C),
calcioferrites at ~1130°C. These melting points are shifted downwards by alkali addition. K
leads to a drop of up to 20°C, while Na shows a higher effect with a AT of 30-85°C. Sinter 2
(B2=1.8) confirms the test results of sinter 1. The transformation points are at 1148°C, 1235°C,
1295°C, and 1346°C (see calcioferrites and calciosilicioferrites). In this sample, the effect of K
was higher; the transformation temperatures were lowered by 45-55°C. The Na also shows a
shift of 15-25°C for oxidic phases.
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Figure 5-38: Pressure profile during a melting test for a sinter sample with B=2.1 (left), and comparison
of different burden materials and pure substances by viscosity measurement (right)162

A comparison with the reviewed literature shows the main softening phase at 1100-1200°C, and
the final stage at ~1450°C for a sinter sample with basicity B;=2.1 (see Figure 5-38 [left]).
Furthermore, Figure 5-38 (right) shows a comparison of different values for the viscosity of
burden materials and pure substances (marked with *). The softening and melting ranges of
pure oxidic compounds are located between 1100-1200°C. The stable trend for ferrous
materials such as sinter, lumpy ore, and pellets are linked to the stability of Feme: up to
temperatures of 1500°C. These trends can be confirmed by the investigations of this research,
using HSM and HT-LSCM, whereat a stable structure was possible up to 1500°C. Other authors3¢
have also reached similar results for transformation temperatures. Especially the bigger peaks
for phase transformations linked to iron were also detected by former research; the oxidic
conversions were more difficult to detect.
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The following main statements about the effect of alkali metals on softening and melting
behaviour can be determined after the evaluation of the melting tests:

e Alkali metals do not influence the melting and transformation temperatures of metallic
iron.

e The softening and melting behaviour is independent of the former method of reduction.

e Oxidic systems are affected by alkali addition significantly. All phase transformations of
oxides (wuestite, gangue, glass, calcioferrites) are changed by the addition of K or Na.

e Measurement by DTA is a good method to evaluate the influence of alkalis on melting
behaviour. The transformation temperatures can be determined and the reproductivity
is high.

e HSM and HT-LSCM can support additional data compared to DTA, but they are not good
methods for measuring the alkali effect.

e Ternary systems can support information for the evaluation of unknown phase
transformations.
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6 Summary, Conclusion, and Outlook

Lastly, there is the Law, especially that dealing with metals, that he may claim his own rights, that he may
undertake the duty of giving others his opinion on legal matters, that he may not take another man's property
and so make trouble for himself, and that he may fulfil his obligations to others according to the law.

Georgius Agricola, De Re Metallica

Within this thesis, two major goals were achieved. First, an alkali model for ironmaking
processes was developed. Based on an empirical data and multi-stage model with
thermochemical calculations, a clear picture of the stability areas of alkali compounds in specific
zones of ironmaking reactors can be drawn. Second, a new approach involving experimental
simulations on industrially used ferrous burden materials was used to evaluate the effect of K
and Na on assimilation, reducibility, mechanical stability, and softening or melting.

6.1 Macroscopic Correlations between Process Parameters and Alkali
Behaviour

The alkali balance of ironmaking reactors has always been a problem because of the formation
of internal and external alkali cycles, and the accumulation of alkali compounds inside the
reactor. Furthermore, harmful compounds like cyanides can form under reducing conditions
similar to those in the BF. The development of an alkali model was an approach to link
thermochemical fundamentals (reactions and stability of alkali compounds) with the critical
mass balance of ironmaking reactors (multi-stage layout of reactor model).

The alkali model was designed for the BF and a smelting reduction process. The focus was on K
and Na, and their compounds. By estimating a standard process and a parameter study, a better
understanding of the alkali flows inside the reactors has been achieved.
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addition, the validation with industrial data and literature confirms the basic layout of the alkali
model. For the smelting reduction processes, the melter gasifier of the COREX or FINEX® process
was examined closely. Similar to the BF model, a multi-stage model was developed and
evaluated.

The alkali model for ironmaking processes is a new tool for the evaluation of alkali flows in a
reactor. It allows the calculation of mass flows based on thermochemical fundamentals and the
interpretation of different process parameters. For instance, the parameter study has shown
that slag properties like tapping temperature or basicity are directly linked to the alkali peak in
the BF shaft. This model is also useful for the evaluation of cyanides. The amount of cyanides in
the washing water can be calculated. The temperature distribution at the top influences the
amount of cyanides significantly.

However, the model is still not complete. Further developments are planned for both the BF and
the smelting reduction processes. The implementation of halogens and zinc has already led to
successful results and additional information. These results were not included in this work. In
the field of smelting reduction, modifications and connections with the reduction stage, and
further gas flows have to be performed in subsequent projects.

6.2 Microscopic Correlation between Iron Ore Reduction and Alkalis

The microscopic research of the alkali effect on burden material was carried out to gain
knowledge about the influence of K and Na on different aspects during ironmaking: the
assimilation of alkalis, reducibility, mechanical stability, and, finally, the softening and melting
behaviour.
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Table 6-1: Summary of the investigations on the effect of alkali metals on ferrous burden material

Behaviour
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Common methods as well as new approaches were used. The assimilation was carried out by an
aqueous treatment with K- or Na-bearing solutions. The reduction tests were performed by
standardized ISO tests and they adopted industrial-near testing regimes. For the evaluation of
mechanical stability, sieve analysis and standardized tumbling tests were used. Finally, the
determination of the melting behaviour was performed by three different methods: HSM, HT-
LSCM, and DTA.

Six different industrially used iron carriers were investigated to determine the basics of alkali
interaction (two lump ores, two pellet brands, two sinter blends). Moreover, a classification of
these materials with regard to alkali attack was possible. The summary of the microscopic
research on burden material and their interaction with alkalis is shown in Table 6-1.

In general, the following statements can be determined:

e The assimilation is mainly caused by the K/Na impregnation in the gangue and glass
phases. The effect of the specific surface was important for only the lump ores. K and Na
were able to diffuse into the particles’ core and dense structures.

o The effect of alkalis on iron ore reduction was studied precisely. Especially the influence
on the CO reduction was a new outcome and it was widely debated in previous
literature. An interesting finding of the investigations was that alkali metals hardly
influence the reduction speed with H,. Moreover, findings due to reduction kinetics were
found. They assume that alkali metals can change the limiting step and consequently the
whole reduction mechanisms. These results can support information about the reduction
kinetics for future research. The mechanical properties after reduction changed
enormously in some cases. However, the quantitative change in abrasion, disintegration,
and sticking tendency depends on the original material.

e For the evaluation of the melting behaviour and the influence of alkalis, measurements
with the DTA have produced the best results (supporting information by tests with HSM
and HT-LSCM). The stability of the metallic iron was visible up to 1530°C and an effect of
K/Na on the metallic fraction was not detected (low solubility of Na/K in metallic iron).
However, a significant change of the phase transformations of oxides (e.g. gangue, glass,
calcioferrites, FeO) was measured for all materials. The melting temperature was shifted
to lower temperatures with the addition of K/Na for most materials.

This thesis represents a new methodology for the characterization of ferrous burden materials
with regard to alkalis. The combination of standardized methods (tumbling and reduction tests)
and new approaches (alkali treatment, DTA analysis with partially reduced materials) led to
successful results. On the one hand, knowledge was gained about the effects of K and Na. For
instance, acid pellet brands showed higher degradation during reduction than did basic pellets.
On the other hand, new theories about the fundamentals of reduction kinetics were stated. Alkali
metals seem to accelerate the CO reduction because of their electropositive characteristics.

Moreover, in the future, the microscopic evaluation of input materials is essential. Material
properties like abrasion, reactivity, and softening behaviour are directly linked to the process
performance and can be changed by harmful elements like alkalis (K, Na) or halides (CI).
Qualitative and quantitative characterization plays a key role for a successful ironmaking
process.
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6.3 Outlook and Future Potentials

To sum up, the thermochemical modelling and experimental simulations give rise to a clear
picture about alkali metals in ironmaking processes. Alkalis offer both opportunities and threats
for the future of ironmaking.

The performed work delivers fundamental data about alkalis and it can be a starting point to
lower the impact of the following issues:

— Fuel consumption

— Emissions (cyanides in the waste gas)

— Generation of dust and fines

— Usage of domestic or Fe-rich iron ores with higher K/Na content (e.g. RSA, AUT, etc.)

Alkalis offer an opportunity with regard to
their use as fertilizers. K in potash is an
important resource for agriculture and it is
normally produced by mining (see open bit
mine in Figure 6-2). For example, consider
the K consumption of China. In 2006, around
11 mio. t. of K was used for fertilizing,
whereas 8 mio. t. had to be imported.
Assuming that 90% of the K in the sinter
dust is processed, annual production of 500
kt KCl would be possible. Furthermore, this
is linked with a potential of 600 kt K;SO4. In
that case, the separation, modification, and
usage of K-bearing waste material (dust,
sludge) are of interest to partially substitute the primary source potash.

Figure 6-2: open-bit mining for potash production
163

Another future aspect is industry 4.0. Nowadays, industry 4.0 summerizes technological
opportunities for the industrial production like autonomous robots, additive manufacturing,
system integration, big data mining, smart products, social machinery, virtual production and
the internet of things. Figure 6-3 demonstrates the evolution of industrial processes. Starting
from the 1st industrial revolution it shows the way towards modern production methods. The
implementation of advanced technologies is the major step for the 4t industrial revolution. In
this context, the simulation of processes plays a key role. Simulations have to be based on
models, which represent the real process. Programs should be able to deal with huge volumes of
industrial data as well as mathematical, chemical and physical fundamentals. Furthermore, the
structures of such models have to be as simple as possible to lower the calculation time, which is
important for the applicability of software tools. For instance, the alkali model can contribute
information to the blast furnace simulation. It enables the virtual view on the material flow in
the reactor — based on thermodynamical fundamentals and industrial data.
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; . DEGREE OF
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First programmable
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1800 1900 2000 Today

Figure 6-3: evolution of industrial production towards industry 4.0169

For these topics, this thesis can deliver important information about the alkali behaviour in
ironmaking reactors, new knowledge about the creation of suitable models for process
simulation and, perhaps, new aspects of processing in the field of ironmaking.
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Appendix

A-1 Reduction curves of ferrous burden materials under different process
conditions and alkali contents
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Figure A-1: Process data and curve of the reduction degree for lump iron ores
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Hematitic Lump Ore - smelting reduction conditions

Pellets brand 2 - smelting reduction conditions
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Figure A-2: Process data and curve of the reduction degree under SR conditions for hematite lump ore and

Pellets brand 1 - 1ISO 4695
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Pellets brand 1 - blast furnace conditions
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Figure A-3: Process data and curve of the reduction degree for pellets
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Sinter 1 - 1S0 4695

Sinter 1 - blast furnace conditions
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A-2 Observations by HT-LSCM (partially reduced iron carrier)

Limonitic lump ore
during melting

Limonitic lump ore ~
during melting &
1000° C

Limonitic lump ore
during melting 0
1400° C

Figure A-5: Observation of reduced lump ore by HT-
LSCM with images at 1000°C, 1300°C and 1400°C
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Figure A-6: Observation of reduced sinter by HT-LSCM
with images before heating up (light microscopy), at
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A-3 Ternary systems for the evaluation of alkali addition
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Figure A-7: Supporting ternary systems SiO,-NaAlO,-KAIO, (top) and SiO,-NaAlSiO,-KAISiO, (bottom) for
evaluation of the influence of alkalis on oxidic systems, including the liquidus lines®
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A-4 Profiles of elements in experimental blast furnace
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Figure A-8: Chemical composition of SiO,-MgO-bearing materials during the operation in an experimental blast

furnace (testing layers from top-left to bottom-right)138
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