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Abstract

The European Union has set an ambitious target to limit the global temperature increase to less
than 2°C. To fulfill this goal, the carbon emissions level should be reduced to 80-95% of the 1990
level by 2050. One of the most energy-intensive industries worldwide is the iron and steel
industry. One approach to tackling this issue is to eliminate fossil-based reducing agents and
utilize hydrogen to produce iron. Moreover, massive quantities of carbon and iron-bearing
residues are generated at different stages of the steelmaking processes. In this research, the
influence of hydrogen and water vapor on the reduction of acid iron ore pellets was studied in
conditions simulating an operating blast furnace. Pellets reduced in a hydrogen-containing gas
were found to achieve a higher reduction rate and extent, and also resulting in higher surface area
and porosity. Additionally, several side streams from iron and steelmaking were used to produce
cold bonded briquettes for use in a blast furnace utilizing an ettringite (C3A * 3CS » 32H)-based
binder. The ettringite-based binder was produced primarily using ladle slag and used as an
alternative to ordinary Portland cement as a binder in briquettes. Briquettes produced using
ettringite-based binder were found to possess several technical, environmental, and economic
advantages, including excellent compression and drop damage resistance compared to reference
briquettes made using ordinary Portland cement, especially after 2 and 7 days of curing. Moreover,
laboratory tests were conducted to assess the suitability of self-reducing and slag-forming
briquettes produced from side streams to be used in an electric arc furnace. Briquettes were made
using organic and inorganic binders. Tests were carried out to assess the mechanical, chemical,
and thermal properties through a series of tests, including a thermogravimetric analyzer (TGA)
coupled with a mass spectrometer (MS), dilatometry, and melting trials. Based on the laboratory
test results, two briquettes out of the seven tested briquettes were deemed suitable for an electric
arc furnace, three of the briquettes were considered unsuitable, and two of the briquettes were
considered of limited use.

Keywords: blast furnace, cold-bonded briquettes, electric arc furnace, ettringite-based
binder, hydrogen, ironmaking, melting, reduction, swelling






Abdelrahim, Ahmed, Kohti pienempii CO,-pididstoji raudan ja teriksen
valmistuksessa — Vetyavusteinen pelkistys ja sementittomét briketit.

Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta

Acta Univ. Oul. C 876, 2023

Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmd

Euroopan Unioni on asettanut kunnianhimoisen tavoitteen rajoittaa maapallon lampétilan nousu
alle 2 °C:seen. Jotta tavoitteeseen pédstdisiin, vuoteen 2050 mennessé hiilidioksidipaastojé tulisi
véihentdd 80-95 % verrattuna vuoden 1990 tasoon. Yksi maailman energiaintensiivisimmista
teollisuuden aloista on raudan ja terdksen valmistus. Erés keino on vdhentdd fossiiliperdisten pel-
kistysaineiden kayttod ja hyodyntdd vetyd raudan valmistuksessa. Lisdksi valtavat maarét hiiltd
ja rautaa sisdltdvid sivuvirtoja muodostuu eri vaiheissa terdksen valmistuksen prosessiketjua.
Téassé tyossa on tutkittu vedyn ja vesihdyryn vaikutusta happamien rautapellettien pelkistymi-
seen masuunia jéljittelevissd olosuhteissa. Vetya siséltdvissd kaasuatmosfaérissi pelkistetyt pel-
letit pelkistyivdt nopeammin ja saavuttivat korkeamman pelkistysasteen suuremman BET pinta-
alan ja huokoisuuden ansiosta. Liséksi useita raudan ja terdksen valmistuksen sivuvirtoja kaytet-
tiin kylmépuristettujen masuunibrikettien valmistuksessa hyddyntéen ettringiitti (C3A * 3CS «
32H) -pohjaista sideainetta. Ettringiitti-pohjainen sideaine valmistettiin etupaéssa senkkakuonas-
ta ja silld korvattiin perinteinen Portland-sementti briketin sideaineena. Ettringiitti-pohjaisesta
sideaineesta valmistetuissa briketeissa havaittiin useita teknisié, taloudellisia ja ymparisto6n liit-
tyvid etuja verrattuna Portland-sementistd valmistettuihin referenssibriketteihin kuten erinomai-
nen puristuslujuus ja vahdinen vaurioalttius pudotuksessa erityisesti 2 ja 7 paivan kovettumisen
jalkeen. Liséksi selvitettiin sivutuotevirroista valmistettujen itsepelkistyvien ja kuonaa muodos-
tavien brikettien soveltuvuutta valokaariuuniprosessiin laboratoriokokein. Briketeissd kdytettiin
sekd orgaanisia ettd epdorgaanisia sideaineita. Mekaanisia, kemiallisia ja korkealdmpotilaomi-
naisuuksia arvioitiin tekemalld erilaisia testejd kuten termogravimetria (TGA) yhdistettynd mas-
saspektrometriin (MS) seké dilatometri- ja sulamiskokeita. Laboratoriotestitulosten pohjalta seit-
seméstd brikettilaadusta kahden todettiin soveltuvan valokaariuuniin, kolme brikettilaatua osoit-
tautui ei-soveltuviksi valokaariuuniin ja kahden arvioitiin soveltuvan rajoitetusti valokaariuu-
niin.

Asiasanat:  ettringiitti-pohjainen  sideaine, kylmépuristetut briketit, masuuni,
pelkistyminen, raudan valmistus, sulaminen, turpoaminen, valokaariuuni, vety
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AIRI
BET
BF
BFS
C-S-H
DTG
EAF
EDS
e.g.
FA
FESEM
G
GGBFS
IA

i.e.
IEA
IRI

LS
LSG
LSCM
NPT
MPVP
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OPC
OM
PSD
SEM
TGA
XRD
XRF

Symbols

O¢

Adjusted impact resistance index
Brunauer, Emmett, and Teller method
Blast furnace

Blast furnace simulator

Calcium silicate hydrate

Derivative thermogravimetry

Electric arc furnace
Energy-dispersive X-ray spectrometer
Exempli gratia

Ferroalloy

Field emission scanning electron microscope
Gypsum

Ground granulated blast furnace slag
Image analysis

Id est

International energy agency

Impact resistance index

Ladle slag

Ettringite-based binder from ladle slag and gypsum
Laser scanning confocal microscope
Normal pressure and temperature
Multi-point vertical probing

Mass spectrometry

Ordinary Portland cement

Optical microscope

Particle size distribution

Scanning electron microscope
Thermogravimetric analysis

X-ray powder diffraction

X-ray fluorescence

Compression strength in MPa
Force at which the briquette suddenly fails in N
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Cross-section area of tested briquette in mm?

CO gas utilization numerical index

Ho gas utilization numerical index

Mass of the pellet sample prior to reduction, in grams

Mass of the sample after reduction, in grams

Iron (II) oxide mass percentage in a sample before reduction
Total iron mass percentage in the sample before reduction

Reduction degree
Skeletal density
Envelope density

Pellet porosity

In this thesis, standard cement chemistry notations were used as follows:

vl v N

12

Al,O4
CaO
SiO,
SO,



List of original publications

This thesis is based on the following publications, which are referred to throughout

the text by their Roman numerals:

L.

II.

II1.

Abdelrahim, A., Iljana, M., Omran, M., Vuolio, T., Bartusch, H., & Fabritius, T.
(2020). Influence of H>—H20 content on the reduction of acid iron ore pellets in a
CO—-CO2-Nz: reducing atmosphere. ISLJ International, 60, 2206.
https://doi.org/10.2355/isijinternational ISIJINT-2019-734

Abdelrahim, A., Nguyen, H., Omran, M., Kinnunen, P., [ljana, M., Illikainen, M., &
Fabritius, T. (2022). Development of cold-bonded briquettes using by-product-based
ettringite binder from ladle slag. Journal of Sustainable Metallurgy, 8(1), 468—487.
https://doi.org/10.1007/s40831-022—00511-1

Abdelrahim, A., Aula, M., Iljana, M., Willms, T., Echterhof, T., Steinlechner, S.,
Mombelli, D., Mapelli, C., Omran, M., Preiss, S., & Fabritius, T. (2021). Suitability
of self-reducing and slag-forming briquettes for electric arc furnace use based on
laboratory tests. Steel Research International, 2100472.
https://doi.org/10.1002/srin.202100472

The author of this thesis was the primary author of all three publications. The

author’s contribution to the publications was as follows: major planning of the

publications’ content, reviewing the relevant literature, conducting the majority of

experimental work, analyzing experimental results, drawing conclusions, and

writing.

In addition to the articles upon which this thesis was based, the following

publications also belong to the author. Although they are outside the direct scope

of this thesis, these publications provided background information that was

complementary to the original publications used in this thesis:

Iv.

VL

Echterhof, T., Willms, T., Preiss, S., Aula, M., Abdelrahim, A., Fabritius, T.,
Mombelli, D., Mapelli, C., Steinlechner, S., & Unamuno, 1. (2019). Fabrication of
agglomerates from secondary raw materials reinforced with paper fibres by stamp
pressing process. Applied Sciences, 9(19), 3946. https://doi.org/10.3390/app9193946
[ljana, M., Abdelrahim, A., Bartusch, H., & Fabritius, T. (2022). Reduction of acid
iron ore pellets under simulated wall and center conditions in a blast furnace shaft.
Minerals, 12(6), 741. https://doi.org/10.3390/min12060741

Khalifa, A., Bazhin, V., Kuskova, Y., Abdelrahim, A., & Ahmed, Y. (2021). Study
the recycling of red mud in iron ore sintering process. Journal of Ecological
Engineering, 22(6), 191-201. https://doi.org/10.12911/22998993/137966

13



VIL Omran, M., Fabritius, T., & Abdelrahim, A. (2020). Effect of metallurgical waste
properties on determining suitable recycling method. Key Engineering Materials,
835, 297-305. https://doi.org/10.4028/www.scientific.net/KEM.835.297
VIIL Willms, T., Echterhof, T., Steinlechner, S., Aula, M., Abdelrahim, A., Fabritius, T.,
Mombelli, D., Mapelli, C., & Preiss, S. (2020). Investigation on the chemical and
thermal behavior of recycling agglomerates from EAF by-products. Applied Sciences,
10(22), 8309. https://doi.org/10.3390/app10228309

14



Contents

Abstract
Tiivistelméi
Acknowledgments
List of abbreviations and symbols
List of original publications
Contents
1 Introduction
1.1 Background .........ccooiiiiiiiiiiieeeie et
1.2 AIM ANd SCOPEC..cuuiiieiiiiiieeeiiieeeiteeeecete e et ee e e eeeeesneeeeentaeeeeneaeeeenneeeens
2 Fundamentals
2.1 Carbon and hydrogen-based reduction in a blast furnace .......................
2.1.1 Blast fUrnace PrOCESS.......ueerureerieeriiieriiieniieeniieeniteesreeeteeeniee s
2.1.2 Boudouard r€action ........cc.cceeerueeeniiienieenieenieeeieeeite e e eneeenas
2.1.3 TIron—oxygen system equilibrium.........ccccoeiiieiiiiiiiniiineiieeeee
2.1.4 Reduction of iron oxXides by CO ......c.ceevvviieeiiiireeiiee e
2.1.5 Reduction of iron oxides by Ha ..c..oevveviiiiiiiiiiiiiieeeeeeeeeee
2.2 The use of by-product-based ettringite binder from ladle slag ...............
2.2.1 Ladle S1ag «...eooieiiiiiiiiieieeee e
2.2.2 Ettringite-based DINdEr .........cceeeveviiieiiiiieeiiee e
2.3 Assessing the suitability of self-reducing and slag-forming
briquettes for EAF use based on laboratory tests.......cc..ccceeveervieenneennnen.
3 Material
3.1 Iron ore pellets (related to Publication I) .........ccceeeiiiiieiiiiiiiiieeeee
3.2 Side streams from steelmaking ...........cceecveeriienieeniieiniienniceeceec e
3.2.1 Side streams from BF steelmaking (related to Publication

3.2.2 Side streams from EAF steelmaking (related to
Publication II1) ......cccceeeeioiiieeeiiee et e e e
3.2.3 Physical properties of side Streams.........coeeveveeeeriiieeeniiereniieeene
3.2.4 Chemical properties and minerology of side streams...................
3.2.5 Briquette-making from side streams............ccceeeervieeeriieeeenciieeenns
4 Methods and testing
4.1 Briquettes’ mechanical properties testing.........ccocceeevveenieenieeneeenneennneen.
4.1.1 Compression strength (related to Publication II and
Publication TII) ......cooeeiiiiiiiieeeeeeee e e e

11
13
15
17
17
18
21
21
21
22
22
23
24
27
27
27

28
31
31
31

31

32
32
35
37
41
41

41

15



4.1.2 Drop damage resistance (related to Publication II and

Publication IIT) ......ccoeeeviiieiiiieeeiiee e 42
4.2 High temperature teSTINE .......ccovuereriuiieeeiiieeeetieeeeeeeeeeeeee e et e e e eeeeee e 43
4.2.1 Reduction of pellets in BFS (related to Publication I).................. 43

4.2.2 Briquettes’ reduction and swelling (related to Publication
IT and Publication II1) .........cceeeeeiiiiiiiiieeeeiiiiee e 47

4.2.3 Briquettes’ thermogravimetric analysis and mass

spectrometer (related to Publication II and Publication I1I) ......... 48
4.2.4 Melting trials (related to Publication ITI)..........cccceeviiiiinniennnneen. 49
4.2.5 Dilatometry testing (related to Publication III)........c...cccceeneennnee. 50
4.3 X-Ray diffraction ........ccceoiiiieiiiie et eeiee et e e e ee e eve e e eareeeenene 51
4.4 IMICTOSCOPY -tteeeunrtreeaureeeeaauteeeeaasteeesatteeeaansteeeansaeeeaaneeeesaanseeeeaneeeeeaneneeaanns 51
4.5 Porosity and surface area Changes...........ccocueevveerieerniiinicenie e 52
5 Results and discussion 55

5.1 Influence of H2 and H20 on acid pellets’ microstructure and

<10 1010150 o SRS 55

5.2 Briquettes utilizing ettringite-based binder..........ccccceeevveieviiiieeeiieeeeen, 67
5.3 Assessing briquettes’ suitability for their use in EAF through

B oT0) 21 1) A 1] £ SRS 72

6 Conclusion 79

7 Future work 81

References 83

Original publications 89

16



1 Introduction

1.1 Background

The European Union has set an ambitious target to limit the global temperature
increase to less than 2 °C. To fulfill this goal, the carbon emissions level should be
reduced to 80-95% of the 1990 level by 2050. One of the most energy-intensive
industries worldwide is iron and steel industry. The electric arc furnace (EAF) and
blast furnace (BF) routes are the most commonly used routes to produce steel. The
former conventionally uses electric energy to melt scrap. The latter utilizes coke as
areducing agent and conventionally utilizes sinter, pellets, and lump ore as the iron-
bearing feed material. In 2020, 73.2% of steel was produced through the BF route
while 26.3% was produced through the EAF route (Worldsteel association, 2022).
The steel industry accounts for around 4-5% of the total man-made greenhouse
gases in the world (Cavaliere, 2016). According to the International Energy Agency
(IEA), the iron and steel industry accounts for the largest share of CO, emissions
from the global manufacturing sector at about 27% (Ministry of Economic Affairs
and Employment et al., 2019). Each ton of steel produced through the BF route
results in 1.9-2.1 tons of CO, (Cavaliere, 2016; Raabe et al., 2019).

Finland has set a goal to become a global leader in circular economies by 2025,
to achieve carbon neutrality by 2035, and to become “the first fossil-free welfare
society” by 2035 (Ministry of Economic Affairs and Employment et al., 2019).
Efforts made toward these goals include the shutdown of sintering plants, which
are emissions-intensive sources. Moreover, researchers have focused on the
minimization of fossil-based reducing agents and on utilizing more hydrogen in the
production of iron (Kemppainen et al., 2012). Minimizing fossil-based reducing
agents and transitioning to hydrogen-rich reduction requires a deeper and better
understanding of processes and reactions within BF and its different zones, as well
as a better understanding of the iron burden’s behavior and properties as it descends
the BF. Under the increasingly strict global environmental standards, the hydrogen
reduction route of iron production is becoming more and more attractive.

Massive quantities of carbon and iron- bearing wastes are generated at different
stages of the iron- and steelmaking processes. The waste includes fines, dust,
sludge, and mill scale (Omran et al., 2020). Side streams generated during EAF
steel production are estimated to be around 181.4 kg per ton of crude steel produced
(Ndlovu et al., 2017). The EAF steelmaking route is associated with lower capital

17



costs and higher process flexibility. Steel production through the EAF route is
expected to increase due to the transition to hydrogen-based reduction. Therefore,
the total volume of side streams, such as dust, sludge, and slags from EAF
steelmaking, is expected to increase as a result (Ndlovu et al., 2017; Suetens et al.,
2014). Several methods have been innovated to allow better utilization of side
streams from iron and steelmaking. Such methods include agglomeration
techniques, such as pelletizing and briquetting. Briquettes are agglomerates that are
usually made of a mixture of fine iron and fine carbonaceous materials before
adding some organic or inorganic binding agents, such as ordinary Portland cement
(OPC). One downside to the use of cement in briquette-making is cement
production-related CO, emissions. The cement industry contributes more than 5%
of the total anthropogenic carbon dioxide emissions in the world (Mahasenan et al.,
2003).

Several researchers have studied the use of briquettes in the EAF process in
order to recycle metal oxides and create slag foaming (Bagatini et al., 2017;
Davydenko et al., 2015, 2019; Yang et al., 2009). Iron-bearing materials used as
feed for BFs are conventionally tested for their chemical properties, mechanical
strength, reducibility, softening and melting properties, and reducibility (Geerdes
et al., 2015). However, the utilization of briquettes in EAF is not highly
standardized at the present.

1.2 Aim and scope

This thesis aims to minimize emissions and increase recycling within iron- and
steelmaking. To achieve this target, two pathways will be the focus of this thesis.
First, the influence of hydrogen on the reduction behavior of acid iron ore pellets
will be studied in simulated BF conditions. This will provide insights regarding
how microstructure, minerology, reduction extent, and reduction rate are affected
by H,-H>O content in a CO-CO,-N, gas. Second, the research focuses on
developing a more sustainable recycling approach by producing agglomerates
utilizing environmentally friendly binders rather than Portland cement and on
testing the suitability of different types of briquettes to be used in EAFs through
laboratory tests.

The objectives of the research are parallel to those set by Finnish government
strategy on “Bio-economy and Clean Solutions,” which aims to ensure the
breakthrough of a circular economy. The research involved 1) reduction and
swelling laboratory scale tests of acid iron ore pellets in reducing atmosphere

18



containing hydrogen and water vapor and 2) briquette production and testing using
several organic and inorganic binders as substitutes for cement. An ettringite-based
binder utilizing ladle slag and gypsum (LSG) was studied. The binder performance
was assessed as an alternative to the conventional Portland cement binder currently
used in briquette making. Starch and sodium silicate were also used in the study as
binders in the making of self-reducing and slag-forming briquettes.

This research addresses the following research questions:

1. How are acid iron ore pellets’ microstructure and minerology influenced by
varying temperature and reducing atmosphere (H>-H>O-CO-CO»), simulating
the conditions of a BF?

2. In terms of mechanical and chemical properties, how suitable is ettringite
binder from ladle slag for use as a cement substitute in cold bonded briquettes?

3. How can the suitability of self-reducing and slag-forming briquettes for EAF
use be assessed based on laboratory tests?

Fig. 1 shows the different stages of work carried out in this thesis with boundaries
indicating the scope of each of the publications.

| Blast furnace simulator ] FI:
Paper | . Qinfluence of H,content and E‘ L.,s Ir‘,
T Pellets & sinter charging position on reduction 3 .;':I
Characterization -l 0 Kinetics of reduction |
[—— .%l . 0 Reduction mechanism

4 1
O XRF ;'-?, 3 swelling behavior _

O xRD - S5 ig T j
0 Pty S Paper [ii™ i 4o
article packing ! I = Tl

0 Laser microscope

[JOptical dilatometer
2 Melting trials
O T6A-MS
Inorganic and
organic binders
—
| Mechanical tests

O Drop damage resistance

Paper Il O Compression tests

Briguetting parameters

Fig. 1. Schematic showing different stages of work.
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2 Fundamentals
2.1 Carbon and hydrogen-based reduction in a blast furnace

2.1.1 Blast furnace process

Environmental regulations have grown more and more strict in recent years, which
has resulted in a need to transform carbon intensive industries to more
environmentally conscious ones. The iron- and steelmaking industry is one of the
main industries responsible for CO; emissions. In a BF, 400-500 kg of carbon are
used in producing a ton of cast iron (Cavaliere, 2016). The carbon is used in the
process of reducing iron oxides to metallic iron.

The BF is the dominant route in the ironmaking industry. A BF is a tall vertical
shaft furnace that utilizes refractory bricks a as furnace lining. The charge of the
BF consists primarily of iron ore, coke, and limestone. The charge is introduced at
the top of the furnace in alternating layers. Pre-heated air is compressed and
introduced into the furnace through tuyeres at a temperature of 1000—1300 °C.
Carbon-based materials are gasified by the hot air at a temperature in the range of
1900-2300°C. Ascending gases consisting primarily of CO, N», and CO; heat up
the coke, which results in the melting of the iron ore. Slag and hot metal are
produced through the melting of the iron burden, and the iron burden’s oxygen is
removed through chemical reactions (Geerdes et al., 2015; Ghosh & Chatterjee,
2010).

The reactions between carbon and oxygen are shown in Equations. (1) and (2):

C(s) + 0,(g) = CO,(g) M

AH® =-393.7 x 103] - mol™ at 298 K
1
C(s) +50,(8) = CO(g) @)

AH® =-110.6 X 103] - mol™ at 298 K
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2.1.2 Boudouard reaction

At the tuyere level, oxygen is converted into CO and CO,. The product of this
reaction is essentially CO and not CO», as CO; is not stable above approximately
1000 °C in the presence of carbon (Biswas, 1981). Therefore, at the bosh and stack,
reaction (3) must be considered:

CO,(g) + C(s) = 2CO(g). (3)

Reaction (3) is the combination of reactions (1) and (2). Reaction (3) is called the
Boudouard reaction but is generally referred to as the gasification reaction. In a BF,
the forward reaction is referred to as the solution loss reaction (Ghosh & Chatterjee,
2010).

2.1.3 Iron-oxygen system equilibrium

Iron oxide reduction thermodynamics has been the focus of several books (Biswas,
1981; Ghosh & Chatterjee, 2010; Seetharaman, 2005; Turkdogan, 2010). Iron
forms in the ores of oxides that have three stable phases: hematite (Fe>Os),
magnetite (Fe;O4), and wiistite (FexO), an oxygen-deficient non-stoichiometric
compound. The fields of existence of the iron oxides have been studied, and a Fe-
O phase diagram is shown in Fig. 2 (Darken & Gurry, 1946).
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Fig. 2. Iron-oxygen phase diagram (Ghosh & Chatterjee, 2010) based on iron-oxygen
phase diagram (Darken & Gurry, 1946).

2.1.4 Reduction of iron oxides by CO

In a BF, hematite is reduced to metallic iron in stepwise reactions, as in the

following:
Hematite (Fe,03) — magnetite (Fe;0,) — wustite (Fe,0)
— metallic iron (Fe)
As CO; is unstable above 1000 °C in the presence of carbon, the burning of coke
at the tuyeres level generates CO, which reduces the iron burden. Below 1000 °C,
reduction takes place, and COs is generated as a product (Biswas, 1981).

3Fe,05(s) + CO(g) = 2Fe;0, (s) + CO,(g) 4)

AH® =-528x 103] - mol™?

Fe;0, (s) + CO(g) = 3Fe0 (s) + CO,(g) (5)
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AH® = +36.3 x 103] - mol™
FeO (s) + CO(g) = Fe (s) + CO,(g) (6)

AH® =-173 x 103] - mol™?

Below 570 °C, magnetite is reduced to metallic iron, according to the following
reaction:

Fe;04(s) + 4C0O(g) = 3Fe(s) + 4C0O,(g) @)

The reduction of magnetite by CO and H, constitutes indirect reduction, while
reduction by carbon is direct reduction. However, in direct reduction, the reaction
takes place indirectly through a gas phase above 1000 °C; the overall reaction
consumes carbon, with one step being the gasification reaction in (3) and indirect
wiistite reduction in (6). The sum of reactions (3) and (6) yields the following:

FeO(s) + C(s) = Fe(s) + CO(g) (8)
AH® = +140.1 x 103] - mol™

2.1.5 Reduction of iron oxides by H-

The injection of steam, pulverized coal, and hydrocarbons such as oil or natural gas
at the tuyere level has been traditionally practiced. Such a practice results in the
formation of volatile compounds, which in turn become a source of hydrogen
(Ghosh & Chatterjee, 2010). Steam also reacts with coke at high temperatures,
resulting in the formation of hydrogen, according to the following reaction:

H,0(g) + C (s) = CO(g) + Hz(g) ©)
AH® = +131.4 X 103] - mol?

At the tuyere level, where the temperature is around 1900 °C, water is converted
into hydrogen. Therefore, a water—gas reaction must be considered:
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H(g) + C0O,(g) = H,0(g) + CO(g) (10)

AH® = 32.0 x 103] - mol* at 298 K

Similar to CO, H; is a reducing agent. The reduction equation of iron oxides by
hydrogen could be expressed as follows:

3Fe,05(s)+ H; (g) = 2Fe;0, (s) + H,0(g), (11)
Fe30, (s) + H, (g) = 3FeO (s) + H,0(g), (12)
FeO (s) + H, (g) = Fe (s) + H,0(g). (13)

The equilibrium of CO/CO; and H»/H,O for iron oxide reduction at varying
temperatures is shown in Fig. 3.
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Fig. 3. Equilibrium diagram of iron oxide reduction with CO and H, with imposed
Boudouard reaction (Seetharaman et al., 2014).

Although studied for decades, the reduction of iron oxides by hydrogen is not yet
fully understood (S.-H. Kim et al., 2021). One of the challenges preventing the use
of hydrogen in the iron and steel industry is the unavailability of hydrogen in
quantities that would be sufficient for the industry’s demands due to technical and
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economic reasons (Hasanbeigi et al., 2014). Moreover, due to the endothermic
nature of hydrogen reduction, an increase beyond certain limit would require the
use of more coke to provide energy (Yilmaz et al., 2017).

Various reactor types are typically used to study the reduction of iron oxides,
including thermogravimetric analyzers (TGAs), packed bed reactors, and fluidized
bed reactors (Oh & Noh, 2017). Several researchers have studied the influence of
hydrogen content on the reduction of iron oxides at different temperatures
(Kemppainen et al., 2012; S.-H. Kim et al., 2021; Pineau et al., 2006, 2007; Qie et
al., 2017; Wagner et al., 2006). It was found that below 900 °C, the reduction rate
increases considerably when hydrogen content is increased from 15 to 20%. On the
other hand, the influence of a hydrogen increase on iron oxide reduction at a
temperature of 1000 °C is greater when hydrogen content is increased from 10 to
15%, and it was concluded that hydrogen content in a gas injection to a BF should
be maintained between 5 and 15% (Qie et al., 2017). While some researchers have
concluded that an H» content of less than 5% in the gas composition has little effect
on reduction (Qie et al., 2017), others have concluded that an H, addition of up to
5% significantly increases the degree of reduction and that a further 5% addition
results in much less improvement (Kemppainen et al., 2012). At later stages of the
reduction of iron oxides in CO-H, mixtures, it is believed that the formation of a
product-dense layer results in the poor diffusion of reducing gases (Kemppainen et
al., 2012; Qie et al., 2017). Some researchers believe that the formation of a dense
iron layer should take place at a temperature above 850 °C when dry hydrogen is
employed as the reducing gas but that the temperature of dense iron formation
becomes 800 °C when a mixture of hydrogen and water vapor is employed in
reduction (Wagner et al., 2006). Other researchers have reported on the formation
of dense iron layer when reducing hematite above 450 °C (Pineau et al., 2006,
2007). Moreover, some believe that the classical core-shell model does not fully
explain the process of reduction by hydrogen and have suggested that the outbound
diffusion of oxygen plays a major role in the kinetics of reduction (S.-H. Kim et al.,
2021).
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2.2 The use of by-product-based ettringite binder from ladle slag

2.2.1 Ladle slag

In the European Union, 48 million tons of ferrous slag are produced annually
(Handley & Basuyau, 2019). Slag types include BF slag, basic oxygen furnace slag,
EAF slag, and ladle slag. The use of slags originating from iron and steelmaking
industry as a cement alternative would result in a significantly reduced amount of
landfilled slag. Moreover, it would contribute to the conservation of natural
resources and the reduction of emissions from the cement industry.

Ladle slag, one of the side streams from the iron and steel industry, is either
used in low-value applications or disposed of in landfills. Ladle slag originates from
the final stages of steelmaking after liquid steel is poured into a ladle furnace, where
it is subject to deoxidation and desulphurization and where alloying elements are
added (Setién et al., 2009). The composition of ladle slag varies depending on the
working practice of each individual steel manufacture and the nature of the heat
used (Posch et al., 2002). Calcium aluminates and calcium silicates are the main
mineral phases in ladle slag, which has CaO/SiO, ratio of around 2:1(Choi et al.,
2016; Shi, 2002). Ladle slag typically contains less than 3% FeO. However,
depending on the steel shop, FeO content could be as high as 10% (Koros, 2003).
Compared to other types of slags, ladle slag typically contains high Al,O3 content.
However, Al,O; and ladle slag basicity could vary significantly, as some sources
have reported a CaO/Si0, ratio of up to 8:1 and Al,O3 content to be as low as 1.3%
(Adesanya et al., 2017; Adolfsson et al., 2011; Papayianni & Anastasiou, 2012;
Radenovi¢ et al., 2013; Shi & Hu, 2003). Ladle slag has the potential to be used in
several applications, such as agriculture, construction, aquiculture, and soil
stabilization (Dippenaar, 2005; Manso et al., 2005; Proctor et al., 2000).

2.2.2 Ettringite-based binder

Many researchers have pointed out the potential of ladle slag as a precursor for
cementitious materials. Ettringite-based binders are potential substitutes for OPC.
Ettringite is a common hydrate in Portland cement and is formed as a result of
chemical reaction between solid calcium aluminate and calcium sulfate sources
(Winnefeld & Lothenbach, 2010). In the presence of gypsum, it can form according
to the following reaction:
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C3A+3CS+H, + 26H — C¢AS3H3, (14)

OPC consists mainly of four major crystalline phases: tricalcium silicate, dicalcium
silicate, tricalcium aluminate, and tetracalcium aluminoferrite. Although raw
materials used in the production of OPC are available and affordable, its
manufacturing is responsible for significant emissions of carbon dioxide (up to
913 kg CO»/t) and is accompanied by high energy demands during the firing and
subsequent grinding of the final clinker (De Belie et al., 2018).

Ettringite-based binders are considered to be an attractive alternative to OPC.
Due to the low clinkering temperature and the use of industrial side streams in their
production, they are associated with low CO; emissions. Moreover, ettringite-based
binders are associated with other attractive properties, such as fast setting, good
mechanical properties, high chloride resistance, and heavy metal immobilization
(Luz et al., 2007; Peysson et al., 2005). Al-rich slag with calcium sulfate sources
could be used to produce ettringite-based binders (Nguyen et al., 2019). Ladle slag
has been used to produced ettringite-based binders in the presence of dehydrated
gypsum (CaSO4) (J.-M. Kim et al., 2016).

2.3 Assessing the suitability of self-reducing and slag-forming
briquettes for EAF use based on laboratory tests

With around 26.3% of world crude steel being produced through the EAF route,
several side streams are generated in high quantities. For each ton of crude steel
produced through the EAF route, 1841.4 kg of side streams are produced (Ndlovu
et al., 2017). EAF steel production process is highly flexible and is associated with
lower capital cost. Moreover, due to the transition to hydrogen-based reduction and
increased recycling, the volume of steel produced through the EAF route is
expected to increase, and the amount of side streams generated are expected to
increase in turn (Gordon & Kumar, 2013; Suetens et al., 2014). Although some of
EAF side streams are considered hazardous (de Aratijo & Schalch, 2014), the side
streams contain several valuable elements (Gao et al., 2012). EAF dust, for
example, contains around 30-40% zinc and 20% iron (Magdziarz et al., 2015). Side
streams from EAF may undergo several beneficiation techniques, including
thermal and hydrometallurgical methods to recover valuable elements (Rao, 2006).
Leaching and recovering valuable methods with a Waelz kiln are some of the
methods used to recover zinc. However, these methods face limitations, such as the
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need for metal content to be high enough for extraction (de Aratjo & Schalch,
2014). Briquetting is one of the important techniques employed to recycle side
streams back into the steelmaking process (Godinskii et al., 2003). By utilizing less
expensive side stream materials in the steelmaking process, production costs could
be reduced, and the internal recycling would reduce the cost of disposing of side
streams (Toulouevski & Zinurov, 2013).

Employing an EAF to produce steel involves the steps of handling the charge
material, charging the material to the furnace, and melting and refining (Ndlovu et
al., 2017). When briquettes are used as a charge material, they are subject to
different forces during these steps, and their behavior should be evaluated to assess
their suitability to act as a feed material in the production process.

Briquettes must possess adequate mechanical properties to withstand their
handling at the scrap yard and the subsequent feeding through a silo. This is
important so that briquettes do not crumble under the load. While a standard is
available to assess the crushing strength of pellets used in a BF (British Standards
Institution, 2015), no standard is available to assess this property for briquettes used
in an EAF. However, it has been reported that industrial briquettes should be able
to withstand a compression strength of at least 350 kPa, which corresponds to the
maximum load they are subjected to during the filling of a load bucket (Richards,
1990). Others have suggested that briquettes should be able to withstand 100
kg/briquette (Kumar et al., 2017). Some researchers assessed briquettes’
mechanical properties using the tumbler standard test (British Standards Institution,
2007a; Lopez & Lopez-Delgado, 2002). Although the optimum tumbler index
according to the standard for sinter and pellets is considered to be 70 and 90%,
respectively (Geerdes et al., 2015), researchers have considered that a tumbler
index higher than 55% is adequate for briquette use.

Briquettes must also be able withstand a drop from certain height and the
accompanied mechanical stress, as one of the main contributors to dust generation
in an EAF is the fly-off arising from the charging procedure (Guézennec et al.,
2005). Drop damage-resistance testing involves repeatedly dropping briquettes
onto a steel plate and observing mass loss after the drops. Some researchers have
suggested that a briquette should withstand seven to nine drops in industrial
conditions, which is similar to the number of drops that lime lumps can withstand
in industrial conditions (Jarnerud et al., 2019). However, the specifics of the testing
methods employed by researchers significantly varied; For example, some
researchers chose to test briquettes by dropping them from a height of 0.3 m (EI-
Hussiny & Shalabi, 2011), others from a height of 1 m (Mousa et al., 2017), others
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from a height of 2 m (Demus et al., 2016; Magdziarz et al., 2015), and others from
a height of 4 m (Paknahad et al., 2019). Drop damage resistance is usually
expressed as the number of drops before breakage or a loss of 50% of the initial
mass. Drop damage resistance can also be expressed as a percentage of fines
generated after a certain number of drops. Although no standard is available to
assess the drop damage resistance of briquettes, standards are available for coke
and coal drop shatter testing (ASTM International, 2018, 2019). Some researchers
have suggested other testing parameters that could better assess the drop damage
resistance of briquettes (Blesa et al., 2003). The Parameters Impact Resistance
Index (IRI) and Adjusted Impact Resistance Index (AIRI) are determined based on
the number of pieces and powder generated following briquette drops.
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3 Material

3.1 Iron ore pellets (related to Publication I)

In this study, acid iron ore pellets were obtained from ROGESA
(Roheisengesellschaft) in Dillingen, Germany. Pellets were used in a series of
isothermal reduction tests in a blast furnace simulator (BFS). The chemical
composition of the used pellets is shown in Table 1. A total of 30 pellets with a size
range of 10—-12.5 mm were used in each isothermal test with a total weight of 100
+ 0.1 grams. Special care was taken to ensure that the pellets chosen were free of
cracks and round in shape.

Table 1. Chemical composition of the acid pellets used in Publication | (wt.%) (Modified
under CC BY-NC-ND 4.0 license from Publication | © 2021 The Iron and Steel Institute of
Japan).

Chemical composition Acid pellets (%)
TFe 64.59

FeO <0.1

SiO2 6.0

CaO 1.2

MgO 0.73
Al203 0.39
Na:0 0.09

K20 0.05

3.2 Side streams from steelmaking

3.2.1 Side streams from BF steelmaking (related to Publication Il)

Nine different types of side stream material were obtained from the SSAB
steelmaking plant in Raahe, Finland. Two types of briquettes were produced. The
first type utilized ordinary Portland cement (OPC) and ground granulated blast
furnace slag (GGBFS) cement, and it acted as a reference briquette, and the second
type utilized varying amounts of ettringite-based binder with no Portland cement.
The briquettes were produced at a lab scale using a vibrating briquetting machine.
The parameters of the briquetting process were optimized, including moisture
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content, vibration time, particle packing, briquetting force, and curing duration and

conditions.

Various types of lab equipment laboratory equipment were used in this research

to study the side streams characteristics.

3.2.2 Side streams from EAF steelmaking (related to Publication Ill)

Side streams used to produce briquettes to be recycled for use in an EAF were

obtained mainly from two EAF steel plants in Europe. The side streams and their

sources are shown in Table 2.

Table 2. Origin of side streams used to produce EAF briquettes (Adapted, with

permission, from Publication Ill © 2021 Wiley-VCH GmbH).

Side stream

Origin

Ladle furnace slag_1
Ladle furnace slag_2
Mixed residues

Belt conveyor fines

Oxy-cutting fines

Combustion chamber
dust

Grinding sludge
Ferromanganese
carbon dust

Collected from plant No.1 secondary metallurgy ladle furnaces.
Collected from plant No.2 secondary metallurgy ladle furnaces.
Collected in plant No.2 and consist of mixture of different remaining materials
generated in the steel plant (from metallurgical hall to the rolling mill).
Collected in plant No.3 and consist of mixture of different materials added
through the belt conveyor in the EAF and are rich in CaO.

Collected in plant No.3 from the off gases from the cutting of billets in the
continuous casting area.

Collected in plant No.3 in a box in the combustion chamber at the off-gas duct,
where the remaining combustible components of the off-gases are post
combusted.

Collected from a bearing manufacturer near plant No.3.

Consists of filtering system dusts obtained from the duct at FeMnC production
site.

3.2.3 Physical properties of side streams

The physical and chemical properties of the received side streams were assessed. A
conning and quartering method was used to obtain a representative sample of each
side stream (British Standards Institution, 1986). To obtain dry samples and
determine their moisture content, samples were left in a lab oven overnight at 105
°C. Side stream samples’ apparent densities were determined according to ISO
standards (British Standards Institution, 1998), using equation (15):

32



Bulk density = Sample mass (15)
widenstty = Volume of the sample

To determine the skeletal densities (ps) of the side streams, a gas pycnometer,
AccuPyc II 1340, was used. The gas pycnometer employed helium as the
displacement gas, and the sample chamber capacity was 10 cm?®. While true density
is defined based on the material volume excluding open and closed pores, skeletal
density excludes only the open pores. Skeletal density was determined based on the
average of three measurements taken by the gas pycnometer. Table 3 shows the
bulk and skeletal densities, moisture content, and voidages of side streams used to
produced reference and LSG briquettes. A similar approach was employed to
determine the moisture content and densities of side streams used to produce
briquettes to be used in EAFs. The moisture content and bulk and skeletal densities
of EAF side streams are shown in Table 4.

Table 3. Bulk and skeletal densities, moisture content and voidages of side streams
used to produced ettringite-based binder briquettes.

# Raw material Moisture content Bulk density Skeletal density ~ Voidages
(db %) (kg/m®) (kg/m?) (%)
1 Coarse pellet fines 1.89 2579.10 4974.40 48.15
2 Fine pellet fines 3.15 2688.50 4957.40 45.77
3 BF stock/cast house dust 23.59 1089.93 2717.60 59.89
4 Coke dust 0.06 364.75 1993.50 81.70
5 Premix (60:40 steel scrap and BF 6.98 2076.14 4216.50 50.76
top dust)
6 Briquette fines 8.03 1725.73 3471.00 50.28
7 Desulfurization scrap 15.01 1519.49 3878.30 60.82
8 Mill scale 4.43 2676.13 5440.40 50.81
9 Steel scrap 5.42 2406.33 4740.50 49.24

Table 4. Bulk and skeletal densities, moisture content, and voidages of side streams
used to produced EAF briquettes (Adapted, with permission, from Publication Il © 2021
Wiley-VCH GmbH).

Material Moisture content (%) Bulk density (g/cm?®) True density (g/cm®)
Ladle furnace slag 1 0.18 1.32 3.24
Ladle furnace slag 2 0.00 1.24 3.33
Mixed residues 13.56 1.51 2.93
Belt conveyer fines - 1.03 3.66
Oxy cutting fines 4.73 1.82 4.74
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Material Moisture content (%)  Bulk density (g/cm?®)  True density (g/cm?)

Combustion chamber dust 6.40 2.19 4.28
Grinding sludge 24.79 1.19 5.30
Ferromanganese carbon dust 3.98 0.75 3.23

The particle size distribution (PSD) of side streams from BF steelmaking was
determined in two steps. In the first step, a commercially available Analysette 3 Pro
Vibratory Sieve Shaker from Fritsch, Germany, was used to obtain the PSD of a
coarser fraction of each sample (>2 mm) and to separate the finer fraction (<2 mm)
of the sample particles. In a subsequent step, a Beckman Coulter LS 13 320
Universal Liquid Module Laser Diffraction Particle Size Analyzer was used to
obtain PSD of the finer fraction (<2 mm). The complete PSD of the used side
streams is shown in Fig. 4.
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Fig. 4. Particle size distribution of side stream material used to produce reference and
LSG briquettes (Reprinted under CC BY 4.0 license from Publication Il © 2022 Authors).
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3.2.4 Chemical properties and minerology of side streams

The chemical composition of side streams was determined using X-ray
fluorescence (XRF) analyses. A calibrated Panalytical Axios Max wavelength-
dispersive spectrometer equipped with a rhodium anode tube was employed for the
XRF analysis. Table 5 and Table 6 show the chemical composition of the side
streams used to produce ettringite-based binder briquettes.

Table 5. Chemical composition of side streams used to produce ettringite-based binder
briquettes (Reprinted under CC BY 4.0 license from Publication Il © 2022 Authors).

Element Fine pellet Coarse pellet fines Cast house dust Coke dust Premix
fines

Fe203 (%) 89.33 89.80 37.49 2.84 64.47
CaO (%) 0.52 0.47 14.17 1.28 14.61
SiO2 (%) 6.19 6.00 8.20 7.79 9.88
Al203 (%) 0.53 0.48 3.12 4.04 3.39
MgO (%) 2.60 2.41 1.65 0.17 2.38
SOs (%) 0.15 0.13 2.02 4.58 1.15
C (%) 0.22 0.12 36.96 82.70 8.96
ZnO (ppm) - - 3,323 205 879
Naz20 (ppm) 1585 1648 1697 919 5479
PbO (ppm) - - 470 200 68
K20 (ppm) 832 790 5405 3298 3839
MnO (ppm) 523 478 2315 157 11 900
V20s (ppm) 1180 1252 2,537 425 7 529
TiO2 (ppm) 1283 1468 3,627 5500 3560
P20s (ppm) 370 349 1163 2231 3071

Table 6. Chemical composition of side streams used to produce ettringite-based binder
briquettes (Reprinted under CC BY 4.0 license from Publication Il © 2022 Authors).

Element Briquette Desulfurization Mill Steel Rapid GGBFS
fines scrap scale scrap cement cement
Fe20s (%) 54.25 36.99 95.70 69.54 3.66 0.54
CaO (%) 21.49 37.80 - 11.57 63.03 38.06
SiO2 (%) 12.78 11.87 0.73 8.46 18.40 34.83
Al203 (%) 3.53 1.57 0.13 3.12 4.43 9.68
MgO (%) 2.89 0.17 0.08 2.28 2.46 10.56
SOs (%) 2.04 6.01 0.04 0.49 5.26 3.03
C (%) 11.03 2.31 0.19 0.92 0.87 0.21
ZnO (ppm) 338 - 685 623 514 35
Na20 (ppm) 8422 3530 734 5172 10 140 6 309
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Element Briquette Desulfurization Mill Steel Rapid GGBFS

fines scrap scale scrap cement cement
PbO (ppm) 48 - - - 109 -
K20 (ppm) 4250 910 - 1329 10 190 7472
MnO (ppm) 5527 3620 8803 14 250 476 2602
V205 (ppm) 3518 3510 201 6114 - -
TiO2 (ppm) 3924 6 570 214 3048 2177 14 090
P20s (ppm) 1345 1050 409 2592 962 34

Table 7 shows the chemical composition of the side streams used in producing self-
reducing and slag-forming briquettes to be tested for their suitability for EAF use.

Table 7. Chemical composition of side streams used in producing EAF briquettes
(Adapted, with permission, from Publication Il © 2021 Wiley-VCH GmbH).

Material Al20O; CaO Cr:03 MgO MnO P:0s S  SiO2 Fe2Os
Ladle furnace slag 1 8.27 46.65 0.04 1174 198 0.50 0.38 27.52 142
Ladle furnace slag 2 11.23 5061 0.17 9.83 056 048 1.22 21.18 2.08
Mixed residues 14.07 3793 053 1399 276 0.61 0.63 14.82 11.84
Belt conveyor fines 0.21 90.08 1.06 099 145 0.33 021 297 175
Oxy-cutting fines 0.17 129 065 036 081 053 0.18 1.06 9272
Combustion chamber dust 191 930 128 195 345 063 0.19 438 64.09
Grinding sludge 1.06 015 173 0.10 0.32 043 0.08 3.57 92.09
Ferromanganese carbon dust* 1.89 5.61 - 3.38 58.81 0.06 - 9.65 2.67

* Rest in wt.%: 9.86 K20; 3.90 Na20; 0.99 CI.

X-ray diffraction (XRD) using Rigaku SmartLab 9 kW, employing 20 in the range
between 5 to 120° and a step of 0.02°, was used to determine the mineralogical
phases of the side streams used to produce the briquettes. Samples were scanned
under conditions of 40 kV and 135 conditions. Rigaku integrated X-ray powder
diffraction software PDXL 2.6 was used to analyze the diffraction patterns and
determine the phases. Table 8 shows the detected phases in the side streams used
to produce reference and LSG briquettes.

Table 8. Detected phases in side streams used to produce reference and LSG briquettes
(Reprinted under CC BY 4.0 license from Publication Il © 2022 Authors).

Side stream Detected phases

Coarse pellet fines Hematite — Magnetite — Quartz

Fine pellet fines Hematite — Magnetite — Quartz

BF stock/cast house dust Hematite — Magnetite and/or Wiistite — Quartz
Premix Hematite — Magnetite — Wistite — Quartz
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Side stream Detected phases

Briquette fines Hematite — Calcite — Magnetite- Wistite
Desulfurization scrap Iron- Portlandite — Calcite — Magnetite — Quartz
Mill scale Magnetite — Wustite — Hematite — Iron
Steel scrap Wistite — Magnetite — Quartz — Calcite

3.2.5 Briquette-making from side streams

In Publication II, side streams were used to produce two types of briquettes:
reference briquettes and LSG briquettes. Reference briquettes were produced using
ordinary Portland rapid cement and GGBFS with a ratio of 50:50. These briquettes
were used as a reference against which to assess the performance of LSG binder.
Reference briquettes contained 12.6% binder on a dry mass basis. The material
constituting the side streams of the recipe used for all briquette-making is shown in
Table 9. Briquette components were dry-mixed in a lab bowl using a mixer until a
homogeneity was reached. Water was added gradually afterwards, and mixing
continued until a wet paste was obtained. Water content made up 9.5% of the
briquette on a dry mass basis.

Table 9. Side stream material mixtures used to produce the reference and LSG
briquettes (Reprinted under CC BY 4.0 license from Publication Il © 2022 Authors).

Material Content (wt.%)
Coarse pellet fines 7.11

Fine pellet fines 19.88
Cast house dust 4.01
Coke dust 4.94
Premix (60:40 steel scrap and BF top dust) 21.99
Briquette fines 12.51
Desulfurization scrap 5.56

Mill scale 21.37
Steel scrap 2.63

LSG briquettes were produced using LSG binder from ladle slag and gypsum,
employing the same approach. The content of binder in the LSG briquettes was 10,
15 and 20% of the briquette on a dry mass basis, and the briquettes produced were
labelled LSG10, LSG15, and LSG20 accordingly. To produce LSG briquettes, the
binder was first prepared by dry mixing gypsum and ladle slag powder. The LSG
binder uses ladle slag and gypsum as precursors with a ladle slag-to-gypsum ratio
of 70:30, which was the optimized ratio (Nguyen et al., 2019). The selected water-
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to-binder ratio was 0.45 to facilitate effective and fast hydration in the LSG binder.
Citric acid was dissolved in water to produce a 1 wt.% citric acid solution prior to
its use to activate the binder. All binder components were thoroughly mixed for 2
mins to obtain a homogenous binder. The results of ladle slag chemical analysis are
shown in Table 10.

Table 10. Chemical composition (wt.%) of ladle slag measured by XRF.

CaO SiO2 Al2O3 Fe20s3 MgO SOs3 others
LS 51.0 8.3 27.9 1.1 6.3 0.8 4.6

Seven briquettes were produced as part of Publication III. BRIQ1, BRIQ3, BRIQ4,
and BRIQ5 were intended to be used as self-reducing briquettes, while BRIQ2,
BRIQ6, and BRIQ7 were intended to be used as slag-forming briquettes. Table 11
below shows the composition of each briquette produced to be tested for suitability
for use in an EAF as part of Publication III.

Table 11. Side stream material mixtures used to produce briquettes tested for EAF use
(wt.%) (Adapted, with permission, from Publication Ill © 2021 Wiley-VCH GmbH).

Side stream BRIQ1 BRIQ2 BRIQ3 BRIQ4 BRIQ5 BRIQ6 BRIQ7
Grinding sludge - - 46.00 43.10 - - -
Belt conveyor fines - 63.40 - -
Oxy-cutting fines 36.20 - 33.80 33.80 - -
Combustion chamber dust 35.90 - - -
Carbon injected 15.60 - 10.20 10.20 8.40 - -
Ferromanganese carbon dust - - - - 69.70 - -
Ca(OH) - - - - 2.40 - -
Fibers 0.90 0.70 0.90 1.90 1.00 - 0.90
Starch 4.00 4.80 9.20 11.00 6.90 5.00 8.80
Water 7.40 31.10 - - 11.70 - 2.20
Mixed residues - - - - - - 44.10
Ladle furnace slag_1 - - - - - 80.90 -
Ladle furnace slag_2 - - - - - - 44.10
Sodium silicate - - - - - 14.10 -
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Based on the chemical composition of the side streams used to produce the

briquettes tested in Publication III, the chemical compositions of the briquettes

were calculated and are shown in Table 12.

Table 12. Chemical compositions of briquettes tested for suitability for EAF use (wt.%).
Balance consists of starch, fibers, and minor elements (Adapted, with permission, from

Publication 1ll © 2021 Wiley-VCH GmbH).

Briquette Al203 CaO Cr203 MgO MnO  P20s S SiO2  Fe203  C (Injection)
BRIQ1 0.81 4.11 0.76 0.90 166 045 0.15 212 61.09 16.84
BRIQ2 0.20 8289 0.98 0.92 134 031 019 274 1.62 -
BRIQ3 0.55 0.51 1.02 0.17 042 038 010 200 73.63 10.18
BRIQ4 0.52 0.51 0.97 0.17 041 037 010 190 71.03 10.20
BRIQ5 1.49 4.48 0.00 267 46.37 0.05 0.00 7.61 2.1 9.50
BRIQ6 6.69 37.74 0.04 9.50 161 041 031 2226 1.15 -
BRIQ7 1140 3988 032 1073 150 050 0.84 1622 6.27 -

A Carver lab-press and die briquetting machine, shown in Fig. 5, was used to

produce the reference and LSG briquettes studied in Publication II, as well as
BRIQ4 studied in Publication III. Briquetting pressure was set to 100 bar, and
vibration was set to 50 Hz.
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Fig. 5. A lab-press and die briquetting machine used to produce briquettes.

Reference briquettes were cured under high humidity conditions for the first two
days and then cured in ambient conditions until the 28" day. LSG briquettes were
cured in ambient conditions. The produced briquettes used in Publication II were
of cylindrical shape with a diameter and height of 55.5 and 51.0 mm, respectively.

The physical characteristics of the briquettes studied in Publication III are
shown in Table 13 below.

Table 13. Physical characteristics of briquettes studied in Publication lll to be tested for
their suitability for EAF use (Adapted, with permission, from Publication 1l © 2021 Wiley-
VCH GmbH).

Briquette  Height (cm) Apparent density (g/cm?) True density (g/cmd) Porosity (%)
BRIQ1 40.60 2.23 3.0827 27.77
BRIQ2 39.28 1.49 2.3990 37.87
BRIQ3 33.60 2.24 3.2139 30.27
BRIQ4 45.42 2.14 3.1223 31.41
BRIQ5 27.58 1.62 2.7809 41.71
BRIQ6 44 .17 2.33 2.9307 20.55
BRIQ7 34.08 1.88 2.8929 35.07
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4 Methods and testing

This research focused on minimizing the emissions and increasing recycling within
iron- and steelmaking. To achieve this target, the research focused on studying the
influence of hydrogen on the reduction behavior of acid iron ore pellets in simulated
BF conditions. Moreover, the research focused on producing briquettes with
enhanced chemical, thermal, and mechanical characteristics to minimize fine
particles generation and sustain adequate levels of furnace permeability during
furnace operation. Compression and drop tests were performed to assess the
mechanical properties of the newly produced briquettes. Swelling, chemical
reactions, reduction, and evolved gases were assessed utilizing a blast furnace
simulator (BFS) and TGA coupled with an MS.

4.1 Briquettes’ mechanical properties testing

4.1.1 Compression strength (related to Publication Il and Publication
1)

To assess the briquettes’ compression strength, compression tests were carried out
according to BS ISO 4700:2007 using a 100 kN Zwick/Z100 machine, shown in
Fig. 6 (British Standards Institution, 2015). Specimens were placed between two
parallel platens, and the compression speed was set to 10 mm/min. The test
concluded either when the load fell to less than 50% of the maximum load recorded
or when the gap between the two parallel platens became less than 50% of the
specimen height. Compression strength can be determined based on the following
relation:

(16)

O. =

>

>

where:

- 0o, is the compression strength in MPa;
- F is the force at which the briquette suddenly fails in N; and

—  Ais the cross-section area of the tested briquette in mm?.
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Fig. 6. Briquette placed between two parallel platens in 100 kN Zwick/Z100 machine
used to perform compression strength tests for briquettes.

4.1.2 Drop damage resistance (related to Publication Il and
Publication Ili)

Drop damage resistance assessment of the briquettes was carried out to measure
the briquettes’ ability to withstand handling and charging to the furnace. In drop
damage resistance tests of reference and LSG briquettes studied and presented in
Publication II, testing took place after 2, 7, and 28 days of curing. In each test, a
sample was repeatedly dropped from a height of 1 m into a top-opened steel box.
After each drop, the briquette was weighed using a scale. The procedure was
repeated until the mass that had disintegrated as a result of drops exceeded 50% or
the briquette had survived 50 drops while retaining more than 50% of its original
mass. The drop damage resistance was expressed as the number of briquette drops
before the test was completed.

The briquettes tested and presented in Publication III were tested following the
same procedures; however, the curing period and the height from which the
briquettes were dropped varied. The briquettes to be used in EAF were tested after
prolonged curing (2 years) by dropping them from a height of 2 m into the steel
box. BRIQ4 was tested for early strength development by dropping it from a height
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of 1 m after 2 days of curing and 5 m after 7 days of curing. Ferroalloys (FA) used
in operating EAFs were obtained and tested following the same procedures to
provide a reference against which the briquettes’ drop damage resistance could be
assessed.

In Publication II, the drop height was chosen to obtain results comparable to
those in the literature. In Publication III, the testing heights were chosen in an
attempt to simulate the height from which briquettes would drop into an operating
EAF.

4.2 High temperature testing

4.2.1 Reduction of pellets in BFS (related to Publication I)

Multi-point vertical probing (MPVP) measurements were carried out at Dillinger
BF, BF-4. Six probes were radially distributed across the top of furnace from the
center position to the wall of the furnace and were allowed to descend from the top
downwards. While descending, the probes were used to measure the content of CO,
CO,, and H;. Information regarding the position of the probe and its movement
path during descent can be found elsewhere (Lecacheux et al., 2011) . In the current
research, average condition measurements were utilized to study the influence of
the H»-H,O content in reducing gas on the reduction of acid iron ore pellets.
Thermodynamic software HSC chemistry 8.1 was used to estimate the content of
H>O in the reducing atmosphere because H>O content was not directly measured
by the descending probes. H>O content was calculated such that the oxygen
equilibrium partial pressure was equal for H>O and CO; formation reactions in both
reducing atmospheres. Therefore, CO and H, had the same reduction potential
during the process. Nitrogen was then assumed to constitute the remainder of the
gas composition.
CO and H; gas utilization were calculated using equations (17) and (18):

Co,
=——2 %100, a7
Mlco = o + co,
=— 2 %100, (18)
M. = 11 H,0

wheren andn are gas utilization numerical indices. The reduction conditions
2

for both reducing atmospheres are shown in Bauer-Glaessner phase stability
diagrams in Fig. 7. Furthermore, data from HSC Chemistry software version 8.1.
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was used to draw the line depicting Boudouard reaction, which was superimposed
on Fe-O-C diagram.

(a) Center  Average (1D)  Wall

|lll

Magnetite

Temperature (*C)

T, {COHC0,) * 100 (elat'D)

(b} Center  Average (1D)  Wall

Temperature (*C)

Magnetite

m 50 60 ] ™ o0 100
HLO/ (L0010 (etall,)

Fig. 7. Reduction conditions at different positions of the blast furnace illustrated on
Bauer-Glaessner diagrams using nCO (a) and nH; (b).

In the case that reduction time is sufficient, the most stable phase shown on the
diagram should be reached. The content of the reducing gas and the oxygen partial
pressure are shown in Table 14.

Table 14. Reducing gas content during reduction experiment at average conditions
(Modified under CC BY-NC-ND 4.0 license from Publication | © 2021 The Iron and Steel
Institute of Japan).

CO-CO2-N2 gas CO-CO2-H2-H20-N2 gas
Temp # CO CO2 N2 # CcoO CO2 H2 H20 N2 Po,
(°C) (Vol.%) (Vol.%) (Vol.%) (Vol.%) (Vol.%) (Vol.%) (Vol.%) (Vol.%) (atm)

700 1 28.02 20.31 5167 6 26.39 19.13 3.98 1.84 48.66  3.00E-22
800 2 31.81 17.34 50.84 7 29.64 16.16 4.50 2.33 47.37 1.14E-19
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CO-CO2-N2 gas CO-CO2-H2-H20-N2 gas

Temp # Cco CO2 N2 # CcoO CO2 H2 H20 N2 Po,
(°C) (Vol.%) (Vol.%) (Vol.%) (Vol.%) (Vol.%) (Vol.%) (Vol.%) (Vol.%) (atm)
900 3 34.69 14.11 5120 8 31.95 12.99 5.17 2.75 4715  1.39E-17

1000 4 41.43 6.84 5173 9 38.09 6.29 6.29 1.77 47.56  2.14E-16
1100 5 46.01 1.89 52.10 10 42.52 1.74 6.98 0.60 48.15 6.31E-16

In this work, isothermal reduction experiments were carried out using a modified
BFS. The BFS consisted of a 95 mm inner diameter-tube furnace. Several gases
can be used in a BFS, including CO, H,, CO,, and N,. Additionally, it was possible
to introduce H,O into the furnace through a pumping system that was connected to
the apparatus. The apparatus was connected to a computer system that could be
used to set pre-determined reducing program parameters, such as gas composition,
volume flow rate, and temperature. A weight scale at the top of the furnace was
used to suspend the basket containing the sample and continuously record the
weight at fixed intervals. The apparatus setup is illustrated in Fig. 8.
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Fig. 8. BFS apparatus setup used in isothermal and dynamic reduction tests. (1) Scale,
(2) light torch, (3) thermocouple, (4) electrically heated furnace, (5) mirror, (6) video
camera, (7) computer system, (8) mass flow control, (9) sample basket, (10) reduction
tube, (11) water pump, (12) sulfur generator, (13) potassium generator, (14) gas inlet, (15)
transparent lid and cooling gas inlet, and (16) gas cylinders (Reprinted under CC BY 4.0
license from Publication Il © 2022 Authors)

In each isothermal reduction test, a total of 30 pellet pieces, weighing 100 + 0.1
grams, were used. The pellet pieces were placed in a single layer in a basket to
avoid hindering the gases from rising through the basket samples. The basket was
introduced to the furnace and freely suspended through the weight balance at the
top. The weight balance continuously recorded the combined weight of the sample
and basket at 10-second intervals. The furnace was then heated to the target
temperature using a flow of nitrogen gas, which was introduced to the furnace at a
rate of 15 1/min (NTP). A temperature fluctuation of + 10 °C within the furnace was
considered acceptable. The reduction program was started afterward using the
furnace software on the computer unit; the reducing gases were introduced to the
furnace according to the pre-determined reduction program, as shown in Table 14.
The reduction phase was 300 minutes, during which the total gases’ flow rates were
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set to 15 I/min (NTP). After the completion of the reduction phases, nitrogen was
introduced to the furnace at a rate of 10 I/min (NTP) to cool the samples in an inert
atmosphere, avoiding the possibility of the samples’ re-oxidation.

The reduction of iron ore oxides proceed in a stepwise manner, from hematite
to metallic iron, as follows:

3 Fe,05 + CO (or Hp) —» 2 Fe;0, + CO, (or H,0), (19)
Fe;0, + CO (or H,) » 3 FeO + CO, (or H,0), (20)
FeO + CO (or H,) » Fe + CO, (or H,0). 1)

The reduction degree is estimated according to ISO 7215:2015 standard (ISO 7215:
2015, 2015), employing the following equation:

R = m; —m,
" m,(0.430 w, — 0.111 w;)
where m; is the mass of the pellet sample prior to reduction in grams, m; is the

x 10%, (22)

mass of the sample after reduction in grams, w; is the iron (II) oxide mass
percentage in the sample before reduction, and w» is the total iron mass percentage
in the sample before reduction.

4.2.2 Briquettes’ reduction and swelling (related to Publication Il and
Publication Ill)

In Publication II, the same BFS apparatus was used to study the reduction of
briquettes. However, the reduction program shown in Table 15 was employed to
test the reference and LSG briquettes used in Publication II. The employed
temperature and gas profiles in the reduction program were based on an ISO
standard test for BF ironmaking (British Standards Institution, 2007b).

Table 15. BFS gas and temperature profile employed in LSG briquettes reduction and
swelling tests (Reprinted under CC BY 4.0 license from Publication Il © 2022 Authors).

Time (min) Temperature (°C) N2 (%) CO (%)
0->120 25 > 950 100 0
120 > 135 950 100 0
135 > 375 950 60 40
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To calculate the briquette swelling, briquette shape was assumed to be a perfect
cylinder. The total swelling was calculated as the difference between the final and
initial volume of the briquette, using the following equation:

23
AVbrl‘quette = T X 100%, ( )
ing

where Ay is the final top surface area of the briquette after reduction, hy is the final
briquette height after reduction, 4; is the initial top surface area of the briquette
before reduction, and h; is the initial briquette height before reduction.

During reduction, a top view of the briquette was recorded by a video camera,
capturing the dimensions of briquette’s top surface. The briquette’s swelling was
assumed to be uniform (as the top surface area increased, reaching the final area,
the briquette height increased proportionally, reaching the final height). Swelling
was then calculated similarly based on equation (23).

In Publication III, a full briquette (full-sized, as-produced briquette without
prior cutting) of each recipe was investigated through the same apparatus. Nitrogen
was used to purge the reduction chamber for 5 minutes at a flow rate of 10 I/min.
The sample was then heated from room temperature to 1100 °C, with reducing
gases introduced as per the reduction program shown in Table 16. The flow of
reducing gases was maintained at 15 I/min. After reaching the desired temperature,
the sample was allowed to cool through a flow of nitrogen at 10 1/min.

Table 16. Gas composition during dynamic reduction in the reduction tube furnace
(Adapted, with permission, from Publication Ill © 2021 Wiley-VCH GmbH).

Gas N2 CcO CO2 Hz
(%) 31.00 50.00 15.00 4.00

4.2.3 Briquettes’ thermogravimetric analysis and mass spectrometer
(related to Publication Il and Publication Ill)

In Publication II, thermogravimetric analysis (TGA) was used to study the
influence of substituting Portland cement with LSG binder. Thermogravimetry
assesses the thermal stability of material against temperature and time. Netzsch
STA 449F3 coupled with Quadrupole Mass Spectrometer (QMS) 403 Aéolos
Quadro was used to carry out TGA. An MS was used to analyze the resulting
evolving gases during sample heating. Commercially available software, Netzsch
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Proteus 6.1, was used to analyze the results. The sample used was a 1 cm?® cubic
briquette piece cut from a briquette from each recipe using a saw. The sample
weighed around 4 g and was used without subsequent grinding. During analysis,
the sample was heated from room temperature to 1600 °C with a heating rate of 30
°C/min and Ar gas flowing at 40 ml/min. Similar procedures were followed to test
the briquette specimens investigated in Publication III. However, the target
temperature was set to 1300 °C with a heating rate of 5 °C/min and Ar flow of 60
ml/min.

4.2.4 Melting trials (related to Publication Ill)

Melting trials were carried out for two briquette types studied in Publication III
using a chamber furnace shown in Fig. 9. The furnace employed in the melting
trials was a basic chamber furnace by Nabertherm: 10 x U-shaped MoSi,
(molybdenum disilicide), heating elements manufactured by Kanthal with a
maximum temperature of 1900°C, and B-type thermocouple. Chamber size was
150 (height) x 150 (width) x 300 (depth) mm. Controls were obtained from
Eurotherm. In the melting trial, the briquettes’ interaction with molten slag was
observed, and their behavior when in contact with slag was studied. Each briquette
studied was intended to be used at a different EAF; therefore, the slag used in each
melting trial was obtained from the same EAF at which the corresponding briquette
was intended to be used. Prior to the melting trials, slag was ground and chemically
analyzed. Slag was then placed in a platinum crucible (Approximately 5 cm in
diameter) and was roasted overnight in air to ensure that iron was oxidized. During
the melting trials, the platinum crucible with 40 g of slag was placed in the chamber
furnace, and the temperature was set to 1550 °C, which resulted in slag melting.
After the slag was melted, a 1 cm? cubic piece of the briquette was placed on top
of the molten slag. A video recording camera was placed in front of the chamber
furnace door to capture the melting process of the briquette. The furnace door was
opened at short intervals to observe the interaction between the slag and the
briquette piece until the briquette was completely molten. To verify the furnace
temperature changes during melting trials, the furnace was heated to 1550 °C. In a
period of 1 minute and 5 seconds, the furnace door was opened three times for 10
seconds each, resulting in a temperature drop from 1550 °C to 1480 °C. The
temperature drop was 4.66% of the starting temperature, which was considered
acceptable.
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The chemical compositions of the two slag types used in melting trials were
determined by XRF and are shown in Table 17 below.

Table 17. Chemical composition of plant No.1 and plant No.2 slag (wt.%), determined
through XRF (Adapted, with permission, from Publication Il © 2021 Wiley-VCH GmbH).

Na,O MgO AlO3; SiO2 SO; KO CaO Cr203 MnO FexOs
Plant 1 slag 0.21 570 14.58 149 0.17 0.02 2218 257 433 29.41
Plant 2 slag 0.53 3.36 593 29.17 0.31 0.05 1549 185 349 27.36

Fig. 9. Chamber furnace used to carry out melting trials for briquettes assessed for their
suitability for EAF use.

4.2.5 Dilatometry testing (related to Publication Iii)

To study the softening and melting behavior of briquettes, an optical dilatometer
was used. The optical dilatometer consisted of a horizontal furnace (inner diameter
of 31 mm) with a computer-connected camera placed in alignment with the sample,
as shown in Fig. 10. The computer-connected camera was able to capture an image
of the sample at 5 °C intervals. The sample was heated at a rate of 5 °C/min to 1510
°C in nitrogen gas flowing at 3.5 I/min. The 1 cm® samples were cut from each
briquette and weighed around 4 g. As the samples’ size was relatively large, a
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special sample holder with side edges was made and used to prevent the sample
melt from overflowing to the sides. The sample holder was made of alumina
magnesia (aluminum oxide—magnesium oxide) spinel. Spinel powder from
industry was used. Particles larger than 1 mm were removed by sieving. The
powder was mixed with water, poured in a mold, allowed to harden for two days,
removed, and heat treated at 1200°C.

8
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Fig. 10. Dilatometer apparatus used in the tests. 1. Nitrogen gas cylinder 2. Push rod
with thermocouple 3. Water-cooled stainless steel tube furnace 4. Sample 5. Quartz
glass 6. Sample holder 7. Computer system 8. Gas outlet 9. Camera 10. Gas inlet
(Adapted, with permission, from Publication Ill © 2021 Wiley-VCH GmbH).

4.3 X-Ray diffraction

To determine the crystalline phases of the samples tested, Rigaku SmartLab 9 kW
was used. The range of 20 employed was 5-130° in Publication I and 5-120° in
Publication IT with a 0.02° step. Scanning speed was set to 4 degree/min at 40 kV
and 135 mA. Rigaku-integrated X-ray powder diffraction software PDXL 2.6 was
used to analyze the diffraction patters obtained. In Publication I, three pellets from
each reduction experiment, as well as three unreduced pellets, were ground to
prepare XRD samples. In Publications II and III, side streams were ground to
prepare  XRD samples. Moreover, briquettes were ground to investigate
mineralogical phases prior to and after reduction.

4.4 Microscopy

To study the morphology and cross section areas of the tested specimens, a field
emission scanning electron microscope (FESEM; Zeiss Ultra Plus, Carl Zeiss SMT
AG, Germany) was used. The FESEM was attached to an energy-dispersive X-ray
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spectroscope (EDS) to study the samples’ chemical composition. In Publication I,
two sets of samples were prepared. In the first set, the pellet was symmetrically cut
into two pieces. The pieces in the first set were used to study the surface
morphology of the unreduced and reduced pellets. The pellet piece was fixed on a
sample holder using carbon tape and was Pt coated. An acceleration voltage of 5
kV was used when studying the samples. The second set of specimens was
embedded in resin, vacuum impregnated, and allowed to harden overnight in an
oven. Each sample was ground and polished in order to examine the cross-section
area. Synthetic diamond was used as an abrasive. Grinding took place in two steps:
first, plane grinding using #500 grit size, and second, fine grinding using a 9 um
particle size. Polishing took place in two steps: first, using a 3 pm particle size, and
second, using a 0.25 pm particle size. Polished samples were Au coated and were
used to study the cross-section area of the unreduced and reduced samples through
an Olympus BX51 light optical microscope (LOM). Moreover, a laser scanning
confocal microscope (LSCM; Keyence, VK-X100K/X200K) equipped with a
motorized X-Y stage was used to obtain a mosaic cross-section area of unreduced
and reduced pellets. The mosaic images of the cross-section area were assembled
through an image assembling application (VK-H1XJ).

Similarly, two different specimens from Publication III were examined. The
first set consisted of reduced briquettes, which were utilized to study the cross-
section area. Specimens were mounted in epoxy, cut, and polished using Struers
LaboPol-6 prior to investigate using FESEM. Moreover, EDS was used to construct
an elemental map of the specimens. The second set of specimens were examined
for their morphology without prior polishing.

4.5 Porosity and surface area changes

To determine the porosity of pellets studied in Publication I, their skeletal and
envelope densities were first determined. Skeletal density (ps) is defined as the
mass of the sample divided by its volume, excluding the volume of open pores.
Skeletal density was determined using an AccuPyc II 1340 gas pycnometer with a

10 cm?

sample chamber, employing helium as a displacement gas. The skeletal
densities of three pellets were determined at a time. To determine a pellet’s
envelope density (pe), ImageJ image analysis software was used to determine the

pellet’s equivalent circular diameter as follows:

o=z E 2
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where A is the pellet’s projected area.

The steps followed to obtain a pellet’s equivalent circular diameter using
ImagelJ are shown in Fig. 11. Each pellet’s envelope volume was then obtained
based on the pellet’s equivalent circular diameter. The pellet’s mass and volume
was then used to determine the pellet’s envelope density (p,). Pellet porosity (g)

was calculated as follows:
€= % x 100, (25)
S

Raw image

8-bit image

Background subtraction

Segmentation

Hole filling

Analyze particles

Fig. 11. Pellet image processing to obtain the pellet’s projected area (Modified under CC
BY-NC-ND 4.0 license from Publication | © 2021 The Iron and Steel Institute of Japan).

This procedure was repeated three times using three different pellets from each
reduction experiment, and the density was estimated to be the average of the three
measurements.

Similarly, the porosities of briquettes studied in Publications II and III were
calculated based on p, envelope density and pg skeletal density. Skeletal density
was determined with the gas pycnometer using three 1 cm® cubic samples cut from
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briquettes. The envelope density of briquettes was determined based on the
geometry of the briquettes and their mass, assuming they were perfect cylinders.

The surface area of pellets studied in Publication I was obtained using a surface
area and porosity analyzer, Micromeritics ASAP 2020 (Micromeritics, USA). The
specific surface area was determined based on information regarding the nitrogen
physisorption isotherms. The Brunauer-Emmett-Teller (BET) equation was used to
calculate the surface area.

The methods and tests used in this thesis are summarized in Table 18.

Table 18. Summary of methods and analysis carried out in the thesis.

Methods Publication | Publication Il Publication 111

Pellets samples studied v
Briquettes samples studied
Material XRF
Material XRD

SEM-EDS

A N S

Density and voids
Moisture content

TGA-MS

R R R R NN

BFS v
Dilatometry
Melting trials

Compression strength v

S O O U VR GRS

Drop damage resistance v
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5 Results and discussion

5.1 Influence of H2 and H20 on acid pellets’ microstructure and
reduction

Isothermal reduction tests were carried out with varying temperature profiles and
reducing gas compositions, similar to the conditions of a BF. Temperature and gas
profiles were based on measured data obtained from an operating BF, which gives
more realistic results than standard testing methods. Two gas profiles were used in
this study: the first gas profile consisted only of CO-CO,-N,, while in the second
gas profile, CO and CO; were partially replaced with equivalent content of H,-H,O
in terms of reduction potential. The temperature and gas atmosphere were
determined at the wall, center, and intermediate points of the BF. The BET surface
area, porosity, and swelling of tested ores were assessed to study the influence of
varying H, and H>O content on the reduction behavior.

The reduction degrees obtained from the BFS reduction of pellets at
temperatures of 700, 800, 900, 1000, and 1100 °C are shown in Fig. 12, Fig. 13,
Fig. 14, Fig. 15, and Fig. 16, respectively. Under each reduction curve, the SEM
image of the outer surface of corresponding reduced pellet is depicted. It is clear
that the reduction degrees are in good agreement with the Bauer-Glaessner
diagram. Pellets reduced at 700 °C in CO-CO;-H»-H,O-N> gas appear to have a
higher reduction rate and extent and were mainly reduced to wiistite, while pellets
reduced in CO-CO,-N; gas appear to have some unreduced magnetite. At 800 °C,
pellets reduced in CO-CO;,-H,-H,O-N, gas still showed the same degree of
reduction, with no improvement compared to pellets reduced at 700 °C in the same
atmosphere. On the other hand, pellets reduced at 800 °C in CO-CO,-N, gas
achieved a comparable reduction rate and extent to those reduced in CO-CO,-H»-
H>O-Ns. At 900 °C, pellets reduced in CO-CO,-H,-H,>O-N; gas exhibited a higher
reduction extent, showing that more metallic iron would be formed compared to
pellets reduced in CO-CO»-N; gas. At 1000 °C, CO-CO,-H,-H,O-N, gas has a clear
advantage, with a significantly increased reduction rate and extent compared to
pellets reduced in CO-CO»-N» gas. Pellets reduced at 1100 °C in both atmospheres
achieved virtually complete reduction, with pellets reduced in CO-CO,-H>-H,0O-N,
gas having a higher reduction rate. Pellets achieved a higher reduction extent and
rate with increased temperature.
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Moreover, the SEM images shown in Fig. 12 show that the surface of the
pellets is composed of small aggregates of varying size. The size of the aggregates
for pellets reduced in CO-CO»-H,-H,O-N, gas appears to be smaller than for those
reduced in CO-CO,-N; gas. This observation is in good agreement with the BET
surface area measurements shown in Fig. 21, as smaller aggregate size equates to
a higher surface area. Fig. 13 shows that although reduction degree is somewhat
similar between pellets reduced in both reducing atmospheres at 800 °C, the
morphology of pellets reduced in CO-CO,-H»-H,O-N> gas appears to have a more
continuous solid structure compared to pellets reduced in CO-CO»-N, gas. This is
in good agreement with the porosity and surface area drop for pellets reduced at
800 °C in CO-CO;-H,-H,O-N; gas, as shown in Fig. 19. Pellets reduced at 1000
°C, as shown in Fig. 15, appear to have very different morphology compared to
pellets reduced at 900 °C, which are shown in Fig. 14. Pellets reduced in both
reducing gases at 1000 °C appear to have developed an elongated semi-fibrous
structure, which contributes to the surface area increase at 1000 °C compared to
900 °C, as shown in Fig. 19. At a temperature of 1100 °C, pellets reduced in CO-
CO,-N; gas appear to have formed a net-like structure. On the other hand, pellets
reduced in CO-CO,-H»>-H>O-N> gas appear to have formed impermeable layer as a
result of grains sintering. However, upon further magnification, the impermeable
layer appears to be torn by multiple radial fissures along the surface. Such fissures
were previously reported in the literature at a lower temperature (Matthew &
Hayes, 1990). The radial fissures may have been the result of the buildup of gas
pressure from the reduction process inside the pellets, which escapes the sintered
surface of the pellet, resulting in the obvious tears at the surface, as shown in Fig.
15c.
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Fig. 12. Reduction curves for pellets reduced at 700 °C (a), with corresponding surface
SEM images in CO-CO;-N; (b) and CO-CO,-H,-H,0-N; (c) (Modified under CC BY-NC-ND

4.0 license from Publication | © 2021 The Iron and Steel Institute of Japan).
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Fig. 13. Reduction curves for pellets reduced at 800 °C (a), with corresponding surface
SEM images in CO-CO,-N; (b) and CO-CO,-H,-H,0-N; (c) (Modified under CC BY-NC-ND
4.0 license from Publication | © 2021 The Iron and Steel Institute of Japan).
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Fig. 14. Reduction curves for pellets reduced at 900 °C (a), with corresponding surface
SEM images in CO-CO;-N; (b) and CO-CO,-H,-H,0-N; (c) (Modified under CC BY-NC-ND
4.0 license from Publication | © 2021 The Iron and Steel Institute of Japan).
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Fig. 15. Reduction curves for pellets reduced at 1000 °C (a), with corresponding surface
SEM images in CO-CO,-N; (b) and CO-CO,-H,-H,0-N; (c) (Modified under CC BY-NC-ND
4.0 license from Publication | © 2021 The Iron and Steel Institute of Japan).
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Fig. 16. Reduction curves for pellets reduced at 1100 °C (a), with corresponding surface
SEM images in CO-CO;-N; (b) and CO-CO,-H,-H,0-N; (c) (Modified under CC BY-NC-ND
4.0 license from Publication | © 2021 The Iron and Steel Institute of Japan).

An increase in temperature results in an increased diffusion rate coefficient, as the
movement of gas molecules become faster, which in turn supports diffusion
behavior (Spreitzer & Schenk, 2019). Also, an increase in the reducing temperature
results in increased porosity, which in turn results in higher reducibility of the
pellets due to better access of the reducing gases to reaction sites.

Fig. 17 and Fig. 18 show mosaic cross-section areas of pellets reduced at 700,
800, and 900 °C in CO-CO,-N;, and CO-CO,-H,-H,O-N; gas. No metallic iron
appears to have formed at 700 °C for pellets reduced in either of the reducing gases.
From the figures, it can be seen that at 800 °C, metallic iron started to form sparsely
at the periphery of the pellet reduced in CO-CO;-H>-H,0O-N, gas. Metallic iron
phase appeared bright white in color, but it was highlighted in green for better
visibility. On the other hand, no metallic iron formed for pellets reduced at the same
temperature in CO-CO,-N, gas. At 900 °C, metallic iron formed at pellets’
periphery in both reducing gases. However, a significant amount of metallic iron
formed in pellets reduced in CO-CO,-H,-H>O-N, gas. It also appears that the core
of the pellet remained unreduced. At 1000 °C, more metallic iron formed in pellets
reduced in both reducing gases. However, the core of pellets reduced in CO-CO,-
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H>-H>O-N, gas appeared to contain greater amount of metallic iron. At 1100 °C,
pellets reduced in both reducing gases appeared to have been completely reduced
to metallic iron. These observations are in good agreement with the Baur-Glasener
diagram.

CO-CO,4N,  CO-CO2-H,-H,0-N,

800°C 700°C

900°C

Fig. 17. Mosaic cross-section area of pellets reduced at 700, 800, and 900 °C in CO-CO-
N, and CO-CO.-H.,-H,O-N, gas (Modified under CC BY-NC-ND 4.0 license from
Publication | © 2021 The Iron and Steel Institute of Japan).
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Fig. 18. Mosaic cross-section area of pellets reduced at 1000 and 1100 °C in CO-CO,-N;
and CO-CO,-H,-H,0-N; gas (Modified under CC BY-NC-ND 4.0 license from Publication
1 © 2021 The Iron and Steel Institute of Japan).

The mineralogical phases of unreduced and reduced pellets at 700-1100 °C in both
reducing gases are shown in Fig. 19. At 700 °C, pellets reduced in CO-CO,-N, gas
were not fully reduced to wiistite, and magnetite phase was still present. On the
other hand, pellets reduced at 700 °C in CO-CO,-H,-H,O-N, were reduced to
wiistite, confirming that a CO-CO»-H>-H,O-N; reducing atmosphere results in
better reducibility, with the mixture of H, and CO being a superior reducing gas
than CO gas alone. Also, at 1000 °C, XRD shows that metallic iron is the dominant
phase in the pellets reduced in CO-CO,-H,-H>O-N, gas, while pellets reduced in
CO-CO»-N, gas at the same temperature still indicate the presence of wiistite.
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Fig. 19. Mineralogical phases of unreduced and reduced pellets in CO-CO,-N, (a) and
CO-CO;-H,-H;0-N; gas (b) at a temperature of 700-1100 °C (Modified under CC BY-NC-
ND 4.0 license from Publication | © 2021 The Iron and Steel Institute of Japan).

Fig. 20 shows a BFS basket containing pellets after reduction in CO-CO,-N; and
CO-CO,-H,-H>0-N, gas. The surface area and porosity of pellets reduced in CO-
CO;-N; and CO-CO,-H>-H>O-N, gas at 700-1100 °C are shown in Fig. 21. The
figure shows that for both reducing atmospheres, as temperature increased, the
porosity also increased. Moreover, the porosity of pellets reduced in CO-CO,-H»-
H,0-N> gas generally had slightly higher porosity compared to pellets reduced in
CO-CO»-N; gas. Also, the surface area of pellets reduced in CO-CO,-H»-H,0-N,
gas was higher than that of pellets reduced in CO-CO-N, gas. The figure also
shows that pellets reduced at 700 °C had much higher surface area compared to
unreduced pellets. However, as the temperature increased, BET surface area
decreased, and the difference in surface area between pellets reduced in CO-CO»-
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N> and CO-CO,-H»-H>O-N; gas also decreased until 1100 °C, at which point the
surface area of pellets reduced in CO-CO,-N; gas became slightly higher compared
to those reduced in CO-CO,-H»-H>O-N; gas. The increase in pellets’ porosity was
accompanied by a decrease in BET surface area, which indicates that larger but
fewer pores were emerging within the pellets. The reason for this is likely the
formation of dense, iron-containing, larger isolated pores (Moukassi et al., 1983).
These observations are in agreement with existing literature (Ray & Ray, 2018) and
the observed SEM images shown in Fig. 12, 13, 14, 15, and 16. The reducibility of
iron ore is highly dependent on porosity (Hayes, 2011). As the porosity increases,
the reducing gases have an easier passage into the core of the pellet, resulting in
better reducibility. This may be one of the factors contributing to the fact that pellets
reduced in CO-CO;-H>-H>O-N; gas had better reducibility than those reduced in
CO-CO»-N, gas. However, these observations are in disagreement with some of the
literature reporting that at temperatures above 1075 °C, the reduction rate decreases
due to factors including ore closure and outer iron shell plastic deformation (Ray
& Ray, 2018).
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CO-CO,-N, (CO-CO,-H,-H,0-N,

Fig. 20. BFS basket containing pellets after reduction in CO-CO,-N; (left) and CO-CO.-
H,-H,O-N; (right) gas at a temperatures of 700 (a), 800 (b), 900 (c), 1000 (d), and 1100 °C
(e) (Modified under CC BY-NC-ND 4.0 license from Publication | © 2021 The Iron and
Steel Institute of Japan).
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Fig. 21. Evolution of pellets’ porosity (a) and surface area (b) of pellets reduced in CO-
CO,-N; and CO-CO,-H,-H,0-N; gas at a temperature of 700-1100 °C (Modified under CC
BY-NC-ND 4.0 license from Publication | © 2021 The Iron and Steel Institute of Japan).

5.2 Briquettes utilizing ettringite-based binder

The compression strength development 2, 7, and 28 days after the curing of
reference and LSG briquettes are shown in Fig. 22. The values shown are the
averages of two to three cold compression strength tests for each recipe of the
briquettes. Due to the formation of C-S-H, the strength of the reference briquette
increase over the 28-day curing period. During the hydration of Portland cement,
70% of CsS reacts within the initial 28 days of curing, with the rest reacting within
a year. Similarly, 90% of B-C,S reacts during the first year of curing (Taylor, 1997).
Accordingly, as more C-S-H is formed, the strength of the reference briquette is
expected to increase even further over the course of a year. The reference briquette
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strength is in a good agreement with values from the literature (Singh & Bjorkman,
2000).

Briquettes produced using LSG binder exhibited strength development
proportional to their binder content. Briquettes produced using 15 and 20% of LSG
binder exhibited high compression strength after 2 and 7 days of curing. The high
early strength is attributed to ettringite (C3A » 3CS » 32H) formation. Ettringite is
an LSG hydration product (Nguyen et al., 2019). Gibbsite (AH3) is also formed
during early hydration stages and increases briquette strength by filling the voids
between formed phases, which ultimately results in improved pore structure and
higher rigidity (Chang et al., 2017).
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Fig. 22. Compression strength of reference and LSG briquettes produced after 2, 7, and
28 days of curing (Reprinted under CC BY 4.0 license from Publication Il © 2022 Authors).

Drop test results of reference and LSG briquettes are shown in Fig. 23. After 2 days
of curing, reference briquettes were able to survive 39.33 drops on average. LSG10,
LSG15, and LSG20 were able to survive 5, 50, and 50 drops, respectively. It is
clear that the LSG10 briquette had significantly inferior performance compared to
the reference briquette after 2 days of curing. However, LSG15 and LSG20’s drop
damage resistance was higher compared to the reference briquette, surviving 50
drops. After 7 and 28 days of curing, the LSG10 briquette’s drop damage resistance
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slightly increased but remained significantly lower than that of the other tested
briquettes.

The high drop damage resistance developed in briquettes containing 15 and
20% LSG binder is attributed to their high early strength development. Similar to
compression strength, it is likely that the formation of ettringite during the early
stages of hydration contributed to the high drop damage resistance, which was
comparable to that of the reference briquette. With an increased binder content,
more ettringite is formed, which is the phase responsible for the increased strength.
High drop damage resistance could be particularly useful in order to avoid the
breakage of briquettes during handling and moving. Also, the fact that curing took
place in ambient conditions could mean significant cost savings, considering that
some plants have special curing chambers for ordinary Portland cement briquettes
where certain temperature and humidity levels are maintained for 24 hours
following briquette production (Sundqvist Okvist et al., 1999).
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Fig. 23. Results of drop damage resistance of reference and LSG briquettes (Reprinted
under CC BY 4.0 license from Publication Il © 2022 Authors).

Fig. 24 shows the mass loss and swelling of reference, LSG15, and LSG20
briquettes during reduction tests in BFS. In each reduction run, a briquette was
heated to 950 °C in a nitrogen atmosphere for 135 mins. Following the heating
stage, CO gas was introduced in a reduction stage, which was continued for 240
mins further. During the heating stage in a nitrogen atmosphere, the reference
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briquette exhibited the least mass loss, while the LSG20 briquette exhibited the
highest mass loss at 5.60% and 8.56%, respectively. Below 250 °C, LSG15 and
LSG20 experienced steep mass loss, which could be attributed to moisture loss and
ettringite disintegration. With further heating, mass loss took place due to the
decomposition of CaCO; and Ca(OH),. It is also possible that a carbothermic
reduction reaction may have proceeded even in an N2 atmosphere before the
introduction of CO gas. With the introduction of CO reducing gas, mass loss was
attributed mainly to the reduction of iron oxides.

The newly studied ettringite-based binder appears to possess several technical,
environmental, and economic advantages, including the following:

- Briquettes utilizing ettringite-based binder developed maximum strength after
2 days of curing. This advantage may shorten storage time compared to
conventionally produced briquettes.

-~ The curing of the ettringite-based binder briquettes takes place in ambient
conditions. This could potentially save energy and space and reduce costs
arising from conventional curing procedures, which involve curing briquettes
in high humidity chambers at a temperature of around 30 °C.

—  Economic and environmental advantages are achieved when excluding
Portland cement from the recipe and replacing it with by-product-based binder.

The reduction program employed in the BFS mimicked conditions at which
briquettes may be expected to undergo catastrophic swelling with non-isothermal
heating to 950 °C and employing CO as a reducing gas in a BF. Fig. 24 shows
contradictory swelling behavior between the reference and LSG briquettes when
heated in a nitrogen atmosphere. On the other hand, upon the introduction of CO
reducing gas, similar trends in terms of swelling were observed among the
briquettes.
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Fig. 24. Reference and LSG briquettes’ mass loss (a) and swelling (b) in blast furnace
simulator conditions (Reprinted under CC BY 4.0 license from Publication Il © 2022
Authors).
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5.3 Assessing briquettes’ suitability for their use in EAF through
laboratory tests

In this research, briquetting trials on a lab scale were carried out to study the
suitability of cold-bonded briquettes to be used in an EAF. The briquettes utilized
organic and inorganic binders. Organic binders such as dextrose, molasses, and
starch were studied as potential replacements for cement in briquette making. Side
stream materials and binders were obtained from several industrial partners.
Briquetting parameters were optimized. The mechanical properties of the briquettes
were evaluated to ensure their adequacy for storage and handling. Drop damage
resistance, as well as cold compression tests, were carried out to evaluate the
mechanical properties. Advanced thermal tests were carried out to ensure the
suitability of the produced briquettes for charging procedures. Such tests included
melting trials, optical dilatometer tests, and thermogravimetric analysis coupled
with evolved gas analysis using an MS.

The drop damage resistance test results are shown in Fig. 25. Every tested
briquette was weighed after each drop. Residual mass (the mass retained by the
briquette after being dropped) was recorded. The mass loss of the briquette
represents the part of the briquette that disintegrated upon dropping.

In the figure, the residual masses retained by each briquette after every five
drops are shown. From the figure, it can be seen that all briquettes except for BRIQ2
and BRIQS5 survived 50 drops without falling below 50% of their original mass.
BRIQ1 and BRIQ3 showed similar behavior when tested for drop damage
resistance, with briquettes on average falling below 80 and 70% of their original
mass, respectively. On the other hand, BRIQ4, BRIQ6, and BRIQ7 achieved high
drop damage resistance, surviving all 50 drops and losing less than 5% of their
original mass after the test was concluded. BRIQ6 and BRIQ7 lost even less mass
compared to the reference ferroalloys (FA) after the test was concluded. BRIQ2’s
low drop damage resistance may be attributed to the hydration of CaO. As the main
constituent of BRIQ?2 is conveyor belt fines, lime makes up much of the content of
the briquette. Upon the hydration of lime, it transforms into Ca(OH),, a
transformation accompanied by an expansion in volume and leading to higher
internal stress within the briquette, lowering its overall strength and deteriorating
its mechanical properties. Moreover, porosity appears to play a major role in the
resulting mechanical properties of the briquettes. BRIQ2 and BRIQS5 had the
highest porosity among the briquettes, at 37.87 and 41.71%, respectively.
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Fig. 25. Drop test results of produced briquettes showing number of drops and residual
mass retained after every five drops (Adapted, with permission, from Publication Ill ©
2021 Wiley-VCH GmbH).

The TGA-derivative thermogravimetry (DTG)-MS curves for BRIQ4 are shown in
Fig. 26. The combination of DTG and MS curves could accurately indicate which
reactions took place during heating. Grinding sludge, oxi-cutting fines, and coal
injection are the main components of BRIQ4, with a binder system of starch and
paper fibers being used. Grinding sludge contained mainly metallic iron, while
magnetite was the main component of the oxi-cutting fines. Other self-reducing
briquettes” TGA-DTG-MS test results are discussed elsewhere (Willms et al.,
2020).

In Fig. 26, a mass loss of 4.62% when heating the sample to 185 °C can be
seen, with a DTG peak occurring at 141.80 °C, indicating moisture evaporation.
This is supported by the MS curve, showing a rise in the H,O signal, which has a
mass-to-charge ratio, m/z of 18. The evaporated water originated mainly from the
grinding sludge but also from other briquette components. The small peak from the
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formation of CO, around the same temperature indicates the degradation of the
Publication fibers, which made up a small percentage (1.9%) of the briquettes’
original mass.

Further heating to 316 °C resulted in a further mass loss of about 7.90%, with
a DTG peak formed around 271.80 °C. MS peaks of H,O (m/z=18), CO (m/z=28),
and CO, were detected simultaneously, which may be attributed to the degradation
of the briquette binder of starch. Starch has been reported to decompose in three
stages (Liu et al., 2019). Water evaporates in the first stage upon heating to 120 °C.
In the second stage, which takes place around 350 °C, H,O, CO, CO,, and CH4 are
released. Finally, in the third stage, which ends at around 600 °C, carbon black is
formed. Carbon black may contribute to the reduction of iron oxides at higher
temperatures.

During the pyrolysis of coke, carbon monoxide and hydrogen are released,
contributing to the reduction of iron oxide in stepwise reactions, according to
equations (4)—(6) and (11)—(13). Carbon dioxide and steam evolving from the
reduction process then contribute to the gasification of carbon, according to
equations (3) and (9). Then, carbon monoxide and hydrogen contribute again to the
reduction of iron oxides through the stepwise reduction.
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Fig. 26. BRIQ4 TGA-DTG and mass spectrometry at different stages of reduction,
showing mass loss and evolving gases (Adapted, with permission, from Publication Il
© 2021 Wiley-VCH GmbH).
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Pieces of approximately 1 cm® were cut from BRIQ6 and BRIQ7 to be used in
melting trials. BRIQ6 melting behavior was assessed when used with slag from
plant 1, while BRIQ7’s melting behavior was assessed when used with slag from
plant 2. Fig. 27 and Fig. 28 show the different melting stages of BRIQ6 and BRIQ7,
respectively. Initially, a flame appeared 15 sec after introducing the briquette
sample to the melt. No black smoke or flame was detected after 28 sec, and the
sample appeared to start melting. At an interval of 44 sec after introducing the
sample, the sample was still detected, with bubbling taking place around the
sample. At an interval of 55 sec after introducing the sample, the sample was
melted, with only some traces of it visible and more violent bubbling around the
remaining traces.

(a) (b) (d)

Fig. 27. BRIQ6 briquette directly after placing it on top of plant 1 molten slag (a), after
15 seconds (b), after 25 seconds (c), and after 55 seconds (d) (Adapted, with permission,
from Publication Il © 2021 Wiley-VCH GmbH).

(a) (b) () (d)

Fig. 28. BRIQ7 briquette directly after placing it on top of plant 2 molten slag (a), after
20 seconds (b), after 30 seconds (c) and after 55 seconds (d). The image shows a
platinum crucible (1), molten slag (2), sample remains (3), and bubbling next to the
sample (4) (Adapted, with permission, from Publication Ill © 2021 Wiley-VCH GmbH).

(c)
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Fig. 29 shows a tested sample from BRIQ3 placed on the sample holder before and
after dilatometry testing. The sample used was in a cubic shape of approximately 1
cm?® and was reduced to a semi sphere metallic drop after the test.

(a) | (b)

Fig. 29. Dilatometry sample cut in from BRIQ3 placed on a sample holder before (a) and
after (b) testing (Adapted, with permission, from Publication Il © 2021 Wiley-VCH
GmbH).

Fig. 30 shows the BRIQ5 sample at different temperatures during heating in
dilatometry testing. BRIQS5 appeared to disintegrate at a low temperature, with
disintegration becoming visible at around 180 °C. This indicates that BRIQ5 would
be unsuitable for use in an EAF, as it would disintegrate at a low temperature,
resulting in the generation of fines.

50 °C 180 °C 225°C 785 °C 1500 °C

Fig. 30. An example of low temperature disintegration failure of BRIQ5 in dilatometry
test (Adapted, with permission, from Publication Il © 2021 Wiley-VCH GmbH).

Fig. 31 shows the results of dilatometry testing for BRIQ1, 2, 3,4, 6, and 7. BRIQ1,
3, and 4 are self-reducing briquettes. They underwent shrinking and then melted
into a droplet of iron. On the other hand, slag-forming briquettes, BRIQ2, 6, and 7,
only softened at higher temperatures, with BRIQ2 not completely melting up to
1510 °C. BRIQ6 and BRIQ7 melted at temperatures below 1500 °C.
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# Start Shrinkage Softening Melting End

1 50 °C 1210 °C 1300 °C 1330 °C 1460 °C

2 50°C 1420 °C 1450 °C 1495 °C 1510 °C

3] 50°C 825 °C 1045 °C | 1375 °C 1500 °C

4 50 °C 995 °C 1335 °C | 1370 °C 1500 °C

6 50 °C 1380 °C 1 1385 °C 1395 °C 1500 °C
[

7 50°C 1340 °C 1380 °C 1395 °C 1465 °C
l

Fig. 31. Results of dilatometry testing for BRIQ1, 2, 3, 4, 6, and 7 (Adapted, with
permission, from Publication Ill © 2021 Wiley-VCH GmbH).

The performance evaluation of briquettes tested for suitability for EAF use is
shown in Table 19. BRIQ3 and BRIQ4 were considered suitable to be used in an
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EAF. BRIQ1 was considered unsuitable for EAF use, as it generated thick black
fumes during reduction tests in BFS. BRIQ2 was also considered unsuitable for
EAF use, as it possessed low drop damage resistance. BRIQS5 was also considered
unsuitable for EAF use, as it exhibited low temperature disintegration in the
dilatometer test and was sensitive to water during sample cutting. Moreover, it had
low drop damage resistance. Finally, BRIQ6 and BRIQ7 were considered of limited
use, as they were sensitive to water during sample preparation, which might
indicate that the storage of briquettes in humid conditions might negatively affect
them.

Table 19. Briquette performance evaluation indicated by — for limited, + for suitable, and
++ for excellent performance (Adapted, with permission, from Publication Il © 2021
Wiley-VCH GmbH).

Test Compression Drop test TGA- MS Melting Reduction Dilatometry Sample prep Suitability

BRIQ1 ++ + + NA - ++ + unsuitable
BRIQ2 + - + NA NA + + unsuitable
BRIQ3 ++ + + NA + ++ + suitable

BRIQ4 + ++ + NA ++ ++ + suitable

BRIQ5 + - + NA + - - unsuitable
BRIQ6 + ++ NA ++ NA ++ - use limited
BRIQ7 + ++ NA ++ NA ++ - use limited
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6 Conclusion

The target of this thesis was to minimize waste and emissions through hydrogen-
assisted reduction of acid iron ore pellets and achieve more sustainable recycling
of agglomerates in iron- and steelmaking. This was achieved by the following: (1)
studying the influence of H, and H>O on acid pellets’ reduction in a CO-CO;-N,
atmosphere under simulated BF conditions, (2) developing cold-bonded briquettes
using by-product-based ettringite binder from ladle slag, and (3) studying the
suitability of self-reducing and slag-forming briquettes for EAF use based on
laboratory tests.

The reduction of acid pellets was studied in a temperature range of 700—-1100
°C in two different gas mixtures. The reduction of pellets in CO-CO,-H>-H>O-N,
gas was studied against reduction in CO-CO»-N, gas. The reduction conditions
were based on measurements obtained from an operating industrial BF. The
presence of hydrogen and the temperature had a positive influence on the degree
and rate of reduction. An increased reducing temperature resulted in increased
porosity of all tested pellets. The porosity of pellets reduced in CO-CO,-H,-H,O-
N, gas was higher than that of pellets reduced in CO-CO,-N, gas. On the other
hand, an increased temperature resulted in a decrease in BET surface area, except
in the range between 900 and 1000 °C. An increase in porosity was accompanied
by a decrease in surface decrease, which indicated that fewer but bigger pores were
formed with a reduction temperature increase. Pellets reduced in CO-CO»-H»-H,O-
N> gas had a higher surface area compared with pellets reduced in CO-CO,-N> gas.
The higher surface area and higher porosity of pellets reduced in CO-CO,-H»-H,0O-
N> gas contributed to the higher reduction rate and extent of pellets.

Cold-bonded briquettes utilizing ettringite-based binder from ladle slag and
gypsum (LSG) were produced at a lab scale. The ettringite-based binder content in
briquettes was 10, 15, and 20%. The briquettes’ characteristics and performance
were compared against a reference briquette produced utilizing ground granulated
BF slag and rapid OPC. Side streams used to produce the briquettes were first
characterized for their chemical and mineralogical composition, PSD, and physical
characteristics. The reference briquette recipe was selected with consideration for
optimum particle packing in order to achieve higher strength. LSG briquettes were
cured at ambient conditions. Briquettes produced using 10% LSG binder exhibited
inferior mechanical properties compared to the reference briquette. Briquettes
produced utilizing 15 and 20% LSG binder achieved high early strength and drop
damage resistance after 2 and 7 days of curing. The briquettes utilizing 20% LSG
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binder achieved higher cold compression strength after 2 days of curing compared
to the reference briquette, while briquettes utilizing both 15 and 20% of LSG binder
achieved better results than the reference briquette during drop damage resistance
tests after 2 and 7 days of curing. Moreover, during reduction tests in a BFS,
briquettes utilizing 20% LSG binder exhibited less swelling compared to the
reference briquette. LSG binder offers an opportunity to reduce CO, emissions in
the iron and steel industry, as it utilizes ladle slag, a side stream from the industry,
rather than cement. It is also a potentially suitable alternative for ordinary Portland
cement in the iron and steel industry because briquette curing could take place in
ambient conditions without the need for elevated-temperature humidity chambers.
Moreover, briquettes utilizing ettringite-based binder exhibited high early strength
development, high drop damage resistance, and less swelling during reduction
compared to briquettes utilizing OPC. However, sulfur content originating from
gypsum in the binder and the low temperature disintegration due to ettringite
dissociation at low temperatures might hinder the use of the briquettes in BFs.

Finally, four self-reducing briquettes and three slag-forming briquettes were
assessed through laboratory tests for their suitability to be used in EAFs. Cold
compression and drop damage resistance tests were performed to assess the
briquettes’ mechanical properties and their ability to withstand transportation and
handling. TGA-MS and BF simulator tests were performed to assess the heating
reduction behavior of the briquettes, and optical dilatometry tests were performed
to assess the softening and melting behavior of the briquettes. Melting trials were
performed to assess briquettes’ interaction with slag melt. Two out of the seven
briquettes tested were considered suitable for use in an EAF. Three briquettes were
deemed unsuitable for use in an EAF, either due to low temperature disintegration
during the dilatometry test, production of high volatiles and thick black fumes
during the full briquette testing in a BFS, or low drop damage resistance. Two
briquettes were considered to be of limited use, mainly due to their sensitivity to
water, which may indicate potential issues during storage in a high-humidity
environment.
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7 Future work

In this thesis, the influence of H>-H,O in CO-CO»-N; gas on the reduction of acid
iron ore pellets was studied at temperatures ranging between 700 and 1100 °C. The
effect of reducing conditions on iron ore sinters and lump ores should be similarly
studied. Moreover, the influence of the charging position of sinter and lump ores
could be the subject of future research. Other types of pellets could also be studied
to gain an understanding of how the basicity of pellets affects reduction in different
atmospheres.

The reduction of pellets, sinter, and iron ore lumps at higher temperatures in
different reducing atmospheres could be studied. This could be achieved through
TG-MS studies and optical dilatometry studies. Such studies would be helpful in
obtaining a better understanding of iron ore softening and melting behavior in
conditions simulating those of an operating BF. Moreover, in order to obtain more
realistic information regarding iron ore reduction, experiments could be carried out
under a load in order to simulate the pressure to which the iron ore is subjected
during its descent in the furnace.

Another approach to carrying out the reduction experiments would be to carry
out the reduction of different iron ores while in contact with different carbonaceous
materials, such as bio coke, coke breeze, and coke dusts. The reduction experiments
could take place in pure H; gas or pure CO gas to better understand and derive the
kinetics parameters. The strength evolution of iron ores during reduction in
different atmospheres could also be the subject of a study. This could help to
improve the operation of furnaces that involve hydrogen reduction.

In this research, several methods were used to study the suitability of briquettes
to be used in EAF. Future extension of the research could focus on creating a
systematic and standardized approach to testing the briquettes.

Different cement-free briquettes were studied in this research, several of which
showed promising results and appeared adequate to be used in different types of
furnaces. An extension of this research could be to study how hydrogen reduction
influences briquettes produced using ettringite-based binder or starch. This could
help operators to incorporate the studied briquettes in the production process in the
future. Future work also could focus on producing binders from side streams that
contain lower amounts of sulfur and other harmful elements that may negatively
affect the steelmaking process.
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