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Abstract

At full production in the SSAB EMEA steel plants in Sweden, around 97 ktonne sludge and
dust generated during cleaning of process gases in iron-and steelmaking processes are
annually put on landfill or intermediate storage. These by-products contain high levels of iron
(Fe) and carbon (C) that potentially could be recovered to replace some of the virgin materials
in the blast furnace process.

Energy efficient recycling of in-plant fines in rotary hearth furnace JK21068 was started in
spring 2012 as a research collaboration between Swerea MEFOS and Luled University of
Technology together with the industry partners LKAB, SSAB EMEA and SSAB Merox. The
main objective of this study was to investigate the possibilities to recover energy and valuable
components as Fe and C in these by-products and thereby reduce the need for landfill at the
steel plants. Although some of the generated BF-dust can be recycled via cold-bonded
briquettes in blast furnace, the majority of these by-products cannot be recycled directly in the
iron- or steelmaking processes due to the presence of impurity compounds that are harmful
for the processes as well as unsuitable physical properties that makes handling difficult. In
this project, the method of producing agglomerates suitable for self-reduction during heat
treatment and possible recycling via the desulphurization plant and/or blast furnace was
investigated.

To enable design of suitable recipes, fundamental characterization studies on reduction
behavior of by-products in blends and separately was conducted in the initial part of the
project as well as studies on the reaction mechanisms of blends with iron oxides and different
carbon-containing materials. Based on these results, self-reducing agglomerates were
produced and their reduction behavior studied to establish the technology to produce
agglomerates with chemical- and physical properties suitable for DRI (Direct Reduced Iron)
production. The reduction properties of agglomerates have been investigated with respect to
impurity content and mechanical strength after thermal treatment as well as the possibilities of
reaching 70-90% reduction degree in the produced DRI. Moreover, the process impact when
charging reduced agglomerates in hot metal ladle before desulphurization as well as the
reduction behavior of charged self-reducing agglomerates and DRI/LRI during descent in the
blast furnace was investigated within this study.

Conducted studies have shown that the reduction progress of studied recipes of both blend-
and agglomerates were found to proceed in accordance with seen behavior of mixtures with
carbonaceous materials and iron oxide, namely through three consecutive reduction steps;
hematite to magnetite, magnetite to wustite and wustite to metallic iron. At low temperatures,
the reduction was shown to be controlled by mainly reaction rate of carbon gasification
whereas mass gas diffusion becomes more important at higher temperatures. Furthermore,
carbonaceous materials characterization as well as reduction behavior studies of simple
mixtures with hematite and by-product blends have indicated that utilization of BF-dust as
reductant in self-reducing mixtures with iron- and steelmaking dust and sludge bring
comparable results relative to charcoal, coke and graphite. Agglomeration trials have shown
that agglomerates with sufficient mechanical properties for further processing can be
produced by using appropriate recipes for pellet and briquette production. The agglomerates
could be reduced to 50-80% reduction degree at operating temperatures of 1100-1200°C with
simultaneous reduced contents of Zn to ~3% of input values. However, the material handling
and briquette production can be further improved to avoid inhomogeneities and voids in the

briquettes. It was also noted that briquettes discharged from the reduction furnace at 500-
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600°C was oxidized and the cooling process should be conducted in reducing or inert
atmosphere down to temperatures of approximately 200-300°C. Moreover, reduction results
from laboratory studies have also indicated that heating rate, inert gas flow rate and
atmosphere are important parameters for the reduction process that need to be considered
when choosing reduction conditions.

Recycling of produced DRI was tested by charging 200-400 kg pre-reduced agglomerates in
ladle before charging hot metal from the torpedo car. For test- and reference heats, no
deslagging was done when the ladle arrived at the desulphurization plant and the
desulphurization of hot metal was run with target for 0.001% sulphur by injection of both Mg
and CaC,. Based on the results from test- and reference heats, no negative effects on iron
losses or iron quality could be correlated to the addition of DRI and the tested method was
shown to work well. This was shown despite that it was indicated that un-melted briquettes
were floating on the slag when the ladle arrived at the desulphurization plant when adding 400
kg agglomerates. This amount is equivalent to an addition of ~0.31% in each ladle and an
annual recycling potential of around 12 ktonne, which is corresponding to 35 GWh/year. This
can be compared with 70-72 ktonne that annually can be produced from materials available
for recycling at SSAB EMEA integrated steel plants. Thus, the results are showing that 17%
of the total amount can be recycled but to further investigate the possible recycling via this
method, additional studies are suggested involving charging of larger amounts/ladle for a
larger number of heats. Alternatively, in case of a stated upper limit, charging of pellets
instead of briquettes could be studied to see if the melting progress could be improved and
thereby enabling greater amounts to be charged in each ladle.

Studies on reduction behavior of pellet in the blast furnace process have shown that pre-
reduction of cold bonded waste material agglomerates is not necessary with respect to
reduction. Tendencies of re-oxidation have been indicated in samples with high pre-reduction
degree. Pre-reduction is desirable if low contents of impurities such as Zn are preferable, or
alternatively, the pellet recipes can be adjusted to only include by-products with low Zn-
contents. Despite the indicated tendencies of re-oxidation during descent in the blast furnace,
charging of metallic scrap or DRI in blast furnace will still contribute to reduced energy
consumption in terms of lower consumption of coke and coal according to experience from
industrial processes. Thus, the results are indicating that charging either pre-reduced or green
pellets will in both cases contribute to improved material- or energy efficiency by reducing
the need of raw materials.

Results from these studies indicates that the possibilities of recovering valuable components
and energy in currently landfilled iron- and steelmaking dust and sludge via studied recycling
routes are promising. The results from this study show that at least 17% of the recoverable
amounts can be recycled via the desulphurization route. It is expected that further
investigations on selective agglomeration and charging to the most appropriate processes will
enable recycling of the remaining 83%. For getting new knowledge, it is required to;

e Study if recipes for the desulphurization ladle can be designed to contain S-containing
materials and if by-products with lower S can be recycled at the BOF.

e Study if agglomerates recycled via the blast furnace process could be designed to
contain by-products with low Zn-contents and thereby reduce the need of a pre-
reduction step.
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e Study if the melting process can be improved when charging pellets instead of
briquettes in the hot metal ladle before desulphurization and thus, increase the
allowable amount that can be recycled via this route.

Keywords: : Iron rich waste materials, Carbon composite mixtures, Self-reducing
mixtures, Thermogravimetery, BF dust and sludge, BOF dust and sludge, Heating
microscope, Mass spectroscopy, Iron oxide reduction, Zinc and lead removal
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Sammanfattning

Vid full rajarnsproduktion i SSAB EMEAs stalverk i Sverige genereras omkring 97 kton stoft
och slam som arligen deponeras eller satts pa mellanlagring. Dessa restprodukter innehaller
hoga halter av jarn (Fe) och kol (C) som via atervinning skulle kunna ersatta en del av
jungfruligt material i masugnsprocessen.

Energieffektiv atervinning av stoft och slam via direkt reduktion i roterande ugn (RHF)
JK21068 startades varen 2012 som ett gemensamt forskningsprojekt mellan Swerea MEFOS
och Luled Tekniska Universitet samt industriparterna LKAB, SSAB EMEA och SSAB
Merox. Huvudsyftet med denna studie var att underséka mojligheterna att atervinna vardefullt
Fe och C i dessa restprodukter och darmed minska behovet av deponier vid stalverken. Trots
att en del av genererat hyttsot kan atervinnas via kallbundna briketter i masugn sa kan
huvuddelen av  dessa restprodukter inte atervinnas direkt i jarn-  eller
stalframstallningsprocesser pa grund av innehall av fororeningar som har negativ inverkan pa
jarn- och stalframstéllningen saval som fysikaliska egenskaper som gor hanteringen svar. |
detta projekt har en metod for att kunna producera agglomerat l&mpliga for sjélvreduktion
under varmebehandling och eventuell ateranvandning via svavelrening av rajarn och/eller
masugn undersokts.

For val av lampliga recept pa restproduktblandningar inleddes projektet med karaktarisering
av  restprodukters reaktionsbeteende separat och i blandning samtidigt som
reaktionsmekanismer i blandningar mellan jarnoxid och olika kolinnehdllande material
undersoktes. Baserat pa resultaten har agglomerat av stoft och slam producerats och deras
sjalreducerande  egenskaper  undersokts bade i laboratorie- och pilotskala.
Reduktionsegenskaperna hos agglomerat har undersokts med avseende pa innehall av
fororeningar och mekanisk hallfasthet efter varmebehandling, reaktionsmekanismer samt
mojligheterna att uppna reduktionsgrader motsvarande 70-90%. Vidare, har tva mojliga
processvagar for aterforing undersokts. En metod for att mojliggora aterforing av reducerade
agglomerat utan signifikanta processtorningar avseende chargering av DRI i skénk fore
svavelrening har studerats. Inom detta projekt har &ven reduceringsforhallanden for
sjalvreducerande- samt forreducerade agglomerat studerats genom tillsats i LKABs
experimentmasugn.

Resultaten fran inledande studier i laboratorieskala visar att reduktionsférloppet av studerade
recept for bade blandningar och agglomerat ar jamforbara med motsvarande andel jarnoxid
och kolinnehallande material. Reduktionen har indikerats att ske i foljande steg; hematit till
magnetit, magnetit till wustit samt wustit till metalliskt jarn. Studierna har dven indikerat att
egenskaperna hos hyttsot som reduktionsmaterial i sjalvreducerande blandningar resulterar i
jamforbara  resultat motsvarande blandningar med trdkol, koks och grafit.
Agglomereringsforsok har visat att agglomerat med tillrackliga mekaniska egenskaper for
materialhantering och aterféring kan produceras utifran utvalda restprodukter.
Varmebehandling av agglomerat vid 1100-1200°C resulterade i reduktionsgrader
motsvarande 50-80% samt ett minskat innehall av Zn till =3% av ingdngsvirdet. Studierna har
aven visat att materialhantering i samband med brikettering samt sjédlva metoden for
briketteringen kan forbattras ytterligare for att undvika inhomogeniteter och haligheter i
briketterna. Resultat fran reduktionsférsok har dven indikerat att briketter ateroxiderades i
samband med uttag fran ugn vid temperaturer omkring 500-600°C. Av den anledningen bor
kylning ske under inert eller reducerande atmosfar ner till 200-300°C. Vidare har férdjupande
studier i laboratorieskala indikerat att uppvarmningstakt, inert gasfléde samt ugnsatmosfar har
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betydelse pa reduktionsforloppet och maste darfor tas hansyn till i samband med val och
optimering av reduktionsforhallanden.

Aterféring av DRI prévades genom att tillsitta 200-400 kg forreducerade agglomerat i
rajarnsskank innan omhéllning av rajarn fran torpedo. For forsoks- och referenscharger
gjordes ingen forslaggning innan injektion och rajarnet svavelrenades genom injektion av Mg
och CaC, med avsikt att fa ner svavelhalten till 0.001%. Baserat pa resultaten beddéms
metoden ha fungerat bra och ingen negativ effekt pa rajarnsforluster eller rajarnskvalitet
kunde korreleras till tillsatsen. Detta trots att det indikerades osmalta briketter flytandes pa
slaggen da skanken anlande till svavelreningsstationen vid tillsats av 400 kg agglomerat.
Denna miéngd ar jamforbar med =0,31% tillsats i skdnk och motsvarar en arlig
aterforingspotential av producerad DRI pa omkring 12 kton motsvarande 35 GWh/ar. Det kan
jamforas med 70-72 kton DRI som arligen kan tillverkas av fallande restprodukter vid SSAB
EMEAs stalverk vilket innebar att for den studerade metoden har det visats att 17% av den
totala mangden kan aterforas. For att fa battre kdnnedom om vilken mangd som begréansar
atervinningskapaciteten av den studerade metoden foreslas ytterligare studier med chargering
av storre mangder och for fler charger. Alternativt skulle chargering av pellets istéllet for
briketter kunna studeras for att undersoka om insmaltningsforloppet kan forbéattras och pa sa
vis gora det mojligt att chargera storre méngder i varje skéank.

Studerade reduktionsegenskaper pa pellets i masugnsprocessen visar att forereducering av
kallbundna restproduktpellets inte kravs med avseende pa reduktion. En viss aterreduktion av
val forreducerade agglomerat kunde noteras. Dock ar forreduktion &r att foredra om laga
ingaende halter pa Zn efterstravas, alternativt kan recepten justeras for att endast inkludera
restprodukter i pellets med lagt Zn-innehall. Trots indikerad tendens till aterreduktion av
forreducerade pellets bidrar tillsats av metalliskt skrot eller DRI i masugn &nda till minskad
forbrukning av koks och kolpulver enligt erfarenhet fran industriell drift. Det innebér att
tillsats av antingen oreducerade- eller forreducerade pellets har potential att 6ka material- och
energieffektiviteten genom minskat behov av ramaterial och fossilt kol.

Via de studerade aterforeningsmetoderna visar resultaten pa lovande mojligheter att
nyttiggora kol- och jarnresurser samt energi ur stoft och slam som for nuvarande deponeras
vid svenska integrerade stalverk. De mangder DRI som har tillsatts i skank fore svavelrening
inom dessa forsok motsvarar en atervinning omkring 17% av den totala mangden stoft och
slam som deponeras. Det bedoms att fortsatta studier skulle kunna mdojliggora ytterligare
atervinning. Genom selektiv agglomerering och aterféring av respektive material eller
materialblandningar till de mest Il&mpliga processerna samt genom modifierad
aterforingsmetod vid svavelreningen beddms att atervinning av de aterstaende 83% av
restprodukterna och energieffektiviseringen kan nas. Ny kunskap som kréavs skulle kunna nas
genom att;

e Studera om recept avsedda for aterforing via rajarnsskank kan utformas med
restprodukter innehallande hoga svavelhalter och om restprodukter med laga
svavelhalter kan atervinnas genom tillsatts i LD-processen

e Studera om agglomerat med innehall av laga Zn-halter kan utformas for atervinning
via masugnsprocessen och darmed minska behovet av forbehandling.

e Studera om insmaltningsforloppet kan forbattras genom att chargera pellets istéllet for
briketter i rajarnsskank fore svavelrening och pa sa vis 6ka den tillatna mangden som
kan reduceras via den metoden
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Sokord: Jarnrika avfall, kol-kompositblandningar, sjalvreducerande blandningar,
termogravimetri, Damm, Slam, Masugn, Konverter, vdrme mikroskop, masspektroskopi,
Jarnoxidreduktion, Zink, Bly
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1 INTRODUCTION

Efficient utilization of virgin materials such as iron ore, coal and coke is important to enable
energy efficient iron- and steelmaking and to decrease the costs of raw materials and for
landfilling at Swedish steel plants. In addition, the available sites for landfills are decreasing
which limits the amount of by-products than can be landfilled.

At full production, SSAB EMEA AB integrated steel plants in Sweden generates around 97
ktonne dust and sludge from cleaning of process gases that annually are put to landfill or
intermediate storage. These by-products contain significant amounts of iron and carbon that
could be used as replacement for virgin materials by recycling in existing iron-and steelmaking
processes. The annual landfilled amount of carbon within these by-products corresponds to a
calculated energy value of 253 GWh and thus, internal recycling could therefore benefit the
material- and energy efficiencies as well as reduce the costs of landfilling and need of available
landfill sites at Swedish integrated steel plants. However, due to high levels of impurity
elements such as Zn, Pb and alkalis as well as unsuitable physical properties that makes handling
difficult, direct recycling by charging briquettes in the blast furnace is not possible.

Different recycling alternatives and characterization of these by-products have been investigated
previously. For instance, a part of the blast furnace dust produced in Sweden is recycled via
cold-bonded briquettes or injection in the blast furnace as a result from internal studies
performed by SSAB EMEA and SSAB MEROX. Characterization and formation studies of
different steel- and iron making sludge and dust have previously been conducted by LTU and
within the research centre MiMeR (Minerals and Metals Research centre). Properties of different
cold-bonded briquettes and pellets have also been studied. Within JK21064, BOF-sludge and
BF-sludge was treated in a tornado-process to investigate if impurities could be eliminated.
Despite the possibility to dry materials effectively with low energy consumption, the content of
Zn in BF-sludge could not be sufficiently decreased. Furthermore, SSAB EMEA have in
collaboration with MiMeR produced pellets made of by-products to test in blast furnace and
BOF-converter. However, due to already quite high Zn load in the BF, both BOF and BF-sludge
has to be recycled via another route. Alternatively, to enable internal recycling in the blast
furnace for these by-products, a method must be identified where the Zn-content can be
significantly reduced.

Producing agglomerates with self-reducing properties for production of DRI (Direct Reduced
Iron) followed by charging in existing iron- or steelmaking processes has previously been
suggested as a possible recycling method for dust and sludge that currently are landfilled. This
method has the potential to utilize carbon and iron oxides within dust and sludge to produce DRI
that can be used as replacement for scrap and thus reduce the need of virgin materials. In
addition, production of DRI by heat treatment might also contribute to significant reduction of
Zn, which enables introduction of by-products with high Zn-contents in the blast furnace. In
fact, BOF-sludge and BF-sludge in combination with carbon-containing materials in
agglomerates have not been investigated previously. The energy saving potential by charging
produced DRI in hot metal ladle before desulphurisation have been calculated to 209 GWh/year.



To establish if iron - and carbon bound in generated dust and sludge can be utilized in an energy
efficient way by this suggested method, the possibilities to produce agglomerates with chemical-
and physical properties suitable for self-reduction must be studied. Other essential aspects to
investigate are the reduction properties and extent of impurity elimination that can be achieved
during thermal treatment of these agglomerates. Moreover, possible process impacts when
charging produced DRI in the hot metal ladle must also be considered as well as the reduction
conditions of DRI/LRI in the blast furnace process.

In this study, reduction behaviour studies on different by-product mixtures and blends with pure
chemicals will be conducted in laboratory scale to support the choice of suitable recipes for DRI
production and to investigate the reaction mechanisms of self-reducing mixtures. The effect of
carbon source within self-reducing mixtures will be established by means of studies on reaction
mechanisms for different carbon bearing materials. Based on these results, agglomerates with
self-reducing properties will be produced to study the possibilities to reduce iron and eliminate
impurities as well as the reduction behaviour under different reducing conditions. The
mechanical strength for handling before and after reduction will also be considered.

The recycling route by charging DRI in hot metal ladle before desulphurisation will be studied
by means of agglomeration in industrial scale followed by reduction in pilot scale. A method for
charging the reduced briquettes in the hot metal ladle will be developed and evaluated with main
focus to study if the chosen method will cause any significant process impacts. Furthermore,
self-reducing pellets will be produced from selected by-products and studied with respect to
reduction behaviour under inert atmosphere and under blast furnace conditions. The latter will
include both green- and pre-reduced by charging basket samples containing in LKABs EBF
(Experimental Blast Furnace).

2 MATERIALS
The following materials have been considered within this project;

- Blast furnace sludge and dust (BF-sludge, BF-dust)

- BOF fine sludge

- A mixture consisting of BOF- and desulphurisation dust
- Chemical grade graphite, charcoal and industrial coke

- Chemical grade hematite

Carbon-containing materials including BF-dust have been used for carbonaceous material
characterization as well as in reduction studies together with chemical grade hematite. Industrial
coke and by-products were provided by SSAB MEROX while cchemical grade graphite
(Crystalline, 99%, -300 mesh powder) and Activated charcoal Guaranteed Reagent (GR) were
purchased from Alfa (a Johnson Matthey company, GmbH) and Merck, respectively. The aim of
using pure materials is to be able to explain reaction phenomena occurring in the complex blends
of waste material.



In Table 1, average chemical analyses (XRF and LECQO) as well as moisture contents of by-
products for 2012 are given. In the same table, an analysis of coke can be seen as well. The
chemical analyses of by-products are corresponding to material from SSAB EMEA steelplant in
Luled and the analyses have been done on dry materials.

Table 1 Average chemical analyses (by XRF and LECO) and moisture contents of BF-sludge, BF-dust, BOF-
sludge, BOF-dust (produced in Luled) as well as coke .

Analysis BF-sludge | BF-dust | BOF-sludge | BOF-dust Coke
Fe% 33.3 19.6 49.0 48.7 0.38
CaO% 7.7 8.3 18.7 11.6 0.03
SiOx% 5.3 5.9 1.27 1.5 6.39
MnO% 0.3 0.52 1.07 2.5 -
P,05% 0.13 0.07 0.07 0.09 0.038
Al,03% 2.2 2.3 0.18 0.5 2.66
MgO% 1.7 1.5 3.9 431 0.06
Na,O% 0.08 0.05 0.03 3.9 0.05
K20% 0.12 0.31 0.08 0.40 0.15
V,05% 0.26 0.33 0.34 - -
\Y - - - 0.17 -
TiOx% 0.30 0.35 0.09 0.11 0.17
Cr03% 0.03 0.04 0.05 - -
Cr - - - 0.04 -
C% 217.2 49.5 2.2 - 85.3
S% 0.4 0.47 0.02 0.74 0.69
n % 0.6 0.26 0.10 0.63 -
Total 79.7 89.5 77.0 75.2 95.92
GLF 34.1 51.8 -4.1 3.747 -
Moisture % 96.3" - 35 - -
:Esiven as 3.7 dry-% in BF-sludge pumped to the ponds for sedimentation
LOI

Average particle size distributions of BF-sludge, BF-dust and BOF-sludge are given in Table 2.
As can be seen, both BF-sludge and BOF-sludge are really fine material.

Table 2 Average particle size distributions of BF-sludge, BF-dust and BOF-sludge.

Cumulative BF-sludge BF-dust BOF-sludge
undersize %
1| mm 99.9
0.5 | mm 97
0.12 | mm 50
45 | um 100 17 100
8 | um 50
6 | um 50 43
1.05 | um 10
1| pm 10 8




3 METHOD
3.1 Characterization of pure materials

Carbon bearing materials were used as received except for coke. Representative sample of
provided coke was prepared using manual sampler, 3 kg in total were first subjected to crushing
using jaw crusher, then pulverized in a pulverizer and sieved into several fractions ranging from

-53 to +150 pum (see Figure 1).
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Figure 1 Applied machines for sample preparation. a) schematic illustration of Jaw crusher, b)
pulverizer and c) shaker

Particle sizes of used materials were determined by CILAS laser based particle size analyzer,
with measuring of particles less than 300 um (CILAS, Micromeritics Instrument Corporation,

USA), see Figure 2.

Figure 2 Laser based particle size analyzer and surface area measuring unit. a) Typical particle size analyzer, b)
particle size analyzer software.

A Netzsch thermal analysis STA 409 instrument with simultaneous thermo-gravimetric
measurement with sensitivity +1 ug (TGA) and differential thermal analysis (DTA) coupled with
a quadruple mass spectroscopy (QMS) was used to evaluate and analyze the used carbon bearing
materials. In addition, it has been applied to monitor the gasification of carbon bearing materials
as well as reduction behavior of self-reducing mixtures and thermal behavior of by-products. A
schematic diagram of the thermal analysis instrument is given in Figure 3.
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Figure 3 Illustration of TGA/DTA/QMS

Moisture, volatile matter, fixed carbon and ash content were determined accurately by the
thermogravimetric method. Temperature profile and experimental conditions were chosen based
on combination of standard methods and updated to be compatible with STA @ Samples were
heated up in an inert atmosphere up to 200°C and then kept for 3 hours (for drying and
determining moisture content) then heated up to 900°C and kept for 1 hour (to determine and
remove all volatiles). In order to determine the fixed carbon, the samples were continuously
heated up to 1100°C under argon atmosphere. After the temperature reached 1100°C, the argon
gas was replaced by an oxidizing atmosphere (air) and then kept for 5 hours. The residue was left
to cool down in the furnace and thereafter collected, weighed and considered as ash minerals.

For gasification tests, samples were prepared by thoroughly mixing carbonaceous materials and
alumina (C/O = 1) to separate between carbon particles and simulate the packing of self-reducing
mixtures. Two alumina crucibles, one containing alumina powder as a reference and another one
containing the mixture, were heated from 20 to 1200°C at a heating rate of 5°C/min in CO, with
a constant flow rate (100 ml/min). The gasification reaction of carbon is represented by the
following reaction; CO, + C = 2CO. It has been reported that the gasification reaction Kinetics
depends significantly on the nature of carbon i.e., the carbon type, thermal history, composition
(the mineral content of the char), physical properties (particle shape and size) etc. - @

3.2 Reduction behavior of self-reducing mixtures (pure hematite)

A set of experiments with simple mixtures were conducted in the initial part of the project to
establish a solid understanding of the reduction reaction kinetics and its effect on the process
parameters and performance. Samples were prepared by thoroughly mixing carbonaceous
materials and chemical grade hematite (C/O = 1). On mixing hematite and BF-dust, the existence
of iron oxide in BF-dust was considered and taken care of (the present iron was assumed to be
hematite). Each experiment was conducted with two alumina crucibles, one containing alumina
powder as a reference and another one containing the mixture. They were heated from room
temperature to a pre-determined temperature with a heating rate of 10°C/min in a constant flow



rate of Ar (100 ml/min). The samples were thereafter heated up to a pre-set temperature (750-
1100°C with 50°C interval) and kept at that temperature for two hours for reduction completion.

3.3 Selection and study of material blends

In order to obtain agglomerates with self-reducing properties that after heat treatment can be
recycled back to existing iron- or steelmaking processes, optimal blends has been sought. Recipe
design has been based on chemical analyses given in Table 1.

To have 100% release of reducible oxygen atoms in iron oxides and thus achieve 100%
reduction degrees, the amount of free carbon in the blend must exceed the number of reducible
oxygen atoms. For that reason, each by-product blend studied in this project has been designed to
meet up this condition. As landfilling is a growing economical- and environmental issue for the
steel plant, recipes was designed to account for the proportions of generated amounts. The idea
was to study if a significant part of each generated by-product can be consumed in a blend
suitable for recycling. Moreover, in a study by Su et al. ©, the BOF-sludge was indicated to have
a positive effect on cold strength but the interaction between BF flue dust and BOF- sludge was
shown to have a negative effect on reduction degree. This has also been accounted for during the
recipe design of by-product blends. To summarize, the design of blends has mainly been based
on the following conditions;

» Fixed relation between BOF-sludge, BOF-dust and BF-sludge

» Content of BF-dust varied

* Molar ratio of carbon to reducible oxygen should be larger than 1 (C/O>1) and Fe(tot) as
high as possible

e Simulate available proportions of generated by-products

In Table Al in Appendix, the annual landfilled amounts of BF-dust, BF-sludge, BOF-dust and
BOF-sludge at SSAB EMEA steelplants in Lulea and Oxelésund during 2007/2008 and 2012 are
given. At nearly full production in 2007-2008, the approximate proportions of these by-products
that were produced and available for recycling were 34.2% BOF-sludge, 4.3% BOF-dust, 46.5%
BF-sludge and 15.0% BF-dust. This was calculated by assuming 35% moisture in BOF-sludge
and BF-sludge produced in Lulea and Oxel6sund respectively.

The proportions of dust and sludge in the designed recipes are found in Table 3.

Table 3 Distribution of by-products in designed recipes B1-B4.

Blend | BF-dust (%) BF-sludge (%) BOF-sludge (%) BOF-dust” (%)
Bl 0 40 58 2

B2 5 38 55.1 1.9

B3 10 36 52.2 1.8

B4 20 32 46.4 1.6
"Mixture of BOF-dust and desulphurisation dust.

Designed by-product blends have been studied by means of thermal analysis by TG (see Figure
3) as well as in XRD for both green- and reduced blends. TG-runs were conducted under argon
atmosphere with flow rate of 100 ml/min argon gas and with a heating rate of 10°C/min. In
addition, BOF-sludge, BOF-dust and BF-sludge have aslo been studied separately by XRD and
TG/DTA within CAMM (Centre of Advanced Mining and Metallurgy).
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3.4 Thermodynamical modelling in FactSage

The thermodynamical calculation tool FactSage 6.1 have been used to compare expected and
actual weight losses achieved by thermal analysis to further study the reduction behaviour of the
different blends. All calculations have been conducted in the equilibrium mode for the
temperature range 25-1200°C and at atmospheric pressure. Only gas and solid phases have been
considered for the calculations.

3.5 Briquette trials
3.5.1 Production of lab-scale briquettes and pre-reduction studies

In order to know the reduction behaviour and suitable reduction conditions of self-reducing
briquettes made of steelmaking dust and sludge, studies in lab-scale furnace with briquettes have
been conducted. Lab-scale briquettes were prepared manually by first mixing by-products with
cement, scrap mix and later water (see recipe in Table 4) followed by filling the mixture in
special moulds, vibrating and applying a mechanical pressing force to shape- and compact the
material into briquettes. This was conducted in a laboratory briquette machine of type TEKSAM
VUG600/6 that allows for production of briquettes with same dimensions as industrially produced
cold-bonded briquettes at the briquette plant. The selected proportions in-between by-products
correspond to B2 (Briquette mix 1, BM1) and B4 (Briquette mix 2, BM2) in Table 3.

Table 4 Proportions between scrap mix, cement and by-products in prepared briquettes for reduction trials.

BM1 BM2
BF-sludge (wt-%) 15 12
BF-dust (wt-%) 2 8
BOF-sludge (wt-%) 21.5 19
BOF-dust (wt-%) <1 <1
Cement (wt-%) 11 11
Scrap mix (wt-%) 50 50

For each batch, information about the total number of lab-scale briquettes produced, moisture
measurements and added water can be found in table A2 in Appendix. A chemical analysis of
scrap mix and cement can be found in table A3 in Appendix. A total of 16 briquettes could be
produced at a time, see Figure 4.

Figure 4 Pallet of produced lab-scale briquettes.

The effect on reduction degree by alternating different parameters has been studied in a lab
furnace during nitrogen purging. The furnace was electrical heated and the approximate inner
dimensions were 40*40*40 cm. Briquettes were charged in the furnace on a silica refractory
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plate. The nitrogen was introduced through the back wall on the left upper corner and the gas
outlet was situated in the centre of furnace roof. During the pre-reduction studies, the nitrogen
flow was set manually for each trial without any measurement of the in-going flow. Thus, the
nitrogen flow might deviate between the conducted trials.

In Table 5, conducted pre-reduction studies are summarized. For the reference trials R1, R2 and
R2-2, 9 briquettes in one single layer were placed in the furnace at 500°C and the furnace was
heated from 500°C to 1200°C with a heating rate of 200°C/h and thereafter kept at 1200°C for
20 minutes. Additional trials have been conducted in the same manner to see how reduction
degree is affected in relation to the reference trials by; a maximum temperature at 1100°C
instead of 1200°C (Tel1.1100, Te2.1100), constant temperature at 1200°C for 40 minutes instead
of 20 minutes (Ti1.40, Ti2.40) and also bed thickness (Th2.2). In the latter, 2 layers of briquettes
was placed in the furnace. Furthermore, the combined effect of maximum temperature at 1100°C
for 40 minutes was also tested for normal space between briquettes (Te1.1100.40) and closely
packed briquettes (Te1.1100.40.2).

Table 5 List of conducted pre-reduction studies with briquettes in lab-scale furnace.

Trial ID Parameter Nr | BM | T (°C) | Time (min) | Layers (nr)
R1 Reference 1 1 1200 20 1
R2 Reference 2 2 1200 20 1
R2.2 Reference 8 2 1200 20 1
Til.40 Time 6 1 1200 40 1
Ti2.40 Time 5 2 1200 40 1
Th.2.2 Thickness 9 2 1200 20 2
Tel.1100 Temp. 3 1 1100 20 1
Te2.1100 Temp. 4 2 1100 20 1
Tel.1100.40 Time, temp. 7 1 1100 40 1
Tel.1100.40-2 | Time, temp, 10 1 1100 40 1
packing

For most of the trials, briquettes were let to cool down in the furnace during nitrogen purging
overnight. However, for trials R2-2, Te2.1100 and Ti2.40, briquettes were taken out when the
furnace had cooled down to 500°C. Green briquettes for each mixture as well as briquettes from
each trial were chemically analysed by XRF, LECO (for carbon and sulphur content) as well as
titration (for the distribution of Fe metallic and Fe?"). Based on the chemical analyses, the
reduction degree, RD1, have been calculated by using the following equation:

n(oin) + n(oout)
n(G;)

RD1% =

*100 (1)

Where;

n(Oi,) = moles of oxygen present in iron oxides before reduction
n(Oout) = moles of oxygen present in iron oxides after reduction
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The results from the pre-reduction studies with lab-scale briquettes have been used as basis for
choice of briquette recipe and suitable reduction conditions during preparations of briquettes for
the industrial trial at SSAB in Lulea.

3.5.2 Reduction behaviour studies of lab-scale briquettes

Reduction behavior of by-product blend B1 with no BF-dust (see recipe in Table 3) as well as
lab-scale briquettes corresponding to BM1 and BM2 have been further studied for comparison
and evaluation of results from pre-reduction studies by TGA/DTA/QMS, high-temperature XRD
and heating microscope.

As a first step, briquettes corresponding to BM1 and BM2 were crushed and then subjected to
analysis. The samples might not represent the exact composition of the briquettes due to the
difficulty of pulverizing the scrap mix. B1 was prepared from the pulverized waste materials
directly. The pulverized samples were heated up to 1200°C with a heating rate of 5°C/min under
inert atmosphere (Ar) by means of TG/DTA/QMS (Figure 3).

Reaction progress and phase development were monitored by means of in-situ heating X-ray
Diffraction analysis using PANalytical XRD instrument coupled with a heating furnace, see
Figure 5. The obtained X-ray spectra were evaluated using PANalytical software.

Figure 5 Sample preparation and sample installation for XRD measurements. a) Sample preparation for
XRD, b) Samples arrangement within the XRD sample holder and c¢) XRD chamber.

Furthermore, physical properties of charged materials into iron-making processes are of quite
importance for the performance, smooth operation and productivity etc. Swelling, softening and
melting behavior are essential phenomena which significantly affect the process operation. Leitz
Wetzlar Germany heating microscope (Figure 6) was used for this purpose. Fine ground samples
were agglomerated into small briquettes (3 mm height and 2 mm diameter) using a specially
designed mold provided by the same company. The briquette was then centered on a flat alumina
pan and then introduced to the hot zone of a horizontal tube furnace. The two endings of the
furnace are closed with transparent quartz stoppers to enable atmosphere control and imaging.
An argon gas flow was maintained throughout the process. The sample was heated 15°C/min up
to 600°C and thereafter 10°C /min up to the flow temperature of the sample. Imaging was set to
carry out automatically according to preset parameters. Size alteration was monitored by analysis
of the silhouette of the sample and the change of sample size was calculated accordingly.
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Figure 6 Typical heating microscope

3.5.3 Briquetting and reduction for melt-in trial

For the melt-in trials in hot metal ladle at SSAB, around 5 tonnes of briquettes based on recipe
BM2 (see Table 4) were produced by BDX in the briquette plant in beginning of 2013. One
month in advance (in December), the materials were collected from landfill or outside storage.
All materials contained some water but the sludge, especially BF-sludge, was really wet. For
defrosting and reducing the moisture content, the materials were stored indoors at approximately
10°C for one month. Since the BF sludge was really moist, water had to be pumped out of the
container when the material settled. Later the container was leaned so the water could be
decanted. The sludge and dust amounted to around 5 tonnes and before briquetting, a mixture
with 5 tonnes of scrap mix was prepared. Due to differences in moisture content, the sticky
nature of the material and the weighing and mixing by tractor, the composition could differ from
recipe BM2.

3.5.4 Briquetting and reduction for melt-in trial

For the melt-in trials in hot metal ladle at SSAB, around 5 tonnes of briquettes based on recipe
BM2 (see Table 4) were produced by BDX in the briquette plant in beginning of 2013. One
month in advance (in December), the materials were collected from landfill or outside storage.
All materials contained some water but the sludge, especially BF-sludge, was really wet. For
defrosting and reducing the moisture content, the materials were stored indoors at approximately
10°C for one month. Since the BF sludge was really moist, water had to be pumped out of the
container when the material settled. Later the container was leaned so the water could be
decanted. The sludge and dust amounted to around 5 tonnes and before briquetting, a mixture
with 5 tonnes of scrap mix was prepared. Due to differences in moisture content, the sticky
nature of the material and the weighing and mixing by tractor, the composition could differ from
recipe BM2.

The briquette mixture consisting of by-products and scrap mix (around 10 tonnes) was put in an
empty bin for charging in the blender (a twin-shaft mixer from Bayerische Berg-, Hutten- und
Salzwerke AG). The moisture content was almost 19% so just cement, matching 11.9 %, was
added. Totally 1.2 tonnes of material per batch was thereafter blended for 90-110 seconds.
Probably due to the fine grained materials and the high moisture content, the cement was not
properly mixed so the blending time was increased. The moisture content of the final briquette
mix is usually kept around 13.5 % but in this trial, the moisture content was about 17 %. The mix
was thereafter compacted in molds, 378 molds per pallet, by vibration and high pressure force in
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a HESS Multimat RH 2000-2A. Figure 7 shows a pallet with briquettes transported from the
curing chamber where the briquettes were stored in an atmosphere of 20°C and almost 100 %
humidity for more than one day. After the curing camber, briquettes are normally stored outside
but these test briquettes were mostly stored inside before reduction trials. The rolling- and
abrasion strength measured as tumbling strength (TTH) was checked after 1, 2, 7 and 14 days
according to Swedish Standard SS-1SO 3271:2007 ©.

—
- T T

' Photographer, Stig-Goran Nilsson, Jernkontoret

Figure 7 Briquettes on a pallet in briqette plant.

Thereafter, a bell-type furnace with electrical heating situated at Swerea MEFOS was used for
the thermal treatment of briquettes. Briquettes where piled in 3 layers in two special steel boxes
where the total approximate number of briquettes for each box was 200 (3*17*4).

The general procedure for the reduction process was;

1. Furnace was heated to 500°C

2. A thermocouple was installed in one briguette that later was placed in the centre position
of steel box number 2.

3. Filled steel boxes were weighed and thereafter loaded in the furnace. Initial nitrogen
purging was set to 70 L/min for 20-30 minutes and thereafter the flow was decreased to
30 L/min.

4. When temperature of the briquette reached 500°C according to the thermocouple,
electrical heating up to 1100 °C started with a heating rate of 100 °C/hour.

5. The furnace temperature at 1100°C was held for 1 hour and thereafter the electrical
heating was interrupted.

6. The furnace was left for cooling during nitrogen purging down to 600-500°C

7. Steel boxes were weighed directly after being taken out from furnace.

The two first trials at the 12"- and 13" of February 2013 respectively were performed without
modifying the furnace. However, as gas detectors situated above the furnace showed on high
levels of CO-gas in the room during these trials, the original gas outlet was plugged and another
opening with higher capacity was used instead for the other trials. In addition, to avoid gas
leaking out form furnace, a chimney was built to burn off gases during the reduction period of
the tests. During warming and cooling periods, the off-gases where instead directed to a
ventilation hood. The new way of performing the trials contributed to a changed relation between
gas inlet and outlet, see Figure 8. Before, the gas was introduced in the backside wall of the
furnace near the left corner and the gas outlet was situated on the right side, enabling the gas to
transport across the briquettes. The new system had the gas outlet positioned on the left side
instead and the inlet position was not changed.
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Figure 8 Illustration on the original- and changed location of nitrogen gas outlet in bell-type furnace.

In Figure 9, the new gas outlet system during heating and cooling (left) and during reduction
period (right) is shown.

5 T sefelee)

Figure 9 Exhaust gases directed to off-gas system (left) during warming- and heating period. During
reduction period, off-gases from furnace were burned.

3.5.5 Effect of process atmosphere and heating rate on reduction

In order to find out the effect of process atmosphere and heating rate on the reduction rate of
briquettes, additional set of experiments in laboratory furnace were conducted. The main focus
was to find out the effect of atmosphere as well as heating rate on the reduction behavior of
industrial produced briquettes corresponding to recipe BM2.

Figure 10 shows one of the studied briquettes as well as a schematic diagram of its dimensions
and thermocouples assembly. The reduction experiments were carried out in a Eurotherm
vertical steel tube furnace with adjustable heating rate and maximum temperature of 1200°C. A
schematic diagram depicting the furnace assembly, temperature monitoring positions and gas
flow is shown in Figure 11.
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Figure 10 Photo image as well as schematic diagram of used briquettes.
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Figure 11 Photo image and schematic diagram of the furnace assembly

In order to accurately monitor the briquettes temperature development, two thermocouples (K-
type) were carefully attached to the briquette. A 3.5 mm diameter hole was drilled in the
briquette center and one of the thermocouples was placed there to monitor the briquette core
temperature while the other one was placed at the surface (Figure 10). After introducing the
briquette into the even temperature zone of the furnace, both thermocouples were connected to
temperature controllers and the temperature was recorded manually at intervals of 10 minutes.
The mass loss was noted manually by recording mass before and after the process. The off-gas
was burnt using a burner at the top end of the furnace (outlet) to avoid CO leakage.

3.5.6 Melt-in trial at desulphurisation plant
After finishing the thermal treatments in bell-type furnace, briquettes were distributed in big

bags for the melt-in trials by dividing each produced batch into 6 equal fractions based on out-

going weights from furnace, see Table A4 in Appendix. In this way, all big bags should contain
the same mixture of briquettes.
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The general procedure for the melt-in trials was:

1. Briquettes were charged in an empty hot metal ladle

2. Hot metal was poured in ladle from torpedo

3. Ladle was transferred to desulphurization plant

4. Operators were instructed to avoid deslagging, run co-injection (injection of Mg and
CaC,) and target for 0,001% sulphur.

5. Slag- and hot metal samples were taken before- and after desulphurization.

The ladle was photographed before- and after charging briquettes as well as after charging hot
metal from torpedo. To enable evaluation on if the desulphurization process was affected by
charging briquettes, slag- and metal samples have been collected for 5 reference heats as well.
For these heats, the same procedure described in steps 4-5 above was adapted.

Melt-in trials have been evaluated by comparing the chemical properties of slag before and after
desulphurisation as well as if there are any significant differences in desulphurisation agent
efficiencies for test- and reference heats. The equation for calculating the efficiency of added
desulphurisation agents is shown below;

_ (SIN - SOUT) “Mym

LS )
MCaC2 M Mg
Where;
n = Efficiency of desulphurisation agents
So = Sulphur content in hot metal before sulphur removal (%)
S; = Sulphur content in hot metal after sulphur removal (%)

muym = Amount of hot metal (kg)

Mcac2 = Amount of added calcium carbide (kg)
Mcac2 = Molar mass of calcium carbide (kg/mole)
Mpg = Amount of added magnesium (kg)

Mwmg = Molar mass of magnesium (kg/mole)

M = Molar mass of sulphur (kg/mole)

Calcium carbide, CaC,, added for sulphur removal is composed of 70% pure CaC,, 25-30% CaO
and some carbon. The molar mass of CaC, used for the calculations was 0.0598 kg/mole
assuming 70% CaC,, 26% CaO and 4% C.

Based on chemical analyses of slag before and after sulphur removal, the total slag amount after
treatment has been estimated. As a first step, the amount of initial slag, Minitia, COrresponding to
slag from torpedo car and slag remained from previous heats in the ladle was estimated based on
the following equations;

CaOyiguete + CA0;itia — Ca0, 3)
minitial + mbriquette
Caoinitial = Mipitial 'Caoo,reference (4)
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Where;

CaOvriquette = Average content of CaO in briquettes (%)

CaOinitial = Content of CaO in initial slag (%)

Ca0y = Content of CaO in slag for test heats before slag removal (%)
Minitial = Amount of initial slag (kg)

Mbriquette = Amount of added briquettes in the hot metal ladle (kg)

CaO reference =Average content of CaO in initial slag based on reference heats (%)

The equations above are based on the assumptions that all CaO end up in the slag phase.
According to the same assumption, the total slag in ladle after sulphur removal has been
calculated. Furthermore, the sulphur content in slag after treatment was assumed to be present in
the form of CaS and MgS in the molar ratio 5:1. The content of CaO in the slag given by the
chemical analyses was adjusted to meet this condition by the following equation;

Caol,adjusted = Caol - CaSl M (5)
CaS

Where;
CaO1 adjusted = Adjusted content of CaO in slag after treatment (%)
Ca0, = Content of CaO in slag after treatment given by analysis (%)
CaS; = Estimated content of CaS in slag after treatment (%)
Mcao = Molar mass CaO (g/mole)
Mcas = Molar mass CaS (g/mole)

Calcium carbide injected in the hot metal was converted to amount of CaO by the following
relationship;

M a
Mca0 added = mCaC2 : (025 +0.7.-—Ca0 (6)

CaC,
Thereafter, the total CaO added to the slag, Mcao,tota1, Was estimated;

+m;

Meao otal = mbriquettes -Ca0 initial * CaO -initial + Mca0 added (7)

briquette
The amount of CaS in the final slag was calculated based on the following equation;

M
Meas = Meao otar * (CAO0; — CAO 4gjusiea) Micas (8)

CaO
The actual amount of CaO in the final slag, Mcao actual Was thereafter estimated by;

M Ca0

Mea0,actual = Meao total — Meas - (9)
M CaS
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Finally, the amount of slag in the ladle after sulphur removal was calculated by;

mCaO,actuaI

slag,1 = Ccao

1,adjusted

m (10)

3.6 Pellet trials
3.6.1 Production of self-reducing pellets

Pellets corresponding to by-product blends 2 and 4 in Table 3 were produced in April 2013 by
mixing dust and sludge with 5% cement and water. For each blend (PM1 and PM2), two 20-kg
batches (dry weight basis) of cement and by-products were mixed, see Table 6. The moisture
content in BOF-sludge was estimated to 30% whereas earlier dried BF-sludge was assumed to be
dry.

Table 6 Distribution of sludge, dust, cement and water in PM1 and PM2 based on 40 kg produced pellets.
BF-sludge | BOF-sludge BF-dust BOF-dust | Cement

Dry (kg) Dry (kg) Dry (kg) Dry (kg) Dry (kg)

PM1 14.44 20.94 1.90 0.72 2.00
PM2 12.16 17.63 7.60 0.61 2.00
Tot. (dry) Kg 26.6 39 9.5 13 4.0

The general procedure for the pellet production was the following;

Dust and sludge were pre-mixed in a mixer.

Addition of cement. Larger lumps in the mix were crushed manually.

Emptying the mixer. A sieve was used to separate larger lumps from the material.
Material mix was fed to the rotating pellet plate while simultaneously spraying water on
the material.

5. Pellet overflow was sieved at around 8 mm, see Figure 12.

el AN S

Pellets of both blends were sieved in fractions >16 mm, 16-12.5 mm, 12.5-10 mm, 10-9 mm, 9-
6.3 mm, <6.3 mm and thereafter, pellets in size distribution range 12.5-9 mm of each blend
where dried at 105°C for 24 hours. Equal amounts of pellets in each size fraction (12.5-9 mm)
and for each blend have been used for further studies.

Green pellets of PM1 and PM2 were analysed for chemical composition by XRF, LECO, trace
elements and distribution of Fe metallic and Fe?* in relation to total iron content.
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Figure 12 Pellet plate during pellet production. Overflow was sieved at around 8 mm
(left).

3.6.2 Reduction of self-reducing pellets in lab furnace

Thermal treatment of pellets was conducted in the same laboratory furnace as pre-reduction
studies of briquettes. A special construction made in perforated stainless steel sheet was designed
to enable sufficient gas permeability through the pellet bed and also allow for larger quantities to
be reduced in one batch, see construction in Figure 13. Unlike previous trials with briquettes,
control of nitrogen flow was also possible since the furnace was equipped with a rotameter.

Figure 13 Construction designed to enable reduction of pellets.

For each trial, the furnace was heated up to 500°C at a heating rate of 200°C/hour. The amount of
pellets in each level 1-3 was weighed separately and when the furnace temperature reached
500°C, the pellets were charged in the furnace during nitrogen purging. The maximum
temperature was set to 1100°C due to the limited working temperature of stainless steel used in
the construction. This temperature was reached by a heating rate of 200°C/hour and thereafter the
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temperature was kept constant for 40 minutes. However, for the last trial conducted 2013-04-26,
the maximum temperature was set to 1150 °C for the same heating rate. This was tried to see if
the reduction could be improved.

During the first trial (2013-04-22), no ventilation of furnace gases was activated and hence, the
off-gases were allowed to go out in the building. For trials conducted the 23"-25" of April, a
hood situated just right above the gas outlet of the furnace was activated which enabled
ventilation of off-gases out from the building. In the last trial (2013-04-26), the hood was
adjusted to allow for a larger distance between the gas outlet and hood. Moreover, the procedure
for setting the N,-flow was not consistent in between the different trials. In all cases except for
the first trial (2013-04-22), the initial flow was set to 30 L/min for 10-15 minutes and thereafter
the flow was reduced to 7-8 L/min. This intermediate flow was constant over the heating period.
When heating stopped, the flow was increased up to 25-30 L/min for some of the trials. For the
other trials, the same nitrogen flow was kept as the intermediate flow. See how the nitrogen flow
was set for each trial in Table 7. The effect of different reduction setups on reduction degrees
have been considered during evaluation of reduction trials.

Table 7 N,-flow settings for each trial.

Mix Date Initial No-flow | Intermediate No-flow | No-flow during cooling
PM1 | 2013-04-22" | <8 L/min <8 L/min 25-30 L/min

PM2 | 2013-04-23 | 30 L/min <8 L/min <8 L/min

PM1 | 2013-04-24 | 30 L/min <7 L/min <7 L/min

PM2 | 2013-04-25 | 30 L/min <7 L/min 30 L/min’

PM2 | 2013-04-26° | 30 L/min <7 L/min 30 L/min

INo ventilation activated and hence, the furnace gases were released in the building

230 L/min the two first hours after heating stopped; thereafter the flow was reduced to 10L/min.
*Ventilation hood above furnace was adjusted to a larger distance from gas outlet.

Pellets from each trial have been chemically analysed in the same way as green pellets and
reduction degrees (RD1) have been calculated based on equation (1). Furthermore, an alternative
equation in addition to this has been used to compare the extent of reduction between pellets
before and after each trial;

Fe

ADy — Fena%+1/3-Fe*"

Fe% 100 (11)

This way of expressing the reduction degree is only based on the chemical analysis of samples
after reduction and hence, the extent of reduction can be compared between samples
independently of in- and out weights and green analysis.

3.6.3 Reaction evaluation and final product characterization

A home designed tool to measure compressive strength was made at LTU laboratory. Below is a
schematic diagram of the machine (Figure 14). It consists mainly of a movable head that can
move downward creating a load on a fixed head. A scale was positioned on the fixed head to
determine the applied load by the movable head. The sample was placed in such a way to be in
the center of the scale pan and the solid movable head. The compressive strength was defined by
the balance reading drop. The test was repeated three times on selected similar pellets (almost
equal diameters).
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Figure 14 Schematic diagram of compressive strength machine.

Reduction behaviour by reaction progress and phase development during heating has been
studied in the same manner as for lab-scale briquettes, see description in section 3.5.2 Reduction
behaviour studies of lab-scale briquettes. In addition, swelling, softening and melting behavior
of the different pellet types have been studied by a heating microscope described in the same
section.

3.6.4 Basket samples in EBF

To study how the properties of by-product pellets change during the descent in the blast furnace,
basket samples of green- and thermal treated pellets of equal size distribution were charged in
LKABs experimental blast furnace before the shutdown of the process. Baskets were prepared
by placing an empty basket on the scale, tare and thereafter fill with pellets, close the lid and
finally weigh the filled basket. For baskets that were planned to be filled with thermal treated
pellets, the aim was to choose pellets from the most successful trials in where the highest
reduction degrees were achieved.

Basket samples were charged in the EBF burden layers 9, 17, 25, 33 and 37. Baskets in each
layer were numbered from 1-10 in where baskets 1-5 and 6-10 respectively were tied together in
a row, see principle illustration in Figure 15. Thus, two rows of tied baskets were charged in
each layer. To enable more reliable results, the two basket rows in the same layer were filled
equally i.e. doublets of each pellet type were charged in each layer.

Figure 15 Principle illustration showing row of tied basket samples charged in the EBF.

After excavation, basket samples were weighed, photographed and opened. The amount of
pellets inside each basket was weighed and thereafter sieved. In accordance with the procedure
for green and heat-treated pellets, the material was analysed for the chemical composition. The
extent of reduction has been determined by RD1 and RD2 (equation (1) and (11) respectively).
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4 RESULTS AND DISCUSSION
4.1 Characterization of pure materials

Table 8 shows the particle size measurements by CILAS instrument of carbon bearing materials
considered within this project.

Table 8 Average particle size of applied carbon bearing materials.

Carbon type Average size, ym
Graphite 48 (-300 mesh)
Charcoal 42

BF dust 105

Fraction1l |34
Fraction2 |44
Coke Fraction3 | 78
Fraction4 | 116
Fraction5 | 150

Figure 16 and Table 9 summarizes the obtained results of the analyzed carbon bearing materials
by means of thermogravimetry according to the method described above in section 3.1
Characterization of pure materials.
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Figure 16 Approximate analysis of carbon bearing materials using STA.
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As revealed by Table 9, fixed carbon in BF-dust was shown to be 50% of total mass according to

the analysis.

Table 9 Thermal analysis of applied carbon bearing materials.

Carbon type | Moisture, % | Volatiles, % | Carbon, % | Ash, % LOI, %
Graphite Negligible 2 98 Negligible 100
Charcoal 3.3 7.2 88 1.5 98.5
BF-dust* Negligible 50 50.5
Coke Negligible 2.5 86.3 11 88.8

*Analysis of dust was conducted under air from the beginning due to the presence of significant
amount of iron oxide.

A comparative study of the gasification behavior and the reactivity as a function of the carbon
bearing materials was carried out for four different types of carbon bearing materials, namely,
charcoal, graphite, coke and BF-dust. Mass loss (TG) and differential mass loss (DTG, with
respect to time) were plotted as function of time and temperature in Figure 17.
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Figure 17 The gasification behavior of carbon bearing materials being heated up to 1200°C with heating rate 5
C/min under CO,.

Charcoal and BF-dust seem to be the most reactive ones as their gasification start at 760°C while
the gasification for coke and graphite starts at 860 and 940°C, respectively. Nevertheless,
charcoal is still the most reactive one as its gasification rate is the highest (it reaches its
maximum rate at 1080°C). Among the four carbonaceous materials, understanding the
gasification behavior of BF-dust is not as straight forward as the others. The existence of
reducible metal oxides like iron oxide makes it difficult to distinguish between reduction of
higher oxides and gasification reaction. Also, it has been proved that iron has significant
catalytic effect on the gasification reaction which is indicated by lower activation energy values.
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Although coke is the reducing species in BF-dust, the reaction starts earlier compared to clean
(pure) coke. The DTG curve for BF-dust shows maximum rate at 1115°C compared to 1180°C
for coke. Also, effect of other oxides rather than iron oxide on the reaction kinetics has to be
considered, some might have positive effect on the gasification process like alkalis and some
others might have depressing effect like sulphur - ® © Another set of experiments were
conducted under the same earlier conditions in order to find out the effect of particle size on the
gasification reaction rate of coke. Five different fractions of coke were weighed and tested in
TGA as is shown in Figure 18.
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Figure 18 Effect of coke particle size on the coke reactivity and the gasification reaction rate.

The coke reactivity is not significantly affected by decreasing its particle size, although the
starting temperature of the gasification reaction seems to be affected by varying the particle size
(Figure 18). Since the sample amount was small and also the particle sizes were close, it is
expected that the heating profile of the particle surfaces should be similar except in the early
beginning. This might be the reason for the difference in the starting temperature of the reaction
and the similarity in reaction rate. Therefore, it can be concluded that the smaller the particle
size, the earlier the gasification reaction starts.

It is a consensus that the surface area increases as the particle size decrease which can result in
improved reaction Kinetics. This since the reaction is likely to be chemically controlled,
especially in the beginning. However, decrease in bed porosity due to the very fine particles
might possibly limit heat and mass transfer through individual coke particles. These two effects
might compensate each other and lead to similar reaction kinetics. Therefore, the gasification
reaction rate might not depend only on coke reactivity but also for large extent on heat and mass
transfer.
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4.2 Reduction behaviour of self-reducing mixture (pure hematite)

In most of the conducted experiments in TGA with self-reducing mixtures, especially at higher
temperatures, the reduction started before the temperature reached the pre-set value. Only the
isothermal reduction is going to be considered in the present part. TGA curves for different
composite mixtures show interesting behavior. Before we get into details of it, let us look at the
minimum and maximum weight reduction possible for different stages of hematite reduction,
namely; hematite to magnetite, magnetite to wustite and wustite to iron. For the same reduction
extent, the minimum weight loss would correspond to emission of CO, from the composite
mixture and the maximum weight loss would correspond to emission of CO from the composite
mixture. The process starts by evolution of volatile matter. Based on the approximate analysis
for applied carbon bearing materials in Figure 16, the maximum mass loss as a result of
devolatilization is calculated as follows;

volatiles = volatile matter * carbon bearing material content/100

The reduction is believed to proceed through one of the following reactions, groups or mixtures
of them by assuming that the reaction gas product will be only CO, (Maximum utilization and
minimum carbon consumption and mass l0ss);

Fe,03 — Fe30, Step; For this reduction step, 2.2*10° moles of oxygen will be lost which will
require 1.1*10° moles of carbon. So, 4.7% would be the mass loss for this step. Adding this
value to the volatiles will result in the accumulated value that should be lost at this step, see
Table 10.

Fes04—FeO step; in magnetite-wustite reduction step, 4.1*10° moles of oxygen will be lost
which will require 2.1*10° moles of carbon. Therefore, 9.2% mass will be lost during the
present step.

FeO—Fe step; Here, 1.4*10 moles of oxygen will be lost and 6.9*10°° moles of carbon will get
consumed.

On the other hand, assuming that the reaction gas product will be only CO (Minimum utilization
and maximum carbon consumption and mass loss), the calculation will be similar to the
calculations above except that each mole of oxygen that is lost will require one mole carbon to
produce CO instead of half mole in case of CO..
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Based on the volatile- and carbon content of different mixtures, the minimum and maximum
weight loss percentages have been calculated and are shown in Table 10.

Table 10 Accumulated minimum and maximum mass loss of self-reducing mixture upon heating (minimum value
calculated based on 100% CO, gas product while maximum values based on 100% CO gas product).

ID | Composite Mixture | Weight Loss, %
Volatiles | Fe;O3-FesO4 | FesO4-FeO FeO-Fe

Min. | Max. | Min. | Max. | Min. | Max.
I Hematite-Graphite 0.37 41 5.1 116 | 146 |34.0 |43.2
Il | Hematite-Charcoal 2.1 5.8 6.9 13.0 |16.4 |358 |45.0
Il | Hematite-Coke 0.5 4.2 5.3 11.7 |148 |34.2 | 434
IV | Hematite-BF dust --- 3.7 4.8 112 | 143 |33.7 | 429

In all the TGA experiments with self-reducing mixtures, the furnace was heated at 10°C/min and
hence, each mixture shows identical trend during the heating stage as expected. For experiments
conducted at lower temperatures, the sample reached the isothermal condition earlier and it was
therefore possible to capture the higher oxide reduction under isothermal condition. However,
for high temperatures before the sample reached the isothermal condition, higher oxide
reductions would be completed and hence, isothermal behavior for these reactions at higher
temperature could not be captured

For hematite to magnetite reduction (graphite-hematite mixture), the theoretical maximum
weight loss for this stage of reduction was 5.1% according to the calculations, see Table 10.
Before reaching the isothermal temperatures at 750°C and 800°C respectively, 2% and 3%
weight loss had already occurred, see Figure 19. As expected, the rate of weight loss increases
with increasing temperature. One can also notice that the rate of weight loss continuously
decreases with increasing time. In the temperature range 750-800°C, the rate of weight loss
beyond 5% which falls into magnetite to wustite reduction is quite sluggish. This can be
explained by sluggish kinetics coupled with a relatively less thermodynamic driving force. An
equilibrium calculation would show that magnetite to wustite reduction would not happen below
approximately 700°C.
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Figure 19 Graphite-Hematite mixture (1), hematite to magnetite reduction

In magnetite to wustite reduction step (graphite-hematite mixture); the theoretical maximum
weight loss is 14.6 %, see Table 10. The isothermal reduction for this stage can be obtained for
850, 900 and 950°C, see Figure 20. One of the striking features in this region is the linear
behavior of TGA curves indicating a constant rate of reduction. Furthermore, the indicated
positive correlation between reaction rate and temperature can be applied in this reduction step
as well.

1000

900

800

700

600

«C

500

Mass loss, %
Temperature,

400

300

200

100

0 20 40 60 80 100 120 140 160 180 200
Time, min
Figure 20 Graphite-Hematite mixture (), magnetite to wustite reduction.
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As expected, the final weight loss in all experiments for Graphite-Hematite self-reducing
mixtures are lower than the calculated maximum weight loss (of about 43.5 %) on the basis of
100 % CO in the outgoing gas from the mixture. The final weight loss increases with increasing
temperature which suggests that CO/CO, ratio in the exit gas increases with increasing
temperature. This is expected from thermodynamics as well. Similar to hematite to magnetite
reduction, wustite to iron reduction also shows a non-linear reduction curve wherein the rate of
reduction decreases progressively with time, see Figure 21.
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Figure 21 Graphite-Hematite mixture (I) Wustite to iron reduction.

In order to avoid repetition, the reduction behavior of the other three mixtures won’t be listed in
such detailed manner as above. In general, reduction of all mixtures shows more or less the same
trend. It becomes more pronounced for some mixtures (graphite, charcoal and coke mixtures,
Figures 21-23) and less pronounced in others (BF-dust mixture, Figure 24). Nevertheless, still
three different slopes can be distinguished during the reaction course of BF-dust containing
mixture. Putting in mind the difference between the thermal history of iron-containing BF-dust
and the chemically produced hematite, difference in the reduction trend is expected.

Unlike graphite-containing self-reducing mixture, TG reduction curves for the other mixtures
(Figures 22-24) show slope discontinuities corresponding to the step-wise reduction. The break
points are inconsistent with the calculated values in Table 10. On the other hand, the break points
(moving from stage to another) are closer to the calculated minimum values of mass loss for the
reduction of higher oxides (hematite and magnetite) which takes place at lower temperatures.
This suggests lower ratio of CO/CO; in the gas phase. Generally, the reduction rate of activated
charcoal containing self-reducing mixture is faster. The amorphous nature of charcoal and the
porous structure leading to high available surface area might be the reasons for the high
reactivity of such reductant.
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Figure 22 Charcoal-Hematite mixture (11).
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Figure 24 BF-dust-Hematite mixture (1V).

In addition to physical properties, thermal history of coke affects significantly its behavior as
reductant. BF-dust contains about 29% iron oxide, limestone, BOF slag, briquette fines, pellets
fines, coke fines and manganese slag fines. Effect of these oxides and other impurities along with
thermal history on iron reduction and carbon gasification needs further study. However, the step-
wise reaction mechanism and the slope discontinuity become less pronounced in case of
hematite-BF-dust compared to the other carbon-hematite mixtures. In order to clarify the effect
of carbon bearing material type on the reaction kinetics, a summary of the reaction degree
represented as ratio of actual mass loss to theoretical mass loss (considering loss on ignition for
carbonaceous material and reducible oxygen in the iron oxide) is shown in Figure 25.
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Figure 25 Relative- to theoretical mass loss of carbon-hematite mixtures as a function of temperature.

Figure 25 shows that the reaction degree (mass loss/theoretical mass loss) was highest in all
cases for hematite-charcoal mixture and decrease in general by the order coke, graphite and BF-
dust. However, for temperatures up to 800°C, the BF-dust mixture is shown to reach higher
reduction degrees than both coke- and graphite mixture. Generally, one can conclude that
utilizing of charcoal as a reducing agent is very promising and would bring down the gasification
reaction temperature by 100 °C less than that of coke and also shorten the reaction time by 10
times less.

Kinetics;

The reaction between solid carbon and iron oxide is not expected to proceed through solid state
route as it is not kinetically favorable owing to point to point contact. It needs a gaseous phase to
transfer the oxygen from the iron oxide to the carbon. Thus, it is well known that the overall
reduction reaction proceeds through iron oxide reduction by CO to produce CO, which will then
react with solid carbon to locally generate CO via what is known by carbon gasification reaction.
Thus, the overall rate of reduction (when the rate is chemically controlled) would be determined
by rates of either gasification of carbon or reduction of iron oxide. Between these two reactions,
the carbon gasification reaction has an activation energy one order of magnitude more than that
of the reduction reaction by CO. Researchers has calculated the activation energy of similar
systems isothermally and non-isothermally using the Arrhenius relation and other models
respectively see Table 11. Details of experimental conditions and calculation methodology can
be found in the corresponding references as well. At low temperatures, especially below 900°C,
the rate of carbon gasification reaction is thought to be lower compared to that of the reduction
by CO and vice versa at higher temperature. The overall reduction reaction of composite
mixtures would depend on the rate of these two reactions as well as relative proportion of contact
area between the gas and the solid carbon as well as iron oxide. This relative proportion remains
more or less the same during the course of reaction. However, at lower temperatures, since
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carbon gasification reaction determines the overall rate, the contact area for this reaction matters
much more than that for the reduction reaction and vice versa at higher temperature.

As the reduction reactions is believed to occur through gaseous intermediate and TG results
proved the step wise reduction, the reaction can be represented by reactions 1-4. The
corresponding activation energy values reported earlier are given in Table 11;

3Fe;03 + CO = 2Fe304 + CO, Hematite reduction 1)
Fe304 + CO = 3FeO + CO, Magnetite reduction (@)
FeO + CO=Fe + CO; Woustite reduction 3)
CO2+C=2CO Gasification reaction 4)
Table 11 Calculated activation energies and corresponding rate controlling steps.

Rate controlling step | Conditions Activation energy, kJ/mol

Carbon gasification | Hematite-graphite mixture 285-418 10

Gasification of graphite 444

Gasification of wood charcoal | 368
Gasification of coconut charcoal | 339-351 % (%)

Different types of carbon 213-310 ™)
Woustite reduction Reduction of FeO by CO 117-151 49

Reduction of FeO below 1050 | 167 *"

°C

Hematite-graphite mixture 56 V)
Diffusion Magnetite to wustite by CO 121

Reduction by carbon monoxide — this rate depends on Area (Aore) Of the unreacted ore particles,
chemical reaction rate constant for the reduction reaction (k;) and gas composition.

Carbon gasification reaction — this rate depends on area of the carbon particles (Acarbon),
gasification reaction rate constant (k;) and also on gas composition.

In addition, the diffusion of gases between the carbon- and ore reaction site can also play an
important role at a sufficiently high temperature where chemical reaction constants are high. As
the mixture is in Ar atmosphere, diffusion of Ar may also play an important role.

The activation energy of different reaction steps were calculated by Arrhenius plot (K = A +
exp~E/R) for isothermal reduction rate at different temperatures. Reduction rate constant for
each step was obtained from the slopes of reduction curves at initial parts of each step (K =
dx/dt) by plotting logarithm of the reaction rate constant versus the reciprocal of absolute
temperature. The intercept is pre-exponential factor (A) and the slope (E/R) is the apparent
activation energy (E) divided by universal gas constant

Observations;

Hematite reduction, the first observed feature is the non-linear reaction rate. Also, the activation
energies could be calculated for this reduction only for graphite, as for coke and charcoal there
were not enough isothermal data points. An activation energy of 209 kJ/mol was calculated
which is lower than the corresponding value for carbon gasification reaction. It is also an
interesting note that for graphite, the hematite reduction step was reached at temperatures below
800°C, for coke this happened at 750°C. Thermodynamically at these temperatures, there is
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sufficient CO to reduce Fe;O4 to FeO. Possibly, the rates of carbon gasification are comparable
to the diffusion rates of Ar into the powder mixture and thus, CO potential is not sufficient to
reduce Fe;O4 to FeO. The area of the ore (Fe,Os area) decreases with the progress of the
reaction. There is also limited supply of CO from carbon gasification reaction. Further, the
reaction rate of reduction by CO is also expected to be small because of lower temperatures.
Hence, the overall reaction rate is not linear.

Magnetite reduction, for coke and charcoal, the reduction from Fe;O,4 to FeO exists below 800°C
while it last till 950°C in case of graphite containing self-reducing mixtures. This is an indication
that the reaction is dependent on reactivity of carbon which in turn is carbon type dependent. The
activation energies also clearly indicate this. The activation energy values were calculated for
graphite, coke and charcoal and were found to be 414, 293 and 305 kJ/mol respectively. At these
temperatures, the reduction rate constants are expected to be much higher compared to
gasification rate constants. Hence, the overall rate is controlled by gasification rate. Further, the
reduction rates are fast enough to reach CO/CO, equilibrium. In other words, the area of
unreacted Fe3O,4 is not important and the area of coke does not change significantly as the
amount of carbon is consumed during this stage. In fact it is relatively small compared to the
overall amount of the carbon present. Hence, the rate is linear.

Wustite reduction, generally one can see the sudden increase in rates, this may be due to the
catalytic effect of Fe on carbon gasification reaction. At these temperatures, both carbon
gasification reactions as well as reduction rate constants are expected to be significantly high.
However, both area of coke as well as the area of unreacted FeO is decreasing as the reduction
proceeds. Hence, the reaction rates decreases with increasing time. Activation energy values of
wustite reduction were calculated and found to be 330, 247 and 280 kJmol for graphite, coke and
charcoal containing mixtures respectively. On the other hand, at relatively high temperatures and
at the last stages of the reaction, the mass gas diffusion seems to play role in the reduction
Kinetics. Estimated activation energy for the last stages of wustite reduction was in the range of
8.4 kJ/mol. However, deep understanding of the reaction kinetics would require detailed
modeling efforts involving gasification reaction at the carbon interface, reduction reactions at the
ore interface and diffusion of gases between these reaction sites. It is to be noted that this is an
intuitive explanation. More convincing reasons may be obtained through modeling of the
reaction kinetics of the mixture from first principles. Table 12 summarizes the calculated
activation values for different stages and different carbonaceous materials.

Table 12 Calculated apparent activation energy values.

Activation Energy, kJ/mol
Hematite- Hematite- Hematite- Hematite-BF
graphite Charcoal coke dust
Hematite reduction 211 230
Magnetite reduction 414 305 293 180
Woustite reduction ?332 280 251 310

4.3 Selection and study of material blends

To have an idea about the reduction behaviour and also confirm the chemical composition of
different by-products, studies by TG/DTA and XRD on BOF-sludge, BF-slugde and BOF-dust
was conducted within CAMM. In Figure 26, XRD patterns of unreduced BF-sludge, BOF-sludge
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and BOF-dust are shown. In BF-sludge, presence of hematite (Fe,O3), calcite and carbon was
indicated whereas no signs of metallic iron (Fe) or magnetite (Fe3sO,4) can be found. BOF-sludge
contain portlandite (Ca(OH),), CaCOs3, Fe,0s, Fe30O4, wustite (FeO) and Fe according to the
XRD pattern. However, the intensity for the peaks of Fe,O3; and FesO,4 are small, indicating low
concentrations. The curve for BOF-dust does not show any signs on presence of CaCOs, instead
the material contain calcium oxide (CaO) according to the figure. Other compounds indicated to
be present in the dust was Fe;O,4 and Fe,Os.

Unreduced BF-sludge, BOF-sludge, BOF-dust

1 1. Hematite (Fe)
2. Calcite (CaCO3)
3. Carbon (C)
1 4, Iron (Fe)
5. Wustite (FeO)
6. Magnetite (Fe304)
2 7. Calcium oxide (Ca0)

! . 8. Portlandite (Ca(OH)2)
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Figure 26 XRD patterns of unreduced BOF-dust, BOF-sludge and BF-sludge conducted within
CAMM.

TG/DTA curves of BOF-sludge, BOF-dust and BF-sludge is shown in Figure 27. The total
weight loss achieved was 12.8% for BOF-sludge, 5.5% for BOF-dust and 33.1% for BF-sludge.
As can be seen, the inclination of the TG-curve corresponding to BF-sludge is still negative at
1200°C, indicating non-equilibrium state at the end of test program. Thus, higher possible weight
loss can be expected for this material. Furthermore, as BF-sludge is expected to contain around
27% carbon (according to Table 1) and also some moisture, the relatively large differences in
weight losses between the studied materials are in accordance with indicated compositions from
previous knowledge as well as expected by XRF analyses in Table 1.
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Figure 27 TG and DTA curves for BOF-sludge, BOF-dust and BF-sludge conducted within
CAMM.

Different temperature intervals have been defined where significant weight losses occurred, see
Table 13.

Table 13 weight loss intervals for BF-sludge, BOF-sludge and BOF-dust

Interval 1 Interval 2 Interval 3 Total wt-%

AT(°C) | wt-% | AT(°C) | wt-% AT(°C) | wt-%
BF-sludge 0-418 | 1.73 | 418-764 | 6.41 | 764-1200 | 25.63 33.77
BOF-sludge | 0-437 | 5.2 | 437-750 | 7.26 | 750-1200 | 0.48 12.94
BOF-dust 0-418 | 1.7 | 418-677 | 1.13 | 677-1200 | 2.57 5.4

XRD patterns of blend B1-B4 (see recipees in Table 3) are shown in Figure 28. An important
observation is that the intensities of patterns corresponding to B2 and B3 are significantly lower
than patterns of B1 and B4. This trend is also indicated in Figure 30, showing the corresponding
XRD patterns of B1-B4 after thermal treatment in TG. As all samples were analyzed at the same
time, setting differences can probably not explain this.

For the unreduced blends in Figure 28, content of Fe,O3, Fe, FesO4, FeO, CaCO3z and Ca(OH),
seem to be common for all blends whereas signals for C is weak or absent for B2 and B3. As the
relation between by-products except for BF-dust is kept constant and the amount of BF-dust
increases from B1 to B4, the carbon content is expected to increase as well. Instead, the intensity
peak for carbon is higher for B1 than B4 and no or very weak signal of C is found in B2 and B3
patterns.
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Figure 28 XRD patterns of unreduced blends B1-B4.

Weight loss over temperature in argon atmosphere for B1-B4 is shown in Figure 29. The blends
were heated up to 1200°C and total weight losses achieved was 34.9% for B1, 34.7% for B2,
32.7% for B3 and 31.03% for B4. Thus, highest weight loss achieved was for blends with none
or small BF-dust contents and according to the results, weight losses are decreasing with higher
contents of BF-dust in the blends. This might be explained by higher contents of reducible iron
oxides while still having C/O ratios>1 in blends with low BF-dust contents.
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Figure 29 Weight loss curves of B1-B4 over temperature (TG).
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As step-wise reduction behavior is indicated for all blends which were expected according to
studies on simple self-reducing mixtures in previous section. The different weight loss intervals
have been identified by different temperature intervals, see Table 14.

Table 14 weight loss intervals for blends B1-B4.

Interval 1 Interval 2 Interval 3 Total wt-%
AT(°C) wt-% | AT (°C) | wt-% AT(°C) wit-%
B1 0-515 3.1 515-884 7.9 884-1200 23.9 34.9
B2 0-508 2.8 508-884 8 884-1200 | 23.88 34.68
B3 0-510 2.8 510-897 7.5 897-1200 | 22.37 32.67
B4 0-499 2.69 499-861 6.51 861-1200 | 21.83 31.03

As indicated in Table 14, the starting temperatures in the different weight loss intervals are in all
cases lowest for B4 in relation to the other blends. As the BF-dust content increases from Bl to
B4 from 0% to 20% and that starting temperatures in intervals 1-3 are higher in B3 than B2, the
low starting temperature in the different weight loss intervals for B4 cannot be explained by the
higher BF-dust content.

After thermal treatment, all material blends are indicated to contain metallic iron, CaO and MgO,
see Figure 30. Since no iron oxides were detected in none of the reduced blends, it might be
concluded that the available carbon in each blend is sufficient for reduction.

Reduced blends with 0, 5, 10 and 20 % BF-dust
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Figure 30 XRD patterns of reduced blends B1-B4.
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4.4 Thermodynamical modelling in Factsage

Based on chemical analyses in Table 1 and results from XRD and TG analyses, the compositions
of each by-product and thus, material blends have been adjusted to account for presence of
volatile matter and also the iron oxide distribution in the materials.

According to the XRD patterns of unreduced by-products and blends (see Figure 28 and Figure
30), presence/absence of different iron oxides, metallic iron and Ca-containing compounds have
been indicated. In Table 15, information from XRD analyses is summarized.

Table 15 Indicated presence/absence of compounds in BF-sludge, BOF-sludge and BOF-dust by XRD.

CaOo Fe 03 Fes04 Fe FeO CaCOg3 Ca(OH),
BF-sludge 0 yes 0 0 0 yes 0
BOF-sludge 0 0 yes yes yes yes yes
BOF-dust yes some yes 0 0 0 0

Conducted TG-analyses have been used to estimate the quantity of CaCO3; and Ca(OH); in each
by-product. The weight lost in the temperature interval 0-420°C is assumed to correspond to
dehydroxylation of Ca(OH),, see Table 13. However, this is only considered if presence of
Ca(OH), was indicated by XRD analyses, see Table 15. In the opposite case, Ca(OH), is
assumed to be absent. BF-sludge and BOF-sludge were both indicated to contain CaCO3 but no
CaO according to Table 15. Thus, the amount of CaCOj3 has been estimated by assuming the
following relation;

%Ca0 _%Ca(OH),

%CaCo, =M CaCo, *( M M

(12)

CaO Ca(OH),

%Ca0 is taken from XRF analyses given in Table 1. Furthermore, XRD studies in an earlier
research project conducted by Swerea MEFOS have shown no signals of CaCO3 and Ca(OH); in
BF-dust. Therefore, it is assumed that both compounds are not present in the by-product for the
thermodynamical calculations.

In order to estimate the content of Fe,O3, Fe3s04, FeO and Fe in each by-product, analysed
distribution of Fe®*, Fe** and metallic Fe from an earlier research project at Swerea MEFOS have
been used. See the calculated distributions of Fe in Table 16.

Table 16 Estimated distribution of iron in each by-product.

Fe% Fe®* Fe”* Fe met
BF-sludge 33.3 30.6 2.7 0
BOF-sludge 49.0 14.2 26.0 8.8
BOF-dust 48.7 43.8 4.9 0
BF-dust 19.6 19.6 0 0

In Table 17, adjusted figures from original analyses in Table 1 are shown. Combining analyses
from Table 17 with analyses in Table 1, the sum of all compounds amounts to 97.9% for BF-
sludge, 97.6% for BF-dust, 97.3% for BOF-sludge and 95.4% for BOF-dust.
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Table 17 Adjusted analyses for iron distribution, CaO, C, CaCOj; and Ca(OH), of by-products is shown.

BF-sludge BF-dust BOF-sludge BOF-dust
Fe met % 0 0 8.8 0
Fe,03 % 43.8 28.0 20.3 62.6
FeO % 3.5 0 33.4 6.3
Ca0 % 0 8.05 0 11.6
C (LECO) % 25.6 49.5 1.7 0
CaCO; 13.75 0 4.5 0
Ca(OH), 0 0 21.4 0
SUM 97.9 97.6 97.3 95.4

An estimation of chemical composition for the by-product blends B1-B4 based on figures in
Table 1 and Table 17 can be found in Table A5 in Appendix. Based on the adjusted analyses,
thermodynamical calculations in FactSage have been conducted for all blends. In Figure 31 and
Figure 32, plots showing the most significant equilibrium phases present at temperatures
between 25-1200°C for B1 and B4 are found. B1 is corresponding to the blend with no BF-dust
with an expected C/O-molar ratio of 1.10 whereas B4 is containing 20% BF-dust and have an
expected C/O molar ratio of 2.04. When comparing the two plots, the major differences found is
at temperatures exceeding around 725°C in where all carbon has been transformed to CO/CO,
for B1 but for B4, FesC is starting to form. At 1200°C, the major equilibrium phases in the
system corresponding to Bl is Fe(sz), CO(g), Ca,SiO4(s), CaO(s), CO,(g), MgO(s), CazAl,Op
and CazMgAl,O;9 according to the calculations. While most of the carbon is consumed for B1, a
significant part is left in B4 at 1200°C as elementary carbon and FesC, see Figure 32. However,
presence of carbon was not indicated in none of the reduced blends according to the XRD
analysis.

Thermodynamical caluclation for B1
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Figure 31 Phase transformations from room temperature (25°C) to 1200°C for B1.
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Thermodynamical calculation B4
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Figure 32 Phase transformation from room temperature (25°C) to 1200°C for B4.

In Table 18, a comparison of achieved weight losses in TG at 1200°C and expected losses
according to thermodynamic equilibrium for blends B1-B4 is seen. The actual weight losses
obtained in TG is decreasing with increasing BF-dust content, implying less reducible oxygen in
relation to carbon with increasing BF-dust content. However, equilibrium calculations are
deviating from this trend as the expected weight loss for B1 is smaller than B2 and B3. In both
cases, the only relevant difference between the blends is the BF-dust content. As B1 is not
containing any BF-dust, deviations between assumed- and theoretical chemical composition of
BF-dust might explain the inconsistent trend seen. Studying the correlation between BF-dust
content and theoretical weight losses for B2-B4, the same trend applies as in TG experiments
which are confirming the above mentioned explanation.

Furthermore, referring to the XRD analyses of reduced blends in TG, none of the blends were
indicated to contain any carbon after thermal treatment which is contradictory to the FactSage
calculation of B4 and thus, indicates no-equilibrium CO/CO; ratios during TG-runs. In addition,
presence of iron was detected in its metallic state for all blends which implies complete
reduction. Based on these observations, the theoretical weight losses are expected to be lower
than actual losses for all blends due to non-optimal utilization of carbon during TG runs (non-
equilibrium CO/CO; ratio). This implies that the chemical composition of BF-dust used for the
calculations needs further adjustment before a more detailed comparison between actual- and
theoretical weight losses can be done.
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Table 18 Weight losses achieved in TG at 1200°C compared to expected losses by FactSage for B1-B4.

Wi-loss at 1200°C Bl B2 B3 B4
Equilibrium 33.1% 34.5% 33.9% 31.7%
InTG 34.9 34.68 32.67 31.03

4.5 Briquette trials
4.5.1 Production of lab-scale briquettes and pre-reduction studies

In Table 19, chemical analyses of green lab-scale briquettes corresponding to BM1 and BM2 are
shown (se recipes in Table 4). Fe% is the total iron content in each blend including Fe**, Fe®*
and metallic iron. Additional analyses have been conducted on Fe** and metallic Fe to know how
the different states are distributed. Fe®*" have been estimated by subtracting Fe?* and Fe metallic
from Fe% in the XRF analysis, see Table 20.

Table 19 XRF analysis of green lab-scale briquettes Table 20 Analysis of Fe?* and metallic Fe

BM1 and BM2. by titration
Analysis BM1 BM?2 % BM1 BM?2
Fe% 41.88 40.3 Fe” 5.17 5.52
CaO% 18.56 17.85 Fe met 20.94 17.1
SiO.% 6.03 6.53 Fe>* 15.77 17.68
MnO% 0.95 0.94 Fe,03 22.55 25.28
P,05% 0.117 0.119 FeO 6.65 7.10
Al;03% 1.75 1.96 Total 91.76 92.98
MgO% 2.93 2.87
Na,0% <0.070 | <0.070
K,0% 0.08 0.089
V,05% 0.72 0.7
TiO.% 0.6 0.54
C% 9.2 11.3
S % 0.55 0.52
Zn (ppm) 840 740
Ni (ppm) 149 95
Total 83.5 83.8
GLF% -8.41 -10.78

In the original XRF analysis, the sum of all compounds was <84% for both blends. After
calculating the distribution between metallic iron and iron oxides the total reached 91.76% for
BM1 and 92.98% for BM2, see Table 20. The other 7-8% not explained by the analysis might be
an indication on presence of calcite or other volatile matter as seen for sludge and dust in the
previous chapter. Furthermore, compared to the estimated analyses of by-product blends without
cement and scrap mix, the metallic iron content is higher and might be explained by a high
metallic iron content in scrap mix. However, some scrap pieces might have been removed to
enable grinding and hence, chemical analyses of each briquette type might not be fully
representative. This possible condition has been considered when evaluating the reduction
results. In Figure 33, an XRD analysis of BM1 and BM2 respectively is shown. Unlike the
blends studied previously, the intensity peaks for CaCOj is high in both BM1 and BM2
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according to the Figure. Both blends are shown to contain Fe,O3, Fe;04, C, CaCOs, FeO, Fe and
Ca(OH),. However, the intensity peak of carbon is higher in BM1 than BM2 and the intensities
for metallic iron are low in both blends which is contradictory to the chemical analyses.
Furthermore, compared to the corresponding XRD pattern of by-product blends B2 and B4, the
intensities of metallic iron are much lower in relation to iron oxides which is not expected due to
the presence of scrap mix in the briquettes. These trends might be explained by removal of scrap
pieces for the analysed material of each briquette type, contributing to non-representative XRD
analyses.
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Figure 33 XRD analyses of green briquettes BM1 and BM2.

In Table 21, obtained weight losses and calculated reduction degrees for pre-reduction studies
corresponding to BML1 is shown. Complete analyses for each trial can be found in Table A6 in
Appendix. R1 is a reference trial in where the furnace was heated from 500°C to 1200°C and
thereafter kept at 1200 °C for 20 minutes. The total weight loss reached in this trial was 25.52%
with a calculated reduction degree (RD1) of 36.56%. In Tel.1100, the maximum temperature in
the furnace was set to 1100°C giving a total weight loss of 17.8% and a negative RD1 of 15.5%.
When the temperature at 1200°C was fixed during 40 minutes instead of 20 minutes in Til.40,
both weight loss and RD1 was higher than in the reference case. Combining a maximum
temperature at 1100°C fixed for 40 minutes, a lower weight loss was achieved but the reduction
degree was calculated to 58.3%. However, when repeating the trial with the same furnace
settings but with briquettes standing closer to each other, the RD1 was calculated to -4.56% and
the weight loss was only 18.14%.
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Table 21 Weight loss and calculated reduction degrees for pre-reduction trials corresponding to BM1.

R1 Tel.1100 Til.40 | Ti1.40.1100 | Til1.40.1100-2
1200°C 1100 °C 1200°C 1100 °C 1100 °C
Conditions 20 min 20 min 40 min 40 min 40 min
Close packing
Wit-loss % 25.52 17.75 25.87 24.72 18.14
Fe tot OUT % 52.02 45.63 57.63 56.2 49.68
Fe OUT % 33.8 17.8 40.0 43.7 23.6
Fe,O3; OUT % 18.20 36.04 18.30 9.91 30.63
FeO OUT % 7.02 3.42 6.25 7.18 6.03
RD1 % 36.56 -15.49 38.12 58.28 -4.56
C OUT % 0.28 0.38 0.28 0.51 0.42
SUM XRF! % 94.4 87.0 97.5 96.1 89.6

Sum of compounds by XRF and LECO

In Table 22, weight losses and estimated reduction degrees obtained for trials conducted with
briquettes of BM2 is shown. Complete chemical analyses are found in Table A7 in Appendix. R2
is corresponding to the reference trial and was run under the same furnace settings as R1. For
this trial, the weight loss and RD1 was much lower compared to R1 with values of 19.54% and -
4.94% respectively. The trial was repeated with same furnace settings in R2-2 and then the RD1
reached 84.4% with a weight loss of 27.43%. All trials have been conducted with nitrogen
purging to aim at inert atmosphere inside the furnace. As the flow rate of nitrogen was not
possible to control, different flow rates between R2 and R2-2 might explain these deviating
results. In Te2.1100, the maximum temperature was set to 1100°C giving a total weight loss of
24.88% and a RD1 of 30.88%. Extending the holding time in the furnace at 1200°C for 40
minutes was shown to give 27.72% weight loss and 74.82% RDL1 in Ti2.40. The impact of bed
thickness on reduction degree was studied in Th2.2 in where an extra layer of briquettes was

piled on the first layer. This resulted in a total weight loss of 26.90% and 60.20% RDL1.

Table 22 Weight loss and calculated reduction degrees for trials corresponding to BM2.

R2 R2-2 Te2.1100 Th2.2 Ti2.40

1200°C 1200 °C 1100°C 1200 °C 1200 °C

Conditions 20 min 20 min 20 min 20 min 40 min

2 layers

Wt-loss % 19.54 27.43 24.88 26.90 27.72
Fe tot OUT % 45,74 48.61 57.00 57.81 57.96
Fe OUT % 17.0 42.3 36.1 45.2 48.9
Fe,O; OUT % 37.23 1.77 24.53 13.20 6.03
FeO OUT % 3,51 6.50 4.81 4.35 6.21
RD1 % —-4.94 84.35 30.88 60.70 74.82
COUT % 0.81 2.21 2.29 2.06 1.75
SUM XRF! % 87.1 96.7 92.8 96.0 97.1

Sum of compounds by XRF and LECO

As nitrogen flow rate could not be controlled during the pre-reduction trials in lab furnace, the
effect of temperature, time and bed thickness on reduction degree cannot be stated. This was
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highlighted by the deviating results found between R2 and R2-2 despite adaption of same
heating programs. Furthermore, there were no significant differences found in weight losses
among the 9 briquettes studied for each trial. This implies that the heterogeneous character of
briquettes have not contributed to the observed deviations. Moreover, R2-2, Te2.1100 and Ti2.40
are the only cases in where briquettes were taken out form furnace the same day. As R2-2 and
Ti2.40 are corresponding to the highest RD1 values, re-oxidation caused by too warm briquettes
exposed to air during cooling outside furnace cannot explain the much lower RD1 values in the
other trials.

Comparing achieved weight losses with reduction degrees for all trials with BM1- and BM2-
briquettes, highest weight loss is not always equivalent to the highest reduction degree.
However, weight losses below =20% have all been corresponding to negative reduction degrees
which imply that weighing samples before and after heat treatment can be applied to get a rough
estimate if the briquettes have been reduced or not, see Figure 34. According to the same Figure,
a tendency to a linear correlation between RD1 and weight losses is seen. Furthermore, as RD1
have been calculated based on green analyses of each briquette type and the accuracy of these
analyses can be questioned due to the possible removal of scrap pieces to enable the analysis, the
calculated RD1 values have been validated. Thus, based on iron oxide distribution of reduced
briquettes from each trial as well as out-weights given in Table A6 and A7 in Appendix, the
molar ratio between reducible oxygen in iron oxides left after reduction and iron have been
calculated and plotted as a function of calculated RD1, see Figure 35. Strong linear correlations
between RD1 and O/Fe are indicated and hence, it can be concluded that estimated reduction
degrees can be considered as reliable when evaluating reduction trials since O/Fe is independent
on green analyses.
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100.0 1000

800 .. 80.0 " =

60.0 B - 60.0 ¥

o e Fa TEML o e e u R? = 0.9836 2 EML
200 = BM2 200 = = BM2
% s a * R'=09879 +-. =
200 200 :
15 17 19 21 23 25 27 29 0 02 04 08 08 1
wt-loss % Offe

Figure 34 Calculated reduction degrees as a Figure 35 Calculated reduction degrees as a function
function of achieved weight losses for the two of O/Fe for the two different briquette types

different briquette types.

An XRD analysis of both reference trials as well as the most successful trials for each briquette
type have been conducted, se Figure 36. Unexpectedly, presence of Ca(OH); is indicated in the
material from all considered trials although the intensity peaks of the patterns are small. The
sample from trial R2 is shown to be the least reduced material while the sample from R2-2 is
having the highest reduction degree, which was also seen in the chemical analysis. Both patterns
corresponding to R2-2 and Ti1.40.1100 are indicating presence of carbon in the materials. Again,
this can be related to the chemical analyses. Referring to section 3.3 Selection and study of
material blends, neither coal nor iron oxides were indicated to be present in thermally treated by-
products blends. As both are found in the materials for the most successful pre-reduction trials,
there might be a potential of reaching higher reduction degrees by altering retention time or some
other parameter.
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Figure 36 XRD analysis of reference trials R1 and R2 as well as the trials with highest obtained reduction degrees
for BM1 and BM2 respectively.

Cross sections of briquettes corresponding to reference trials R1 and R2 had distinctive borders
between the outer surface and material in the centre, see Figure 37. For the R1-briquette, this
appeared as a darker outer shell, an intermediate zone and a brighter centre core. No intermediate
zone was found for the R2-briquette. Instead the outer shell was thin while the material inside the
shell had homogenous appearance.

Figure 37 Cross sections of briquettes from reference trials R1 (left) and R2 (right).
In Figure 38, XRD patterns of the different regions found in the cross section of the R1-briquette
is shown. According to the Figure, the outer shell seem to be less reduced than the centre region
while only some minor differences are noticed between the intermediate- and centre zone.
Referring to the XRD analysis representing the whole sample in Figure 36, the pattern is more
similar to the outer shell than the interior and thus, the more reduced centre- and intermediate
part might represent only a minority part of the briquette. Corresponding analysis for R2 can be
found in Figure Al in Appendix.
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Figure 38 XRD patterns of outer, center and intermediate zone of R1-briquette.

To summarize, the highest reduction degrees achieved for pre-reduction studies was indicated for
BM2 with RD1-values of 84, 75 and 61 % compared to the highest for BM1 being 58%.
Referring to the by-product blends without scrap mix and cement, 100% reduction degree was
indicated in all blends by XRD analyses. This implies that either the C/O-ratio has changed to a
value below 1 due to the addition of scrap mix and cement and/or the process conditions have
not been optimal during pre-reduction studies. However, the observed higher achievable
reduction degrees for BM2 contributed to the decision of choosing this recipe for industrial trials.

4.5.2 Reduction behaviour studies of lab-scale briquettes

Figure 39 shows the mas loss (TG), first derivative of mass loss with respect time (DTG),
differential thermal analysis (DTA) and the off-gas analysis for B1 as a function of temperature.
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Figure 39 Thermal analysis curves of B1 as a function of Temperature.

It can be drawn from Figure 39 that the sample start to response to heating in early beginning as
it shows sensible mass loss (3%) around 400°C. The mass loss is accompanied with an
endothermic peak and appearance of H,O that was started to be detected at 50°C and continued
till 450°C. This is indicating free moisture- and combined water evaporation as well as
dehydroxylation. The mass continues to decrease with rising temperature and at around 750°C, a
mass loss of more than 7% was realized accompanied with an endothermic peak and significant
appearance of CO, and CO in the off-gases. This behavior can be attributed to the dissociation of
some residual carbonates or the reduction of higher iron oxides. Close to 1000°C, reduction of
wustite and gasification reaction reach its maximum rate indicated by the DTG curve, by
detected maximum concentration of CO as well as by the endothermic behavior of the process.
Total weight loss achieved at 1200°C is around 35% and the weight loss curve is more or less
identical to TG curve of same blend seen in Figure 29. Figure 40 and Figure 41 show the data
obtained when heating samples of BM1 and BM2 up to 1200°C under the same condition as
previously mentioned. Unlike B1, blends BM1 and BM2 are composed of crushed briquettes that
contain more moisture than B1 due to the water added during briquetting process. Originally,
these briquettes should have less reducible iron oxide compared to B1 since 50% scrap-mix was
added prior briquetting as well as 11% cement as binder. However, as the TG crucible is small,
large pieces of scrap mix were manually removed. This might have contributed to increased
content of reducible oxides as their reduction behavior is similar to that of B1. The much higher
weight losses observed at 1200°C for BM1 and BM2 in TG/DTA/DTG than achieved during the
most successful trials in pre-reduction studies is supporting this theory. TG curves for all studied
blends manifest discontinuity during the course of the reaction indicating the step wise process
as the temperature goes up. DTG curves trend clarify the changeover of process mechanism as
the temperature rises. By comparing these results to section 4.2, one can conclude that the
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reaction mechanism of carbon-iron containing waste materials is similar to the
mechanism of simple mixtures in where step wise reduction is clearly identified.
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Figure 40 Thermal analysis curves of BM1 as a function of Temperature.
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Figure 41 Thermal analysis curves of BM2 as a function of Temperature

Generally, the process starts by moisture evaporation which is indicated by the slight mass loss
in the early beginning, endothermic peak in DTA curve as well as presence of H,O in the off-gas
stream. Later, the combined water get elaborated in addition to the dehydroxylation around 400-
450°C. At 700-800°C, the endothermic nature of the reaction, the appearance of CO and CO, in
the off-gas and the determined mass loss suggest the occurrence of residual carbonate
dissociation and/or reduction of higher oxides. A bit later at 900-1000°C, the reduction reaction
of lower oxides and formation of CO (as a result of gasification reaction) dominate the process.
This is also confirmed by the endothermic peak that synchronizes with the strong appearance of
a CO gas peak. Figures 42-45 show the heating profile during scanning, the corresponding
detected phases and the XRD patterns of the processed samples.
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The samples were introduced into the even temperature zone of a small furnace (the furnace is
assembled in such a way to enable the X-ray scanning in-situ) and a flow of Ar-gas was
maintained during the course of process. As shown in Figure 42, the samples were subjected to
the first scan at ambient temperature. The second scan was carried out at 300°C while the third
was run at 600°C with 10°C/min fixed heating rate. The sample was then scanned every 75°C
until the temperature reached 1100°C. Samples of externally heated briquettes at 1200°C for 1
hour were also subjected to XRD analysis and the results are included in the above drawn figures
(for BM1 and BM2). It should be emphasized that these samples originates from briquette
mixtures including scrap mix and cement whereas scrap pieces was removed for the in-situ
scanned samples and hence, the different XRD patterns are therefore not directly comparable. It
can be observed for the above XRD patterns that the dominating phases of the prepared blends
prior the reduction are Ca(OH),, CaCOs, Fe,0s, Fes0,4, FeO and Fe. Referring to the chemical
analyses of green briquettes BM1 and BM2 (Table 19 and Table 20), the intensity peaks of
metallic iron are lower in relation to the other iron oxides than expected which might confirm
non-representative samples due to scrap removal. On heating, the existing wustite and metallic
iron get oxidized by the trapped oxygen in the sample or by oxygen transfer (solid diffusion)
from higher oxides to lower ones and in addition, the hydroxide phase disappear. Later at 750°C
as a result of carbonate decomposition and primary slag formation, new phases appear like CaO,
Ca,yFe,0s5 and CayAl,SiO;. Reduction of hematite into magnetite was almost completed at 850°C
and wustite phase start to be dominating. For free BF-dust blend (B1), metallic iron was the main
phase detected at temperatures higher than 975°C. Metallic iron peaks were hardly detected in
in-situ heated samples of BM1 and BM2. This is can be explained by either defect atmosphere
control during heating and scanning or by short residence time of locally produced reducing
gases. The latter might be due to small sample thickness or high flow rate of inert gas (the inert
gas flow rate in XRD test could not be controlled, the operator could just ensure the presence of
continuous flow of inert gas). However, the step wise-reduction of waste material containing
briquettes is approved from XRD observations and the reactions seem to be very sensitive to the
experimental conditions. This latter trend was also indicated during pre-reduction studies as
deviating reduction degrees was achieved for same heating program but with uncontrolled
nitrogen flow, see previous section. Furthermore, the XRD patterns of samples heated externally
at 1200°C indicated reduction degrees of 100% as no iron oxides was detected. Hence, C/O ratio
in BM1 and BM2 are sufficient which confirms that the process conditions during the pre-
reduction studies contributed to briquettes not being fully reduced.

On the right hand side of Figure 46, three images are showing the sample size change as the
temperature goes up during heating microscope tests, the first one at ambient condition, the
second is for deformed briquette and the third is for completely melted sample. All the samples
show thermal stability (no size alteration) up to around 700°C (Figure 46). After that, they
showed gradual swelling which is significantly composition dependent. B1 shows minimum
swelling (5%) while BM2 shows the maximum one (20%). The difference in the swelling
behavior for the studied blends might be attributed to BF-dust content, the higher the BF-dust
content the higher the swelling percentage. On the other hand, a consistent relation between the
BF-dust content and flow temperature was not clear and a solid conclusion could not be drawn.
All samples show a narrow range of melting temperature independent of the composition (Figure
46).
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Based on TG/DTA/QMS, XRD and heating microscope data, reduction behavior of iron-making
waste materials containing mixtures is considered to go through simultaneous and consecutive
steps which are summarized in Table 23.

Table 23 Summary of steps occurring during heating of iron-making waste materials containing blends in an inert
atmosphere.

Nr | Reaction equation Temperature, °C
Bl BM1 BM2
1 | Water evaporation Negligible | 70-200 | 70-200
2 | Dehydroxylation, Ca(OH), = CaO + H,0 400-425 AA%% 400-430
3 | Oxidation of iron to higher oxides Below 750 °C
4 | Calcination and primary slag formation; CaCOg3 675-
=Ca0 +CO,, 3CaCO;3 + Fe304 + Fe = CayFe,0Os+ 3 | 650-790 790 675-790
FeO + CaO + 2CO + CO,
5 Hematite reduction; 3Fe,0O3 + CO = 2Fe304 + CO; 570-640 67%% 600-690
6 | Magnetite reduction; Fe3O4 + CO = FeO + CO; 800-870 7873% 290-870
7 | Wustite reduction; FeO + CO = Fe + CO; 830- 875-
900-1000 | 4149 1170
8 | Gasification reaction; CO, + C=CO 830- 875-
960-1100 | 4149 1050
Swelling Above 670 °C
Deformation temperature 1201 1184 1179
Hemisphere temperature 1233 1268 1236
Flow temperature 1270 1291 1244
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4.5.3 Briquetting and reduction for melt-in trial

The briquetting test in briquette plant showed that it is possible to produce briquettes containing
50 % dust and sludge. The tests also showed that the material treatment before briquetting is
important and a drying step for sludges is crucial. The weight of the green briquettes was
approximately 450 g/briquette, similar to ordinary BF briquettes. The rolling- and abrasion
strength (tumbling test strength — TTH) of produced briquettes have been analysed at SSAB
EMEA, see Table 24. The ordinary briquettes are cured for at least 28 days and require a TTH-
value of 60 before they are charged to BF. These test briquettes did not need the same strength as
the material was going to be reduced and charged in steel ladle before desulphurisation. The
strength after two weeks curing time was considered enough for continued processing.

Table 24 Change of compressive strength measured after 1-, 2-, 7- and 14 days after production.

Day 1 Day 2 Day 7 Day 14

TTH 23 39.6 52.4 53.7

The chemical analysis and the calculated Fe-distribution for the produced briquettes are shown in
Table 25 and Table 26. In comparison to the corresponding lab-scale briquettes for the pre-
reduction studies (Table 20), the carbon and Fe** are somewhat lower and the Fe-metallic and
Fe?* content are higher for the industrial produced briquettes. This might be explained by
removal of scrap pieces before the chemical analysis and/or slightly different compositions of
by-products caused by process variations during production.

Table 25 Chemical analysis of green briquette. Table 26 Distribution between metallic iron and
iron oxides in green briquette

Analysis BM2 % BM?2
Fe% 40.27 Fe” 7.01
Ca0% 21.24 Fe met 21.55
Si0% 6.5 Fe’" 11.7
MnQO% 0.85 Fe,0O3 16.73
P,0Os% 0.112 FeO 9.02
Al,03% 1.79 Total 92.42
MgO% 2.99

Na,0% 0.26

K>,0% 0.133

V,05% 0.653

TiOx% 0.48

C% 9.31

S% 0.72

Zn (ppm) 750

Ni (ppm) 100

Total 85.39

GLF% -7.69

A total of 9 reduction trials with briquettes have been conducted in a bell type furnace situated at
Swerea MEFOS. Trials conducted the 12™ and 13" of February 2013 is corresponding to the
initial furnace design with no burning of exhaust gases during the reduction period. Largest
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difference in weight losses between box 1 and 2 was during furnace run on the 20™ of February
with 24.24% lost in box 1 and only 22.07% in box 2, see Table 27. Highest weight loss is
corresponding to box 2 in the first run the 12" of February with 26.33% whereas box 1 in run
march 1 is contributing with the lowest value of 20.64%. Referring to the previous reduction
studies, the highest reduction degree achieved was 84.35% in trial R2-2 with a corresponding
weight loss of 27.43%. As previous reduction studies have indicated that weight loss and
reduction degree cannot be fully correlated, weight loss can only give an idea of if the material
has been reduced or not. For all trials including both BM1 and BM2, only weight losses below
20% have been equivalent to a negative reduction degree according to the analyses. For weight
losses above 24%, the reduction degrees have shown to be higher than 30%.

Table 27 Weight losses achieved in each reduction trial in bell furnace.

Trial | Date IN (kg)" Weight loss (%) OUT (T°C)~
Box 1 Box 2 Box 1 Box 2 Furnace | Briquette
1 12/2-13 100.42 | 100.64 | 25.11 26.33 586 625
2 13/2-13 110.14 - 25.48 - 535 569
3 18/2-13 109.22 | 110.42 | 23.71 23.93 528 566
4 20/2-13 102.82 | 100.22 | 24.24 22.07 537 568
5 25/2-13 99.72 102.92 | 24.63 24.12 533 570
6 27/2-13 102.7 100.96 | 23.27 23.08 533 569
7 1/3-13 102.22 | 103.14 | 20.64 21.21 220 238
8 5/3-13 102.784 | 101.58 | 23.95 23.31 522 556
9 7/3-13 104.06 102.3 25.64 24.95 - -
“Box 1 was loaded in the furnace after box 2.
““Temperature measured by thermocouple inside briquette before being taken out from
furnace

Normally, the briquettes were taken out from furnace the morning after the trials. As can be seen
by briquette temperatures given in Table 27, the briquettes were warmer than 550°C when taken
out except for the trial conducted at 1™ of March, then the briquettes were left in the furnace to
cool over a weekend and the temperature was only 220 °C when taken out according to the
thermocouple.

Temperature profiles and derivatives of furnace- and briquette temperature of the first trial
conducted at 2013-02-12 are shown in Figure 47. As can be seen, the briquette temperature (blue
curve) is 100-150°C less than furnace temperature (red curve) during the entire heating period.
Revealed by the temperature derivative, the heating rate of the briquette is slowest up to 500°C
and thereafter it starts to increase and reach maximum around 680°C. From 680°C, the heating
rate decreases more or less continuously up to 780°C, thereafter the negative slope of the
derivative curve flattens out up to 920°C. After passing this temperature, the heating rate of
briquette starts accelerating until heating stops. Referring to the summary of reaction steps in
Table 23 (previous section), the negative derivative curve observed at temperatures between 680-
780°C might be correlated to calcination and primary slag formation (reaction number 4) as this
reaction was indicated for the temperature interval 675-790°C of BM2. Furthermore, the flatter
negative slope of heating rate above 780°C might be explained by the occurrence of less
endothermic magnetite reduction- (reaction 6) and gasification reaction (reaction 8) supported by
the exothermic reduction of wustite (reaction 7). The occurrence of carbon gasification- and
reduction reactions is supported by a CO-gas peak detected above furnace when the briquette
temperature was 900°C. Thus, the reduction reactions and CO-formation might have started even
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below 900°C according to this. The observed accelerating temperature rise of the briquette after
920°C might be explained by the cessation of energy consuming reduction- and gasification
reactions. This is supported by reduction behaviour studies on a BF-dust-hematite mixture as
initiation of gasification reaction was indicated at 760°C. For the other trials, similar temperature
profiles of briquette- and furnace have been observed; see diagrams in Table A8 in Appendix.
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Figure 47 Furnace temperature (red) and briquette thermocouple temperature (blue) over time for
the trial conducted at 2013-02-12. Dashed lines are corresponding to the derivatives.

2-3 briquettes from each trial were analysed for the chemical compositions by XRF and LECO,
see

Table 28. According to the analyses, the sum of all compounds is below 90% except for trial
conducted the 1th of March. Referring to the pre-reduction studies in Table 22, high reduction

degrees were synonymous to near 100% in total sum of analysed compounds by XRF analyses.
This can be correlated to most of Fe% being present as metallic iron.
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Table 28 Chemical analyses of briquettes after trials by XRF and LECO.

Analysis 12/2 | 13/2 | 18/2 | 20/2 | 25/2 | 27/2 1/3 5/3 713
Fe% 437 | 446 | 426 | 436 | 423 | 425 | 454 | 435 | 420
Ca0% 256 | 257 | 255 | 259 | 264 | 26.2 | 269 | 263 | 26.2
SiOx% 809 | 838 | 807 | 809 | 809 | 816 | 868 | 7.94 | 7.96
MnQO% 1.32 | 1.20 1.31 1.28 1.18 1.26 1.26 | 1.33 | 1.19
P,05% 013 013 | 015 | 013 | 013 | 0.14 | 0.14 | 016 | 0.13
Al,03% 223 | 242 | 226 | 227 | 234 | 233 | 254 | 219 | 258
MgO% 321 | 326 | 337 | 335 | 341 | 335 | 357 | 357 | 3.35
Na,O0% 008 | 009 | 010 | 0.09 | 0.08 | 008 | 0.09 | 0.09 | 0.09
K20% 021 | 026 | 022 | 024 | 023 | 0.18 | 0.20 | 0.24 | 0.22
V205% 0.87 | 0.96 1.10 | 098 | 094 | 1.00 | 0.99 1.18 | 0.99
TiO% 0.64 | 066 | 0.70 | 069 | 0.67 | 0.72 | 0.70 | 0.67 | 0.75
Cr,03 011 011 | 012 | 011 | 010 | 022 | 011 | 013 | 011
C% 126 | 115 | 068 | 0.75 | 0.90 | 0.95 132 | 095 | 0.64
S% 0.70 | 068 | 065 | 0.67 | 069 | 0.67 | 0.69 | 0.65 | 0.70
Total 881 | 896 | 869 | 881 | 874 | 876 | 926 | 889 | 86.9
GLF% 5.0 7.0 4.0 5.6 4.1 4.4 10.2 6.1 3.7

Under the assumption that the remaining part unexplained by XRF for the trials are
corresponding to oxygen in iron oxides, reduction degrees for the different trials have been
estimated, see Table 29. The amount of oxygen before and after each trial have been calculated
based on the IN weights and weight losses given in Table 27 as well as the chemical analysis of
the green briquette in Table 25 and Table 26 respectively. As can be seen, the briquette
corresponding to trial 1/3 is the only material with a positive reduction degree according to the
calculations. As an overall weight gain was noticed in the period between trials and preparation
of big bags, the out weight considered for these trials is probably not representative in all cases
and thus, the reduction degrees should be even lower. However, as briquettes from trial 1/3 were
taken out from the furnace at a significant lower furnace- and briquette temperature than the
other trials, weight gain as an affect by oxidation can probably be neglected. The average weight
loss of trial 1/3 was 20.9% and the highest weight loss reached for all trials is corresponding to
trial 12/2 with a value of 25.7%. By again referring to the pre-reduction studies, the reduction
degree of briquettes in trial 12/2 would be expected to have a reduction degree in between 30-
60% whereas briquettes from 1/3 would only be slightly positive.

Completion of reduction reactions during trials was indicated according to temperature curves
and gas detection (see Figure 47). This combined with the achievement of relatively high weight
losses suggests positive reduction degrees for most of the trials in the range of 30-60%.
However, as the briquettes have gained weight in overall, the explanation to the low reduction
degrees seen in Table 29 is probably due to too warm out-temperatures of briquettes at
discharging which lead to re-oxidation of the material during cooling.
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Table 29 Estimated reduction degrees for trials in bell-type furnace based on weight losses and chemical analyses
given in Table 28.

12/2 | 13/2 18/2 20/2 25/2 27/2 1/3 5/3 7/3

RD1% | -25.6 | -10.6 | -41.7 | -29.6 | -35.5 | -35.1 16.6 | -20.5 | -39.2

For trial 13/2, an extended analysis involving iron distribution, trace elements, XRF-and LECO
was conducted; see Table 30 and Table 31. As the total explanation of the extended analysis is
above 99% and assuming representative analysis, formation of slaked lime and/or carbonates as
well as presence of some other compound can probably not completely explain the weight gain
observed. Thus, the above calculated reduction degrees can be used as a rough confirmation that
re-oxidation have occurred during cooling outside furnace except for trial conducted in 1/3.

By comparing the total iron content for both XRF-analyses, it can be seen that the latter analysis
is showing on a somewhat higher content of iron. Furthermore, the calculated reduction degree
was -36.6% for the latter whereas the estimated value given in table above as -10.6. The
extended analysis was conducted on one single briquette whereas the former considers 2-3
briquettes. However, the positions of the briquettes in the steel box are unknown in both cases
and the observed dissimilarities might reflect locally different reduction conditions. Furthermore,
according to green analysis (Table 25) and Table 30, it is shown that that the zinc content have
been reduced from 750 ppm to 171 ppm after the trial.

Table 30 Chemical analysis of briquette from trial Table 31 Distribution between metallic iron and
13/2. iron oxides in briquette
Analysis 13/2 % BM2
Fe% 49.75 Fe”" 4.26
Ca0% 19.65 Fe met 18.31
SiO.% 7.19 Fe* 27.2
MnO% 1.09 Fe,03 38.9
P,05% 0.314 FeO 5.48
Al,03% 2.18 Total 99.145
MgO% 3.14 RD1 -36.6
Na, 0% <0.070
K20% 0.105
V,05% 0.855
TiOx% 0.58
C% 0.7054
S% 0.5399
Zn (ppm) 171
Ni (ppm) 186
Total 86.205
LOI1% -6.21

Despite same heating- and gas flow settings, unexplained variations in weight losses were
obtained among the different trials. Based on the results achieved for the above mentioned trials
as well as results from previous laboratory- and pre-reduction trials, it can be summarized that
the self-reduction process for this kind of briquettes is sensitive to process conditions i.e.
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atmosphere, inert gas flow rate and heating rate. However, the furnace heating capacity and
chosen conditions were most probably sufficient to reach proper acceptable reduction degrees.
The explanation to the low reduction extents revealed by the chemical analyses is re-oxidation
caused by exposure to air at high temperatures during cooling outside the furnace (uncontrolled
atmosphere). The main reason for not letting briquettes cool down under inert atmosphere was
due to time constraints and the limited batch capacity.

4.5.4 Effect of process atmosphere and heating rate on reduction

In order to clarify the role of atmosphere and inert gas flow rate on the reduction behavior of
industrial produced BM2-briquettes, a set of experiments were conducted based on the procedure
mentioned previously in 3.5.4 Effect of process atmosphere and heating rate on reduction, see
summary of experimental conditions for each trial in Table 32. Reduction of self-reducing
briquettes was first done under ambient atmosphere (no gas flow) and at heating rate of 3°C/min
up to 1100°C. Figure 48 shows the heating profile (furnace thermocouple) as well as the
temperature difference between the briquette core (B) and surface (A) in B1. In this case the
average temperature difference between the two thermocouples A and B was in the order of
70°C and a total weight loss of 19.2% was achieved during the reduction. On increasing the
heating rate to 5°C/min keeping no gas flow, a similar temperature difference was observed and
20.26% weight loss could be detected. A bit higher weight loss (21.57%) was obtained on
heating the briquette B3 with a heating rate 3°C/min under a 3 I/min N, gas flow.

Table 32 Summary of experimental conditions in vertical tube furnace

No. | N2 gas flow rate, I/min | Heating rate, C/min | Weight loss, %
B1 | No gas flow 3 19.2

B2 | No gas flow 5 20.26

B3 |3 3 21.57

B4 |3 25 26

B5 | 10 3 25

B6 |5 3 25.67

B7 |4 10 25.5

B8 |8 10 26.6

B9 | 12 10 25.4

Heating profiles of the briquettes core- and surface temperature as well as furnace temperature of
B1 is shown in Figure 48. It can be seen that the average temperature difference between the
briquette’s surface and core is almost the same during the whole heating period.
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Figure 48 Heating diagram for briquette B1. "A" is the surface temperature while "B" represents the core
temperature

In the context of studding the effect of heating rate on the reduction behavior of studied
briquettes it is worth mentioning that the furnace was not able to maintain the pre-set high
heating rates. It is found that at higher heating rates, there is always a gap between the
programed and the actual furnace temperature, especially at higher temperatures. As a result, it
was decided to maintain the furnace on for one hour after the furnace reaches the desired
temperature irrespective of the program temperature and time. Figure 49 shows the temperature
profile of briquette B4 which is heated 25°C/min (program heating rate) under 3 I/min of N,.

By analyzing the temperature curve for the briquettes core (A) in B4, one can recognize two
places where there is large deviation from the surface temperature (B). In accordance with the
briquette- and furnace temperature curves of trial 12/2 in Figure 47, this temperature drop can be
attributed to the highly endothermic reactions occurring at these particular temperatures for
instance water evaporation and de-hydroxylation in the beginning between 50-450°C and carbon
gasification later at around 900°C. An average temperature difference of 120°C was detected and
about 26 % mass loss was achieved.
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Figure 49 Heating diagram for briquette B4. "A" is the surface temperature while "B" represents the core
temperature
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By comparing B1 and B3 having the same heating rate but with no gas flow in one case and 3
L/min nitrogen flow in the other, the weight loss achieved during inert atmosphere was 21.57%
and around 2.4% higher than in the other trial, see Table 32. Relating to previous pre-reduction
studies, weight losses below 20% was shown to correspond to negative RD1-values which mean
that B1 might be more oxidized after the trial than before whereas B3 instead should have been
slightly reduced. Furthermore, for the same heating rate but with nitrogen flow rate of 5 L/min in
B6, a weight loss of 25.67% was achieved. By again relating to pre-reduction studies, a reduction
degree in-between 30-60% can be assumed. However, increasing the flow rate even higher to 10
L/min seemed to contribute with a slightly less weight loss of 25%.

B2 was conducted without no gas flow similar to B1 but with a higher heating rate being
5°C/min instead of 3°C/min. In this case, reduction was improved in comparison to B1 with a
weight loss of 20.26% instead of 19.2%. Furthermore, B3 and B4 were conducted under the
same nitrogen flow rates but with different heating rates of 3- and 25 °C/min respectively. Also
in this case, a higher weight loss of 26% was achieved by increasing the heating rate for the same
nitrogen flow.

Additional trials B7-B9 were conducted under the same heating rate at 10°C/min for the nitrogen
flow rates 4, 8 and 12 L/min respectively giving weight losses of 25.5%, 26.6% and 25.4%.
Although the introduced N, was preheated, external thermocouple was attached to the briquette
facing the gas flow to measure the actual briquette surface temperature. As also seen for trials B3
and B4, highest nitrogen flow rate is not corresponding to the highest weight loss. In Table 33,
reduction degrees of briquettes from trials B7-B9 are found. These have been calculated based
on chemical analyses in Table A9 in Appendix. According to the table, lowest reduction degree
is corresponding B9 which also had the lowest weight loss and was conducted under highest
nitrogen flow.

Table 33 Calculated reduction degrees of trials B7-B9.

B7 (4 L/min N2) | B8 (8 L/min N2) | B9 (12 L/min N2)

RD1 % 81.54 81.05 69.15

It can be concluded that both heating rate and atmosphere affected the reduction process for the
conducted trials. At high heating rates, nitrogen flow rate seem to have less negative effect on
the reduction process whereas for lower heating rates, the atmosphere becomes more crucial. It is
known from the literature that the pressure inside self-reducing briquettes or pellets will be
higher than the pressure outside as long as the reduction is carrying on due to locally generation
of CO from the gasification reaction. By this, any gas will be prevented to get into the pellet or
briquette during the reduction period. Later, when the reduction tends to end i.e. CO production
rate becomes low comparable to oxygen diffusion into the briquettes, the reduced iron as well as
residual carbon may get oxidized by the diffused oxygen. The latter might come as a result of
impurity in the inert gas or through leakage. At slow heating rates under low nitrogen flow rates,
the briquette might easier get exposed to air before- and after the reduction reaction occurs. By
increasing the nitrogen flow rate, an inert atmosphere surrounding the briquette can be
maintained during the whole trial. At high heating rates and low nitrogen flow rates, the
exposure time of air will be shorter since temperatures at which reduction reactions starts will be
reached faster than for slow heating rates.

Based on the above mentioned results, higher nitrogen flow rates are preferable if the furnace
heating capacity is limited. However, higher reduction degrees were achieved in B7 and B8 than
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the corresponding B9 trial with higher nitrogen flow rates. This trend was also indicated when
comparing achieved weight losses between trials B5 and B6 conducted under lower heating rate.
Thus, too high flow rates might have a negative influence on the reduction extent regardless of
furnace heating capacity. Furthermore, heating rate has a significant influence on the temperature
difference between the briquette core and surface. The higher the heating rate the larger the
difference between surface and core temperature.

The reduced briquettes were then subjected to phase analysis using X-Ray Diffraction. Four
samples were taken from each briquette, top, center, bottom and another representative sample
for the whole briquette. The samples were then pulverized and then placed in the sample holder
for analysis. Interpretation of results was done using PAnalytical high Score plus program. To
avoid repeatability and for the sake of brevity only some of the results will be shown. Figure 50
and Figure 51 show XRD of two selected samples (B1 and B4). Briquette B1 was heated slowly
in ambient atmosphere while B4 was heated faster under N,. Generally, metallic iron peaks were
dominating for the briquette representative sample. Some residual higher oxides, calcium oxide
and calcium aluminum silicate slag phases could be also detected. XRD of B1 shows high degree
of metallization in the whole briquette except the top part which is exposed to the gas outlet (the
top end of the tube, Figure 11) where metallic iron peaks were hardly detected. Unlike, briquette
B1, XRD of B4 shows homogenous composition through the whole briquette even at its top side.
High degree of metallization was recognized everywhere in the briquette and the intensity peaks
of metallic iron were even higher in relation to iron oxides than in B1. There is no detected
significant difference in the composition along the briquette.

1- Fe,04 —Top
2-Fe
3- Mg (Fe¥),0, Bottom
4- Fe;04 13 —Center
5- CaO 1 36 1 3 ——Representative
6-Ca,AlSi0, 2 111 4
5 2 2
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Figure 50 XRD of reduced briquette (B1)
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Figure 51 XRD of reduced briquette (B4)

Although high intensity peaks of metallic iron are indicated in both cases, the XRD patterns must
be compared with corresponding analysis of the green briquette in order to validate the reduction
extent. This since it is known that the initial content of metallic iron was almost 22% according
to the chemical analysis of green briquettes (Table 26) and that the XRD patterns are not
quantitative. However, as scrap pieces had to be removed before XRD, representative analysis of
green briquettes has not been achieved. Therefore, the XRD analyses can only be used as a
comparison between the different trials. By comparing B1 and B4, the indicated significance of
heating rate and inert atmosphere on reduction extent is again confirmed as B1 is indicated to be
more oxidized than B4.

To summarize the above mentioned results, retention time of briquettes under inert atmosphere is
the most important parameter that affects the reduction extent and metallization degree. At high
heating rates, nitrogen flow rates become less significant whereas the opposite correlation was
seen for limited heating capacities. However, a careful attention has to be paid to the inert gas
flow rate, heating rate and retention time to maximize the metallization degree and maintain
homogenous reduction along the whole briquette as well as avoid re-oxidation of produced
metallic iron and residual carbon left in the briquettes.
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4.5.5 Melt-in trial at desulphurisation plant

A total of 6 big bags were prepared for the melt-in trials. The melt-in trials and sampling of
reference trials were conducted 2013-03-12. The calculated amount of briquettes/bag based on
out-weights from reduction trials in bell furnace was around 10 kg lighter than later shown
during preparation of big bags. This implies that the material have gained in average 6.2 kg/trial
during that time period, which previously have been mentioned in section 4.5.3 Briquetting and
reduction for melt-in trial. Actual gross weights of bags are shown in Table 34.

Table 34 Gross weights of big bags.

Bag nr Gross weight™ (kg)
1 238,7
2 235,6
3 231,7
4 231,7
5 231,9
6 231,8
“Bag weight was approximately 1,56 kg.

A summary of charged briquettes in the different heats and reference heats can be seen in Table
35. To be noticed, big bag numbers given in the table cannot be related to gross weights of big
bags given in Table 34 since these numbers are just serial numbers.

Table 35 Summary of test- and reference heats for melt-in trials.

Big bag Heat nr Reference Heat nr
1 X1188 R1 X1192
2 X1189 R2 X1193
3 M9766 R3 M9772
4 M9768 R4 M9I773
5+6 X1190 R5 M9774

Briquettes in test heats were charged in ladle before charging of hot metal. In Figure 52 and
Figure 53, photos on ladle before and after charging hot metal from the torpedo car are shown. In
heat X1190, un-melted briquettes were indicated in the slag after charging hot metal, se right
hand photo in Figure 53. In this test heat, two big bags were charged in the ladle.

Figure 52 Heat X1188 before charging (left), after charging bag 1 (middle) and after charging pig iron (right).
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Figure 53 Heat X1190 after charging bag 5 and 6 (left) and after charging pig iron (right).

The efficiency, n, of injected CaC, and Mg on sulphur removal was calculated based on equation
2 for test- and reference heats, see Table 36. In the same table, retention time of briquettes in the
ladle for the time period between charging of hot metal and starting injection is given as At and
the initial and final sulphur content in hot metal is defined as So and S; respectively.

Table 36 Process data and calculated efficiencies for desulphurisation agents in test- and reference heats.

ID Heat |Sp (%) |S; (%) |CaC, (kg) (Mg (k@) [n (%) |At (hh:mm:ss) [HM (kg)
BB1 |X1188 |0.0316 |0.0010 |594 46 10 00:18:53 129 800
BB2 |X1189 |0.0268 |0.0017 |1005 0 6 01:03:00 120 400
BB3 |M9766 |0.0250 |0.0014 |562 40 8 00:20:15 117 800
BB4 |M9768 |0.0369 |0.0017 |615 49 10 01:12:00 122 600
BB 5+6 | X1190 |0.0360 |0.0034 |971 46 7 01:34:00 118 300
R1 X1192 |0.0353 [0.0016 [616 48 10 00:28:26 125 200
R2 X1193 |0.0274 |0.0018 |566 41 8 00:38:42 117 600
R3 M9772 |0.0317 |0.0012 |597 46 9 00:23:30 118 700
R4 M9773 |0.0259 |0.0017 |565 41 8 00:24:55 120 100
R5 M9774 10.0223 (0.0011 |546 37 7 00:42:14 115 900

By plotting the calculated efficiencies with initial sulphur content in hot metal and added
desulphurisation agents respectively, strong linear relationships are indicated in both cases, see
Figure 54 and Figure 55. At high initial sulphur contents in hot metal and for increased amount
of injectants, the efficiency increases according to the Figures. However, heats X1189 and
X1190 corresponding to big bag 2 and big bags 5+6 does not show the same correlation as the
other heats and are seen as outliers to the trendlines. Based on the initial sulphur content in hot
metal, X1189 and X1190 would be expected to reach higher desulphurisation agent efficiencies
than indicated by the calculations. The reason why these heats are deviating from the linear
correlation might be explained by the longer retention time between charging of hot metal and
injection as well as the larger amount of agents injected in relation to the initial sulphur contents.
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Complete analyses of slag compositions before- and after sulphur removal are found in Table
Al10 and Table All in Appendix for test- and reference heats respectively. The sum of
compounds explained by XRF in analyses for the slag after desulphurisation was above 100% in
all test heats which is an indication of iron being present in its metallic state. Assuming
representative analyses for the slag, all iron with possible origin from briquettes will be present
as metallic iron and thus, potential iron oxides have been reduced.

The extent of iron losses to the slag have been estimated for all heats based on the calculated-
and weighed slag amount (Figure 56) in hot metal ladle after desulphurisation, chemical analyses
of slag after treatment (Table A10 and Table A1l in Appendix) as well as the amount of HM in
ladle, see Figure 57. Weighed slag amounts are based on in- and out weights of HM ladle at the
desulphurisation plant weighed by different cranes. As the scales equipped on these cranes are
not equally calibrated, the amount of slag based on the difference between in- and out weight of
HM ladle is therefore not a fully reliable method. However, comparing iron losses between the
different heats based on both calculation methods, there is no clear trend that charging brigquettes
would contribute to higher iron losses to the slag.
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Figure 56 Caluclated and weighed slag amounts in ~ Figure 57 iron losses based on calculated- and
ladle after desulphurization. weighed slag after desulphurization.
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4.6 Pellet trials
4.6.1 Production of self-reducing pellets

Pellets were produced according to the method described in section 3.6.1 Production of self-
reducing pellets. The weight losses after drying at 105°C for size ranges 9-12.5 mm was 16% for
PM1 and 14.2% for PM2. Green pellets were thereafter analysed for the chemical composition
by XRF, Fe-titration and trace elements, see Table 37 and Table 38. The size distribution in each
pellet type was adjusted to have 79 wt-% in the size range 10-12.5 mm and 21 wt-% in the range
9-10 mm before analysing. Original pellet size distribution of each blend in comparison to
LKAB pellet type (18) is found in Figure A2 in Appendix.

As can be seen by the analyses, both pellet types contain relatively high levels of Zn and carbon.
The latter being high in relation to oxygen bound in iron oxides with a C/O ratio of 1.33 and 1.91
in PM1 and PM2 respectively. The XRF analysis of each blend has a total explanation around
92-93% which is indicating presence of volatile matter that is not revealed by the analyses.
Furthermore, reduction degrees (based on equation 11) of 24.8% and 24.1% for PM1 and PM2
respectively is shown for each blend in Table 38.

Table 37 Chemical analysis of green pellets. Table 38 Calculated iron distribution in pellets.

Analysis PM1 PM2 % PM1 PM2
Fe% 37.96 | 35.66 Fe”* 18.61 17.4
Ca0% 17.85 | 16.98 Fe met 3.2 2.8
SiO.% 4.04 4.48 Fe’* 16.2 15.5
MnO% 0.59 0.55 Fe,03 23.16 22.16
P,05% 0.087 | 0.085 FeO 23.94 22.39
AlL,O3% 1.15 1.31 Total 92.14 93.29
MgO% 3.36 3.17 RD2 24.8 24.1
Na,0% 1.27 1.41
K,0% 0.12 0.13
V,05% 0.29 0.29
TiO,% 0.20 0.22
C % 12.33 | 16.69
S % 0.29 0.33
Zn (ppm) 2770 3060
Ni (ppm) 125 107
Total 79.8 81.6
GLF% 18.05 | 21.81

67



4.6.2 Reduction of self-reducing pellets in lab furnace

Pellets of each type have been thermally treated to aim at highly reduced pellets with low zinc
contents suitable for recycling in blast furnace. As previously described, the nitrogen flow was
controlled during the reduction trials and different flows during the initial, intermediate and
cooling periods was tested in between the trials. Furthermore, ventilation of furnace off-gases
was activated during the trial conducted 23/4 and forth. Pellets were analysed in the same way as
green pellets and the analytical results from the trials are found in Table 39. For more complete
analyses, see Table Al12 in Appendix. Reduction degrees have been calculated according to
earlier described methods (equation 1 and 11) in where RD1 is based on weight loss and
chemical analyses before and after trial whereas RD2 is only dependent on the chemical analysis
after trial.

Table 39 Results from reduction trials of pellet types PM1 and PM2.

% PM1 22/4 | PM2 23/4 PM1 24/4 PM2 25/4 PM2 26/4
wt-loss 29.51 21.79 22.63 24.57 26.14
Fe tot OUT 52.08 44.64 47.04 45.76 46.59
Fe OUT 31.43 2.18 7.81 6.13 1.5
Fe,O; OUT 16.16 59.19 50.76 50.47 39.60
FeO OUT 11.98 1.43 4.98 5.57 14.60
RD1 56.7 -21.7 -2.8 -6.4 3.6
RD2 66.3 571 19.3 16.6 24.2
CouT 0.42 1.48 0.17 1.36 1.34
Zn OUT ppm 119 76 124 77 68

The highest reduction degrees (RD1 and RD2) obtained are corresponding to the first trial
conducted 22/4 in where no ventilation of exhaust gases was activated. For trials PM2 23/4, PM1
24/4 and PM2 25/4, both RD1 and RD2-values are indicating pellets being more oxidized than
corresponding green pellets. Referring to sections 4.5.2 Reduction behaviour studies of lab-scale
briquettes and 4.5.4 Effect of process atmosphere and heating rate on reduction, the furnace
atmosphere was indicated to be important for the reduction extent. Suction through the
ventilation hood might have contributed to excessive air leakage into the furnace caused by
under pressure inside the furnace. When increasing the distance between hood and gas outlet in
trial 26/4, the extent of this phenomena was decreased and thus, the reduction was slightly
improved. Moreover, comparing the Zn-levels before- and after trials, it can be seen that the
impurity element have been reduced from 2770 ppm in PM1 and 3060 ppm in PM2 to levels
below 125 ppm and 80 ppm respectively. Thus, although PM2 contained higher initial contents
of Zn, lower levels were found in all cases for this pellet type.

In Figure 58, physical appearance of PM1 pellets in top level of steel stand after trial conducted
at 22/4 (left) and 24/4 (right) is shown. It can be seen that pellets from the more successful trial
(22/4) were dark grey whereas the more oxidized pellets after trial conducted at 24/4 was
dominated by a reddish colour. This was not only observed in the top part, pellets in all levels of
the steel stand had the same appearance. For PM2 pellets, this red colour was observed to be
even more distinctive than seen for PM1 and even after all trials. Also in this case, there was no
significant difference observed in between the different levels.
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Figure 58 PM1 Pellets after trial 22/4 (left) ad 24/4 (right).

4.6.3 Reaction evaluation and final product characterization

The compressive strength of green pellets has been recorded as a function of pellet diameter, see
Figure 59. The pellets showed an increase in the compressive strength as the size increases
irrespective of the pellet composition. The compressive strength of PM1-pellet (5% BF-dust)
reaches almost saturation level as the pellet diameter reaches about 12 mm. unlike PM1-pellets,
the compressive strength of PM2-pellets (20% BF-dust) continuously increases with diameter.
Comparing the compressive strength of PM1- and PM2-pellets having the same diameter, one
can recognize two different zones. For pellets smaller than 12 mm diameter, PM1-pellets show
always higher strength than that for PM2-pellets while the opposite behavior is realized for
bigger pellets.
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Figure 59 Compressive strength as a function of pellets diameter. ). A

dry single pellet was placed in the even temperature zone and then heated up to 1100°C with a
heating rate of 5°C/min under continuous flow of argon gas (100 ml/min). Figure 60 shows the
reduction curves for PM1- and PM2-pellets as a function of temperature. A step wise process
with three consecutive steps could be clearly distinguished. Careful looking at the steps, it can be
suggested that each step might be composed of several steps. Based on a previous investigation
for briquettes (section 4.5.2) having similar composition, the reduction mechanism can be
depicted as follows;
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- Water evaporation (including combined water)

- Calcination and reduction of higher oxides

- Evaporation of low boiling points materials

- Woustite reduction and formation of direct reduced iron (DRI)

One of the most interesting observations along the reduction of studied pellets is the identical
rate of the reduction curves indicating equal behavior and mechanism. The only detected
difference was in the total mass loss where 34.5% and 32.5% mass loss were detected for PM1-
pellets and PM2-pellets respectively. Referring to the reduction trials in previous chapter, the
maximum weight losses achieved for PM1 and PM2 was 29.51% and 26.14 respectively (Table
39) in where the reduction degree of PML1 in that trial was estimated to 56.7% and only 3.2% for
PM2.
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Figure 60 Reduction behavior of pellets PM1 (5% BF-dust) and PM2 (20% BF-dust) as a function of temperature

In order to deepen the reduction mechanism understanding, reduction experiments were
interrupted at different temperatures. Mass loss, compressive strength and X-ray diffraction of
the interrupted samples were investigated. 15 pellets of 10-12.5 mm diameter have been selected
from each type (30 pellets in total). The pellets were then placed in the even temperature zone of
a vertical tube furnace. A thermocouple was fixed very close to the pellets to monitor the pellets
temperature. The furnace heating rate was adjusted to 5°C/min and 5 I/min N; gas flow was
maintained. A detailed description of the instrument used and its assembly was depicted earlier
(section 3.5.4).

At preset temperatures, three pellets of each type (six in total) were left from the hot zone and
placed in a water cooled zone keeping inert gas flow. This to avoid unnecessarily long retention
time as it might lead to residual carbon burning or re-oxidation by oxygen from traces in the inert
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gas stream or leakage as indicated previously in section 4.5.4. Samples were then nitrogen
qguenched at four different temperatures (defined based on TG results) and the last sample was
left for one hour at 1100°C (to ensure complete reduction). Mass loss curves were drawn on the
basis of manual recording of weight before and after which are shown in Figure 61. More than
40% mass loss was observed in the interrupted samples at 1100°C. The difference between these
values and the previously mentioned TG values are attributed to the residual moisture content
previously observed for PM1 and PM2 (16% and 14.2% respectively). The interrupted samples
were kept in a desiccator for further analyses as mentioned previously.
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Figure 61 Reaction progress expressed as mass loss as a function of time and temperature for interrupted
experiments

The compressive strength of pellets at different stages of the reduction process was detected at
room temperature directly by measuring the compressive strength of the quenched samples using
the setup which is illustrated earlier (Figure 14). Irrespective of the composition, it is observed
that the compressive strength decrease drastically as the temperature goes up, see Figure 62. In
another word the compressive strength decreases significantly as the reaction proceed further.
The decay of pellets strength as the reaction moves on is expected due to the fact that as the
pellets get heated up; first the balling water will evaporate and thereafter, binding material will
dissociate leaving a relatively weak pellet. As the reaction goes on, carbon and oxygen will react
and form gases which will escape and leave highly porous pellets. However, it is worth
mentioning that PM2-pellet showed higher strength which is consistent with green pellets
strength values.
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Figure 62 Strength development of quenched pellets as the reaction proceed further

After measuring the compressive strength, the sample was kept in such a way to enable further
analysis. Thereafter, the samples were ground and subjected to XRD analysis. XRD patterns of
interrupted PM1- and PM2 pellets were very similar which is in an excellent agreement to the
identical reaction mechanism observed by the thermogravimetery analysis. Figure 63 and Figure
64 show the XRD patterns of quenched pellets at different temperatures and the corresponding
matching phases.
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Figure 63 XRD patterns of the quenched PM1- pellets (5% BF-dust containing pellets).
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Figure 64 XRD patterns of the quenched PM2-pellets (20% BF-dust containing pellets).

From XRD peaks of the scanned samples, it can be concluded that hematite, magnetite and
metallic iron were the dominating phases of the green pellets. In addition, residual amounts of
calcium carbonate, calcium hydroxide and carbon were detected. As the reaction proceeds
further, carbon get consumed while carbonates and hydroxides are converted to oxide forms. The
originally present metallic iron gets oxidized as the temperature goes up to 800°C. Primary slag
formation appears at and above temperatures of 800°C. As the temperature goes up to 950°C, the
pellet gets almost metallized and only metallic iron and slag phases could be detected. Unlike
waste materials containing briquettes, metallization degree of waste material containing pellets
were completed at lower temperatures and metallic iron phases could clearly be detected. Based
on these results, non-optimal reduction in previous reduction trials of pellets can be confirmed.
In addition, 1100°C should be sufficient to reach high reduction degrees and too low operating
temperature cannot explain the low reduction degrees observed.

Swelling and melting behavior of both pellet types was studied using heating microscope (Figure
6) under nitrogen. Detailed descriptions of experimental setup and conditions have been
mentioned previously. Figure 65 shows the swelling and melting behavior as function of
temperature. The pellets show thermal resistance (no alteration in measured size) up to 680°C,
then followed by drastic expansion which reach maximum at around 1000°C. The pellets get
melted completely at around 1250°C irrespective of the pellet composition.
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Unlike swelling and melting behaviors of studied briquettes, waste materials containing pellets
show different swelling behavior and wider melting range. The difference can be attributed to the
binder content and the added scrap mix to the mixtures in case of briquettes. Although
temperatures of swelling, deformation and melting seem to be very close, the swelling extent is
largely composition dependent. PM1-Pellet (5% BF-dust) showed up to 5% expansion while it
goes up to 25% in case of PM2-pellet (20% BF-dust). The difference in particle fineness within
the pellets might also contribute in the difference in swelling behavior. In accordance with
corresponding testing of briquettes, the extent of swelling is shown to be higher for agglomerates
with higher BF-dust contents.
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4.6.4 Basket samples in EBF

In May 2013, prepared basket samples containing green- and heat treated pellets of each kind
were charged in the Experimental Blast Furnace in association with process shut down.
Arrangement of pellet types in each layer can be seen in Table 40. Referring to calculated
reduction degrees of pellets in Table 39, most of the baskets containing pre-treated pellets are
corresponding to material from the most successful trial i.e. highest reduction degrees of each
pellet type (PM1 22/4 and PM2 26/4). However, due to material shortage, baskets in layers 17-
33 was filled with pellets from the correspondingly second best trial of each pellet type

respectively (PM1 24/4 and PM2 25/4).

Table 40 Arrangement of basket samples charged in EBF.

Burden layer |9 | 17 | 25 | 33 | 37

Basket nr

1 PM1 green | PM1green | PM1 green

2 PM2 green | PM2green | PM2green | PM1green | PM1 green
3 PM1 22/4 PM122/4 | PM1 22/4 PM2 green | PM2 green
4 PM2 26/4 PM2 26/4 | PM2 26/4 PM1 22/4 PM1 22/4
5 PM2 26/4 PM2 26/4
6

7 PM1green | PM1green | PM1green | PM1green | PM1green
8 PM2 green | PM2green | PM2 green | PM2 green | PM2 green
9 PM1 22/4 PM1 22/4 | PM1 24/4* | PM1 24/4* | PM1 22/4
10 PM2 26/4 PM2 25/4* | PM2 25/4* | PM2 25/4* | PM2 26/4
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Vertical- and approximate radial locations of found basket samples during excavation are
illustrated in Figures 66-76.
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Figure 69 L17 B1-B4 Figure 70 L17 B7-B10 Figure 71 L25 B7-B10 Figure 72 L33 B2-B5

L33 B7-B9 L37 B2-B5 L37 B7-B9 L37 B10

Figure 73 L33 B7-B9 Figure 74 L37 B2-B5 Figure 75 L37 B7-B9 Figure 76 L37 B10
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The vertical sequence of baskets observed during excavation is in accordance with the charging
order and thus, no baskets charged later were found at a larger distance from top flange than
earlier charged baskets. This can clearly be seen in Figure 66. However, the descent rate of the
basket in layer 25 seems to have been higher than baskets charged later in burden layers 9 and
17. This since a linear curve trough the points corresponding to L9-L17 in Figure 77 would have
a flatter slope than a line through the corresponding points for L17-L25. This was contrary to the
expected trend; the descent rate should decrease with increased retention time due to increased
diameter as depth increases.

Distance from top flange vs. time in furnace
6500
* L9 K7-k10
6000 . = L9 K1-K4
5500 A 117 K7-K11
* L17 K1-K4
mm 5000 L25 K7-K11
4500 % ® L33 K1-K5
133 K7-K11
4000 ®
137 K7-K9
3500 137 K10-K11
40 60 80 100 120 140 160 L37 K1-KS
minutes

Figure 77 Observed distance from top flange of found baskets in relation to retention time in furnace.

Due to possible loss of fines or occurrence of other mass changes during descent in the EBF,
observed weight losses of found basket samples might not only represent weight changes
associated with reduction of pellets. Therefore, evaluation of basket samples has mainly been
focused according to RD2-values which are independent of sample weight and in-going
analyses.

The resulting reduction degrees (RD2) of basket samples containing the different pellet types in
comparison to in-going values are shown in Figures 78-81. Complete chemical analyses, weight
losses and RD1-values are found in Tables A13-A17 in Appendix.

PM1 green PM2 green
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Figure 78 RD2 of green pellets PM1 before- and Figure 79 RD2 of green pellets PM2 before- and
after EBF. after EBF.
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PM1 22/4 or *24/4 PM2 26/4 or *25/4
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Figure 80 RD2 of reduced pellets PM1 before- and  Figure 81 RD2 of reduced pellets PM2 before- and
after EBF after EBF

In general, the reduction degrees are higher for basket samples with longer retention time in
furnace and thus, at a larger distance from top flange according to Figures 78-81. In layers with
longest distance from top flange (Layer 33 and 37), the highest reduction degrees are indicated
for all pellet types with values reaching even above 90%. This trend can be explained by
elevated temperatures and a more reducible atmosphere (high CO/CO, ratio) at higher depths.

By comparing baskets of same pellets type and layer, reduction degrees after the samples have
been in the EBF are more or less equal in layers 9 and 17, see Figures 78-81. For green pellets
PM1 and PM2, different out-going reduction degrees are indicated in between the baskets in
layer 33 in where the lower-numbered basket is less reduced than the one with higher number. In
addition, the opposite trend is seen for baskets with pre-reduced pellets in layer 37, with higher
out-going reduction in the low-numbered basket. Referring to the vertical and radial-locations of
baskets observed during excavation (Figures 66-76), baskets numbered 7-10 of layer 33 was
found at a larger distance from top flange and in pellet layer 16. These baskets were located
more close to the centre of the furnace in relation to baskets 2-5, the latter ones were found in
coke layer 15. In layer 37, baskets 4-5 were closer to the centre than baskets 9-10 whereas the
vertical distance was more or less the same. Based on this, the radial orientation is indicated to
be significant for the reduction extent in where positions closer to the centre are shown to be
more favourable for reduction.

In Figure 82, temperatures at different levels in EBF during probe descent are shown together
with highlighted vertical heights of basket layers. According to this Figure, the approximate
temperatures in L9 and L17 were measured to 900°C and 920°C respectively while for L25, L33
and L37 the approximate temperatures was measured around 1030°C, 1050°C and 1060°C.
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Vertical temperature probing 2013-05-24
Material: MPBO screened

Temp (°C)
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
0 - —— : 3 3 3 ‘I : T . : 0,00
! ! ! | 4 ! 1 1 LA | ! !
o S s S~ 0 0 O [
upper shaft probe 901 mm ! H1 40,00
L — 1 1 1 1 1 1 1571 60,00
2000 ! ! ! ! ! ! ! i
2500 N I I N X ii 80,00
L17 I 100,00 =
[-fon N S S S — — H 120,00 3
g 3500 Yower shaft probe 3371mm i e
= 4000 ! . | | | | | | ! 140,00 3
2 4500 t i : - : : . L L37 160,002
A 5000 S S S S S S — — 180,00
5500 200,00
6000 220,00
6500 240,00
7000 260,00

Figure 82 Vertical temperature probing in association with process shut down. Vertical positions of
the different basket layers are highlighted in the diagram.

Referring to the XRD patterns of interrupted reduction experiments in previous chapter (Figure
63 and Figure 64), only metallic iron and slag phases could be detected at temperatures from
950°C in both blends. Relating to the carbon contents in pellets after excavation, both PM1 and
PM2 from layer 9 still contain significant amounts of carbon, see complete chemical analyses in
Tables A13-A17 in Appendix. In layer 17, almost all carbon has been consumed during descent
according to the analyses. Comparing the observed reduction extents before- and after being in
the EBF for these layers, baskets from layer 17 is more reduced than pellets from layer 9 when
considering green pellets. By again connecting the results to the radial position, baskets
containing green pellets were more close to the centre in layer 17 than corresponding baskets in
layer 9. However, even though more favourable reducible conditions are found near the centre of
the furnace i.e. higher CO/CO; ratio and gas flows, the carbon content of basket samples in layer
9 would be expected to be lower and the reduction degree higher due to the indicated high
temperature at that level. Due to signs of weak self-reduction progress, it might be concluded
that green pellets in layer 9 have been exposed to lower temperatures than revealed by the probe
measurement and also in comparison to layer 17. This trend is further conferred by studying the
differences between first-and second basket in layer 9 in where slightly higher out-going
reduction degrees are noticed for higher-numbered baskets found somewhat closer to the centre.
The carbon contents are also somewhat lower in these baskets, see analyses in Table A13 in
Appendix.

When comparing reduction degrees for the different types of green pellets, PM1 pellets have in
general been slightly more reduced than PM2 pellets. For burden layers corresponding to 9 and
17, baskets filled with green pellets have in general been more reduced than baskets containing
pre-reduced pellets during descent in the EBF. In fact, the pre-reduced PM1 pellets from trial
conducted in 22/4 are indicated to have oxidized during descent in the furnace with only one
exception in layer 37 according to calculated RD2-values before- and after EBF, see Figure 80.
In layer 25 and for the second basket in layer 33, in-going PM1 pellets were pre-reduced in 24/4
with resulting RD2-values lower than green pellets. In comparison to pellets from trial 22/4,
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these pellets have been reduced during descent in the blast furnace when comparing in- and
outgoing values for RD2. The same trend is seen for all baskets containing pre-reduced PM2
pellets that also had low initial reduction degrees and low carbon contents. Unlike previous
observations, these seen trends cannot be fully explained by the radial- or vertical position of
baskets since most of the baskets with oxidized pellets (PM1 22/4) and slightly reduced pellets
(PM1 24/4, PM2 26/4, 25/4) were found at more or less the same distances from the centre and
top flange. In fact, pellets of high in-going reduction degrees to the EBF were the only material
that was indicated to have oxidized during descent for baskets 7-9 in layer 37 despite a similar
radial position as pellets of low in-going reduction degrees.

According to Figure 83, the equilibrium concentrations of CO at 900°C in a CO-CO, gas phase
for wustite and magnetite reduction reactions are 70% and 20% respectively. This means that
higher CO/CO, ratios are required to maintain iron in its metallic state rather than completely
reduce magnetite to wustite. Referring to the different pellet types, pre-reduced pellets of high
in-going reduction degrees (trial in 22/4) contained >30% metallic iron and had low amounts of
carbon left (<1 %) whereas the other pre-reduced pellets (PM1 24/4, PM2 26/4, 25/4) were low
in both metallic iron and carbon when charged to the EBF. As the former was in general highly
re-oxidized and the latter ones slightly reduced after excavation, it is implied that CO/CO,-ratios
have generally been more feasible for hematite- and magnetite reduction rather than the wustite
reduction reaction at the prevailing temperatures. In case of green pellets, the initial metallic iron
content was low with enough carbon to reduce all iron oxides when charged to the EBF. Due to
the self-reducing properties, it might be assumed that even higher reduction degrees can be
achieved in comparison to pellets with both low carbon- and metallic iron contents despite low
CO/CO,-ratios.
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Figure 83 Fe-O-C equilibrium diagram including the Boudouard curve as well as the degree of reduction in the
presence of CO and CO, “%"

In Figure 84-Figure 87, opened basket samples after excavation for layers 17 and 33/37
corresponding to green- and pre-reduced PML1 pellets are shown. In general for all types, shape
and size of pellets in layers 9-17 were shown to be more or less unaffected i.e. the extent of
disintegration was small, see examples of PM1 pellets in Figure 84-Figure 85. As expected, at
longer distances from top flange, pellets were found to be a bit more disintegrated i.e. more fines
was observed and the extent of sintered material was higher but there was also weak tendencies
of swelling or severe cracking, se examples in Figure 86-Figure 87. By comparing green- and
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pre-reduced PM1 pellets, the extent of disintegration seem to be a bit worse for the former type.
This trend was also noticed when comparing corresponding pellets of PM2, indicating that pre-
reduction might be beneficial to withstand the mechanical load in the blast furnace. Furthermore,
for some basket samples, individual pellets could not even be distinguished since the material
had been compressed/sintered into a cake. In comparison to disintegration, this was observed for
all pellet types and similar observations were found for the surrounding LKAB pellets as well.
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Figure 85 After excavation; basket L17B3 that was
filled with PM1 pre-reduced pellets from trial 22/4.
-

Figure 84 After excavation: basket L17B1 that was
filled with PM1 green pellets.
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Figure 86 After excavation: basket L33B7 that was Figure 87 After excavation; basket L37B4 that was
filled with PM1 green pellets. filled with PM1 pre-reduced pellets from trial 22/4.

To summarize, the vertical distance from top flange as well as radial orientation seems to have
significant effects on reduction degrees of basket samples in where more favourable reducing
conditions have been indicated at increased vertical distance and closer to centre. This might be
explained by the effects of higher temperatures and/or better exposure to reducing gases.
However, observed re-oxidation of pre-reduced pellets of high in-going reduction degree for all
layers studied could not be fully explained by the observed correlation between reduction
progress and radial position. Instead, a possible explanation might be the concentration of CO-
gas being too low for maintaining iron in its metallic state while still being sufficient to enable
reduction of magnetite at these positions in the furnace. Thus, pellets of high reduction degrees
charged to the EBF might be more sensitive to the surrounding gas- and temperature conditions
during descent in the blast furnace than corresponding green pellets. When comparing the
reduction extent between the different green pellet types, PM1 pellets were shown the have been
slightly more reduced than PM2 pellets. This might be an indication on that PM1 recipe is more
suitable to the BF-process.
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To enable further confirmation, more work is needed. For instance, if each basket is split into
subsections by separating walls, baskets can be loaded with both pre-reduced and green pellets.
This would allow for more accurate evaluation of reduction behaviour as the different pellet
types within one basket would be exposed to more alike furnace conditions during descent. As
this suggested set-up would theoretically contribute to smaller variations in applied mechanical
load for material within one basket, another advantage would be the possibility of getting a better
understanding on how the mechanical strength is affected during descent in the furnace for the
different pellet types. Furthermore, to support the reduction extent revealed by out-going
chemical analyses, analyses in microscope should also be conducted.
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5 SUMMARIZED DISCUSSION

The kinetic study on simple mixtures confirmed the step wise nature of the reduction process. By
using high reactive carbon bearing materials, the process will shift toward less carbon
consumption and higher CO-utilization. The reaction mechanism varies as the reaction proceeds
and depends on the carbon source. Packing carbon particles and hematite particle would enhance
the reduction process and gasification reaction.

Reduction studies in TG on studied by-product blends indicated achievement of complete
reduction under inert atmosphere. However, residual carbon was expected in the blend with
highest initial carbon content i.e. highest BF-dust content (B4) according to the thermodynamical
calculations, which could not be detected in the XRD. Although this indicates non-optimal
COI/COy-ratios during TG-runs, it might be concluded that the available carbon in each blend
was still enough to reduce the iron oxides.

Pre-reduction studies of lab-scale briquettes showed that reduction degrees as high as 58% and
84% could be reached for briquette mix BM1 (containing 2% BF-dust) and BM2 (with 8% BF-
dust) respectively for the set reduction conditions. Additional reduction behaviour studies on lab-
scale briquettes indicated a step-wise behaviour of the reduction process similar to simple
mixtures. Based on TGA/DTA/DTG, the reaction extent of wustite reduction as well as
gasification of carbon was indicated to be highest in the temperature range 900-1000°C for these
briquettes. This can be related to the briquette temperature curve in one of the pilot-scale
reduction trials conducted 12/2-13 due to the accelerated heating rate when passing 920°C as
well as the CO-gas peak detected above the furnace at 900°C. However, although temperature
curves and obtained weight losses revealed successful reduction in most of the trials conducted
in the bell-type furnace, chemical analyses of briquettes showed on low reduction degrees.
Combining analytical results with the fact that briquettes had gained in average 6.2 kg/trial in the
time period from weighing out after trials to preparing big-bags, it might be concluded that the
bad reduction results was due to re-oxidation and not to the chosen reduction conditions. Re-
oxidation was probably caused by taking out briquettes from furnace at too high temperatures.

In between pre-reduction trials R2 and R2-2, the reduction extent was shown to deviate between
the trials despite adaption of same heating program. The achieved reduction degrees were also
lower than expected for some trials in relation to the furnace conditions chosen. Neither re-
oxidation as a cause of cooling under air from too high temperatures or heterogeneities in the
material could explain the deviating reduction degrees observed. Furthermore, the flow of inert
gas could not be precisely controlled during pre-reduction tests. Based on this, additional trials
on briquettes were conducted to find out the effect of atmosphere on the reduction degree. In
these trials, the importance of atmosphere control on reduction was confirmed. It was shown that
at high heating rates, the nitrogen flow rate seem to have less effect on the reduction process
compared to low heating rates. In comparison to fast heating rates at low nitrogen flow rates, the
briquette might have been exposed to oxygen at high temperatures for a longer time when the
heating rate was low and thus, re-oxidation might have happened to a larger extent. The re-
oxidation might arise from one of the following reasons; the atmosphere around the briquette
gets contaminated by some oxygen which might come along with the inert atmosphere as an
impurity or enter the reaction compartment through some leakages. However, as long as the
reduction is proceeding and enough CO is getting produced, no oxygen can diffuse into the
briquette. At the end of the reduction, the production of CO (reducing atmosphere) decreases and
become comparable to oxygen diffusion into the briquette. This explains why most of the
samples exposed to high temperatures for long times (slow heating rates) at low nitrogen flow
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rates was characterized by low weight losses. Thus, at least for the same conditions as in
conducted trials within this project, high nitrogen flow rates are preferable for slow heating rates
to maintain inert atmosphere even when the reduction reactions are ending. However, as highest
flow rates have not shown to correspond to the highest reduction degrees, too high flows might
also be negative for the reduction extent.

Briquettes produced at the briquette plant for the industrial melt-in trial was shown to have
sufficient mechanical strength for handling and reduction after two weeks of hardening. This
combined with other technical aspects revealed that it is possible to produce briguettes
containing 50% dust and sludge. However, presence of inhomogeneities and voids was revealed
by visual examination of some briquettes which is an indication that the production can be
further improved. Moreover, the material treatment before briquetting and pre-drying of sludges
was shown to be crucial for briquetting.

The melt-in trials conducted at SSAB EMEA in Lulea during spring 2013 indicated that it is
possible to charge pre-reduced brigquettes in hot metal ladle before desulphurisation without any
significant process impacts. This was indicated even when charging two big bags amounting to
400 kg where some un-melted briquettes could be observed in the slag phase when the ladle
arrived at the desulphurisation station. For a charged amount of 400 kg per 130 ton hot metal at
an annual HM-production of 3.8 Mtonnes, the amount recycled per year by this recycling
method is 11.7 kton. This is corresponding to 16.7% of the total amount of DRI that can be
produced by generated dust and sludge from integrated steelplants in Sweden (based on annual
production in 2007) in where the potential energy saving is expected to 35 GWh/year. However,
as melt-in trials are corresponding to a limited number of heats, recycling by this method need
further confirmation by conducting additional trials before stating the maximum amount of
briquettes that can be charged without any significant process impact. Moreover, charging pellets
instead of briquettes could benefit the melt-in stage and thereby allow for larger amounts to be
charged in each heat and improve the recycling yield. This alternative might therefore have the
potential to reach even higher energy savings and is therefore recommended to be considered in
future work.

The importance of atmosphere was also indicated during reduction of pellets in where the
reduction degrees became significantly lower when starting suction of furnace exhaust gases
near the outlet. This might have contributed to higher concentrations of air leaking into the
furnace due to a created under pressure and thus, an inert atmosphere could not be maintained.
The maximum reduction degree achieved for these trials was 56.7% corresponding to recipe
PML1. Moreover, this trial was the only one without any ventilation of furnace gases. Based on
the chemical analyses of pellets from each trial, it was shown that the Zn-content had been
reduced in all cases from approximately 3000 to 125 ppm. In TG-results of both pellets types,
higher weight losses were achieved than in any of the trials conducted in the lab furnace. This
implies that higher reduction degrees than 56.7% can be expected with better control of
atmosphere.

The evaluation of reduction behaviour of green- and pre-reduced pellets in blast furnace showed
that high vertical depths and positions closer to the centre are advantageous for the reduction
progress. This can be attributed to higher temperatures and/or higher CO/CO,-ratios at these
positions. Pre-reduced pellets of highest reduction degree (22/4) was shown to have oxidized
during descent in the furnace for layers 9-33 whereas the corresponding pre-reduced pellets of
low reduction degree and carbon content as well as green pellets had been reduced. A possible
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explanation to this is that the CO/CO; ratio has been too low in these regions to allow for iron
being kept in its metallic state while still being high enough to enable hematite- and magnetite
reduction. In case of green pellets, higher reduction degrees was in general achieved for all
layers which might be explained by the self-reducing properties and thus, these pellets are less
dependent on the surrounding gas composition. This implies that green pellets are better adapted
to be charged in the blast furnace with respect to reduction. However if the Zn-load to the blast
furnace is limited, some kind of pre-treatment is still necessary to decrease the Zn content in by-
product pellets. Alternatively, the pellet recipe can be adapted to choose by-products with low
Zn-contents and thereby allow for direct recycling in the blast furnace without pre-reduction. As
charging metallic material as e.g. scrap or DRI in industrial blast furnaces is known to result in
lower consumption of coke and coal, pre-reduction will still be beneficial for reduced energy
consumption. Thus, the results are indicating that charging green- or pre-reduced pellets will in
both cases improve the material- and energy efficiencies. Moreover, by visually observing
pellets inside basket samples after excavation, no significant sign of swelling or cracking was
shown at high depths in the furnace but some small tendencies of sintering and disintegration
could be seen. The latter trend was observed to be slightly worse for green pellets which imply
that the pre-reduction is also beneficial for the pellets mechanical properties during descent in
the blast furnace.
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CONCLUSIONS

Agglomeration tests have shown that briquettes and pellets with sufficient mechanical
properties and self-reducibility can be prepared from available by-products and used for
recycling.

Carbonaceous materials characterization as well as reduction behavior studies of simple
mixtures with hematite and by-product blends have indicated that utilization of BF-dust
as reductant in self-reducing mixtures with iron- and steelmaking dust and sludge bring
comparable results relative to charcoal, coke and graphite.

Reduction behavior studies have shown that the reduction progress of studied recipes of
both blend- and agglomerates were found to proceed in accordance with seen behavior of
simple mixtures of carbonaceous materials and hematite, namely through three
consecutive reduction steps; hematite to magnetite, magnetite to wustite and wustite to
metallic iron. At low temperatures, the reduction was shown to be controlled by mainly
reaction rate of carbon gasification whereas mass gas diffusion becomes more important
at higher temperatures.

In pre-reduction studies and for basket samples, the maximum reduction degrees
achieved for pellets and briquette was in the range of 50-80%. However, potential for
higher reduction degrees, up to almost 100%, were indicated during thermal analyses and
in trials with single agglomerates.

According to conducted reduction studies within this project, heating rate, inert gas flow
rate and atmosphere are crucial parameters for the reduction process of agglomerates.
However, the observed correlations need further confirmation by additional studies
before any final conclusions on optimal reducing conditions can be drawn.

After cessation of reduction reactions, cooling under air from 600-500°C should be
avoided to prevent re-oxidation of reduced agglomerates. This probably happened during
reduction of briquettes for the industrial melt-in trial at SSAB EMEA.

Charging pre-reduced briquettes in hot metal ladle gave no negative effect on hot metal
losses to the slag or hot metal quality according to melt-in trial and this recycling
alternative have at least an energy saving potential of 35 GWh/year based on 0.31%
agglomerate addition relative hot metal in the ladle.

Reduction trials showed that 95-97% of initial zinc content in pellets can be removed
during reduction, achieving final contents in the range of 80-125 ppm.

According to evaluation of basket samples in EBF, green pellets attained the highest
reduction degrees during descent in BF in comparison to corresponding pre-reduced
pellets. However, pre-reduction might be required for the BF process with respect to Zn,
Pb and alkali load.
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Appendix

Table A1 Amounts of generated dust and sludge available for recycling at SSAB EMEA AB steelplants in
Luled and Oxelésund given in ktonne for 2007/2008 and 2012,

Annual amount landfilled| Annual amount landfilled 2012
2007/2008 (ktonne dry material) | (ktonne dry material)
Luled (20) | Oxelosund (21) Lulea (22) Oxel6sund (23)
BOF-sludge 43.43" 0 40.4" 0
BOF-dust 2.44 1.13 2.1 0.59
BF-sludge 15.43 23.07 14.7 5.23"
BF-dust 0 12.35 0 6.63
“wet material
The figure was calculated based on 35% moisture in the material.
Table A2 Added water, moisture measurements and number of lab-scale briquettes produced.
BM 1 BM 2

Batch nr 1 2 3 1 2 3
Added H,0 (1) 2 25 | 25 3 3 3
Moisture (meas.) % | 13.7 | 18.3 | 15.1 | 149 | 16.9 | 155 148 | 135 | 14.8
Moisture (theo.) % 13.0 | 149 | 149 15.1 15.1 15.1
Number of briquettes | 16 48 42 48 48 48

Table A3 Chemical analysis of scrap mix and cement used in lab-scale briquettes.

Scrap mix cement
Fe % 54.2 2.46
Ca0 % 17.7 65
SiO, % 494 20.1
MnO % 1.7 0.04
P,Os5 % 0.24 0.1
Al,O3 % 2.16 3.47
MgO % 4.38 2.11
Na,O % 0.04 0.17
K,0 % 0.08 0.93
V,05 % 151 0.02
TiO, % 0.74 0.21
Cr,03 % 0.14 0.03
C% 2.82 0.7
S % 0.26 1.37
Zn % 0.04 0
Total 90.95 96.71




Table A4 Distribution of briquettes in big bags and total amount for each produced batch.

Date Briquettes/bag (kg) Briquettes total (kg)
12/2 2013 24,9 149,3
13/2 2013 13,7 82,0
18/2 2013 27,9 167,3
20/2 2013 26,0 156
25/2 2013 25,5 153,3
27/2 2013 26,0 156,5

1/3 2013 27,0 162,4
5/3 2013 26,0 156,1
7/3 2013 25,7 154,2

Total 222,8 1337,0

Table A5 Estimated analyses for B1-B4 based on adjusted by-product analyses in Table 17.

Appendix

B1 B2 B3 B4
BF-sludge % 40 38 36 32

BF-dust % 0 5 10 20

BOF-sludge % 58 55.1 52.2 46.4
BOF-dust % 2 1.9 1.8 1.6

Fe met % 4.81 4.57 4.33 3.85
Fes04 % 20.35 19.34 18.32 16.28
Fe,03 % 15.33 15.97 16.60 17.88
FeO % 13.14 12.48 11.82 10.51
Ca0 % 0.39 0.82 1.26 2.12
SiO, % 3.15 3.28 3.42 3.70
MnO % 0.70 0.68 0.67 0.64
P,Os % 0.06 0.06 0.06 0.06
AlL,O; % 1.10 1.15 1.21 1.33
MgO % 2.65 2.59 2.52 2.40
Na,O % 0.04 0.04 0.04 0.04
K,0 % 0.12 0.13 0.14 0.17
V,05 % 0.30 0.30 0.29 0.28
TiO, % 0.23 0.23 0.24 0.24
Cr,03 % 0.04 0.04 0.04 0.04
C (LECO) % 10.90 12.71 14.72 18.67
S (LECO) % 0.13 0.15 0.17 0.21
CaCO; 11.59 11.83 10.39 8.14
Ca(OH), 12.75 11.51 11.51 11.06
SUM 97.78 97.88 97.75 97.62
C/IO” 1.10 1.31 1.55 2.04

“Molar ratio between carbon and bound oxygen in iron oxides
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Table A6 XRF analyses and calculated reduction degrees for trials corresponding to briquette mix 1.

R1 Tel.1100 | Til.40 | Ti1.40.1100 | Til1.40.1100-2
Fe % 52.02 45.63 57.63 56.20 49.68
SiO, % 7.83 7.39 7.20 7.01 7.07
K,0 % 0.10 0.13 0.08 0.11 0.14
AlLO; % 2.38 2.19 2.11 2.12 2.12
CaO % 25.45 24.30 23.28 23.04 23.42
MgO % 3.73 3.68 3.49 3.70 3.62
MnO % 1.12 1.13 1.13 1.44 1.10
TiO, % 0.75 0.72 0.70 0.67 0.71
V,05 % 0.80 0.85 0.83 0.79 0.78
P,0s5 % 0.13 0.13 0.14 0.14 0.16
Na,O % 0.12 0.14 0.15 0.15 0.15
C % 0.28 0.38 0.28 0.51 0.42
S% 0.90 0.83 0.86 0.78 0.78
SUM XRF 95.62 87.50 97.87 96.65 90.14
LOI 16.66 5.75 21.34 19.35 10.12
Fe?* % 5.46 2.66 4.86 5.58 4.69
Fe met % 33.83 17.76 39.97 43.69 23.57
Fe** % 12.73 25.21 12.80 6.93 21.42
Fe,03 % OUT 18.20 36.04 18.30 9.01 30.63
FeO % OUT 7.02 3.42 6.25 7.18 6.03
SUM 102.65 99.09 104.77 101.23 100.69
Fe,03 % IN 22.55 22.55 22.55 22.55 22.55
FeO % IN 6.65 6.65 6.65 6.65 6.65
IN (g) 2950.22 | 2948.30 | 3051.00 3032.20 2970.00
OUT (g) 2197.20 | 242490 | 2261.70 2282.60 2431.20
wt-loss % -25.52 -17.75 -25.87 -24.72 -18.14
O IN (mole) 15.23 15.22 15.75 15.65 15.33
O OUT (mole) 9.66 17.58 9.74 6.53 16.03
RD1% 36.56 -15.49 38.12 58.28 -4.56
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Table A7 XRF analyses and calculated reduction degrees for trials corresponding to briquette mix 2.

R2 R2-2 | Te2.1100 Th2.2 Ti2.40
Fe % 45.74 48.61 57.00 57.81 57.96
SiO, % 7.70 9.22 6.76 7.58 7.21
K,0 % 0.08 0.10 0.11 0.14 0.09
AlLO; % 2.39 3.27 1.99 2.36 2.32
CaO % 23.87 26.99 20.37 20.95 22.09
MgO % 3.87 4.26 3.24 3.48 3.56
MnO % 1.05 1.38 1.04 1.13 1.26
TiO, % 0.65 0.85 0.60 0.64 0.72
V,05 % 0.78 1.02 0.74 0.88 0.95
P,0s5 % 0.13 0.16 0.12 0.14 0.14
Na,O % 0.10 0.17 0.17 0.26 0.16
C % 0.81 2.21 2.29 2.06 1.75
S % 0.78 0.75 0.69 0.72 0.74
SUM XRF 87.96 98.99 95.12 98.16 98.95
LOI 5.92 16.73 16.46 19.96 21.20
Fe?* % 2.73 5.05 3.74 3.38 4.83
Fe met % 16.97 42.32 36.10 45.20 48.91
Fe** % 26.04 1.24 17.16 9.23 4.22
Fe,03 % OUT 37.23 1.77 24.53 13.20 6.03
FeO % OUT 3.51 6.50 4.81 4.35 6.21
SUM 99.94 100.97 103.57 103.09 102.14
Fe,03 % IN 25.28 25.28 25.28 25.28 25.28
FeO % IN 7.10 7.10 7.10 7.10 7.10
IN (g) 3427.00 | 3430.90 | 3448.30 7073.40 3521.40
OUT (g) 2757.20 | 2489.80 | 2590.40 5170.50 2545.20
wt-loss % -19.54 -27.43 -24.88 -26.90 -27.72
O IN (mole) 19.66 19.68 19.78 40.58 20.20
O OUT (mole) 20.63 3.08 13.67 15.95 5.09
RD1 % -4.94 84.35 30.88 60.70 74.82

v
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Table A8 Temperature profiles of briquette and furnace during reduction trials in bell-type furnace.

2012-02-13

2013-02-18

time (min)

time (min)

2013-02-21

2013-02-25

AaT/at
1
-2
-3
-4
800 1000
time {min) time (min)
2013-02-27 2013-03-01
3
2
1
0
AT/At
El
2
-3
-4
600 800 1000
time (min) time (min)
2013-03-05 2013-03-07
3
2
1
]
AT/At

0 200 400 600
time {min)

600 800 1000
time (min)




Table A9 Chemical analyses of briquettes from trials B7-B9.

Appendix

B7 (4 L/min N2) | B8 (8 L/min N2) | B9 (12 L/min N2)
Fe % 49.32 53.29 52.64
SiO, % 8.93 8.39 8.26
K,0 % 0.14 0.12 0.11
AlLO; % 2.74 2.53 2.58
CaO % 27.44 25.96 25.59
MgO % 4.19 3.93 3.87
MnO % 1.47 1.37 1.39
TiO, % 0.84 0.77 0.78
V,05 % 1.26 1.16 1.17
P,0s % 0.18 0.17 0.17
Na,O % <0.070 <0.070 <0.070
C% 1.85 1.69 2.10
S % 0.75 0.73 0.70
LOI ~-17.67 -20.58 -19.16
Fe” 9% 4.6 4.42 14.55
Fe met % 43.73 47.59 41.02
Fe** % 0.99 1.28 o'
wt-loss % 25.5 26.6 25.4
Reducible O OUT % 0.081 0.083 0.14
Fe** IN % 11.7 11.7 11.7
Fe” IN % 7.01 7.01 7.01
Reducible O IN % 0.44 0.44 0.44
RD1 % 81.54 81.05 69.15
ICalculated to -2,93%.

Vil
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Table A10 XRF-slag analyses of test heats before- and after desulphurization for melt-in trials.

X1188 X1189 M9766 M9768 X1190
Test 1 Test 2 Test 3 Test4 Test 5
before | after | before | after | before | after | before | after | before | after
Fe 26.09 |53.97 |19.71 |59.01|47.03 |64.87|45.12 |69.56|37.41 |61.93
CaO | 2238 |21.78 | 2489 |20.6 |16.56 |16.29 |15.46 |14.46|20.72 |19.11
SiO, |26.29 |10.77 | 28.5 6.92 | 1457 |5.9 17.9 4.1 19.27 | 7.09
MnO | 4.72 0.76 | 4.35 051 | 294 0.61 | 234 0.48 | 3.14 0.64
P,Os | 0.09 0.06 | 0.08 0.07 |0.13 0.08 | 0.1 0.08 | 0.18 0.09
Al,O3 | 3.05 142 | 4.66 2.03 | 2.69 0.87 |3.37 0.72 |3.12 1.04
MgO | 3.16 1.33 | 3.50 1.97 | 232 1.07 |28 1.28 |3.12 1.89
Na,O | 0.12 0.06 |0.13 0.09 | 0.07 0.05 |0.08 0.04 |01 0.06
KO |0.24 0.06 |0.17 0.04 |0.14 0.02 |0.16 0.03 | 0.15 0.06
V,05 | 2.00 0.74 |1.76 0.64 |2.17 0.77 |19 0.7 2.59 0.83
TiO, |9.98 3.77 110.73 | 219 |5.36 2.2 9.12 1.68 | 5.80 2.07
Cr,0O3 | 0.15 0.07 ]0.13 0.07 0.2 0.08 |0.14 0.07 |0.22 0.08
C 1.29 756 |0.63 7.27 | 3.86 721 | 2.27 6.74 | 2.08 6.28
S 0.19 1.22 |0.29 1.36 |0.28 0.84 |0.17 0.96 |0.24 1.15
Total | 99.75 | 103.6 |99.53 |102.8|98.32 |100.9 | 100.9 |100.9|98.14 | 102.3
GLF |9.60 18.1 | 7.20 196 | 145 20.8 |18.0 23.2 |12.0 21.6
Table A11 XRF-slag analyses of reference heats before- and after desulphurization for melt-in trials.
X1192 X1193 M9772 M9773 MO774
Reference 1 Reference 2 Reference 3 Reference 4 Reference 5
before | after | before | after | before | after | before | after | before | after
Fe 57.6 74.14 | 46.93 |74.31|60.04 |6854 |74.06 |65.28|60.11 |79.97
CaO | 2.75 12.27 | 2.92 12.79 | 1.31 13.88 | 1.30 15.82 | 1.29 8.47
SiO, |[15.15 | 291 1995 |1.79 |13.48 |4.85 |7.90 454 |13.11 |1.69
MnO | 3.35 052 |4.21 0.43 | 3.82 0.61 |231 0.68 | 3.95 0.44
P,Os | 0.07 0.08 | 0.06 0.08 | 0.06 0.07 |0.08 0.07 | 0.07 0.08
Al,O3 | 3.27 0.43 |6.57 0.27 | 3.68 144 |1.20 0.79 | 3.68 0.15
MgO | 0.94 0.90 |1.13 0.71 | 0.67 0.90 |0.23 0.74 |0.94 0.41
Na,O | 0.12 0.09 |0.35 0.04 | 0.05 0.04 | 0.05 0.04 | 0.06 0.04
K,O |0.12 0.03 | 0.09 0.02 | 0.07 0.10 |0.03 0.03 | 0.07 0.02
V,05 | 2.74 0.81 |3.19 0.64 | 2.79 0.86 | 2.07 1.06 |2.85 0.66
TiO, |1051 |186 |13.8 1.00 |12.17 |254 |7.63 3.69 |11.8 0.89
Cr,03 | 0.22 0.08 |0.23 0.07 |0.23 0.08 |0.19 0.09 |0.23 0.08
C 3.15 6.58 |2.42 6.37 | 2.73 6.64 | 3.58 7.43 | 2.63 6.14
S 0.07 0.95 |0.10 0.72 |0.04 1.02 | 0.05 1.01 | 0.07 0.47
Total | 100.6 |101.7 | 102.0 |99.24|101.1 |101.6 | 100.7 |101.3|100.9 |99.51
GLF |21.7 26.1 | 19.7 24.2 | 24.3 235 |29.0 21.0 | 24.1 27.4
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Pellet size distribution
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Figure A2 Pellet size distributions of PM1 and PM2 in comparison to LKAB pellets.
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Table A12 Chemical analyses of pellets after pre-reduction.
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PM122/4 | PM124/4 | PM223/4 | PM2 25/4 | PM2 26/4
Fe % 52.08 47.04 44.64 45.76 46.59
SiO, % 6.03 5.35 5.68 5.93 6.02
K,0 % 0.13 0.14 0.14 0.13 0.074
AlL,O; % 1.72 1.54 1.68 1.73 1.78
Ca0 % 25.87 23.21 21.86 22.54 22.9
MgO % 4.82 4.38 4.07 4.17 4.24
MnO % 0.84 0.77 0.71 0.73 0.74
TiO, % 0.29 0.26 0.28 0.29 0.30
V,05 % 0.40 0.36 0.36 0.37 0.38
P,0s5 % 0.13 0.12 0.11 0.11 0.11
Na,O % <0.070 <0.070 <0.070 <0.070 <0.070
C % 0.42 0.17 1.48 1.36 1.34
S % 0.45 0.40 0.45 0.47 0.48
LOI - 14.66 -3.37 1.29 —1.41 -3.14
Fe?* % 9.31 3.87 1.11 4.33 11.35
Fe met % 31.43 7.81 2.18 6.13 75
Fe** % 11.3 35.4 414 35.3 27.7
Fe,03 % OUT 16.2 50.6 59.1 50.5 39.7
FeO % OUT 12.0 5.0 1.4 5.6 14.6
SUM 100.7 100.1 99.6 100.0 100.2
Fe,03 % IN 23.1 23.1 22.1 22.1 22.1
FeO % IN 23.9 23.9 22.4 22.4 22.4
IN (g) 4270.5 4775.0 4738.0 3626.0 3267.1
OUT (g) 3010.3 3694.4 3705.8 2735.2 2413.2
wt-loss % 29.5 22.6 21.8 24.6 26.1
O IN (mole) 32.8 36.6 34.4 26.4 23.7
O OUT (mole) 14.2 37.6 41.9 28.1 22.9
RD1 % 56.7 2.8 -21.7 -6.4 3.6
RD2 % 66.3 19.3 5.71 16.6 24.2




Table A13 Chemical analyses of basket samples from layer 9 after descent in the EBF.
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L9K1 | L9K2 | L9K3 | L9K4 | L9K7 | L9K8 | L9K9 | LI9K10

PM1 | PM2 | PM1 | PM2 PM1 PM2 PM1 PM2

green | green | 22/4 | 26/4 green | green 2214 26/4
Fe % 47.49 | 4852 | 47.76 | 48.26 | 46.11 | 47.31 | 48.14 47.15
SiO; % 548 | 6.12 | 538 | 641 5.34 6.24 5.48 6.38
K;0 % 0.084 | 0.113 | 0.043 | 0.053 | 0.104 | 0.124 | 0.050 0.038
Al,O3 % 155 | 181 | 151 | 1.95 1.53 1.79 1.56 1.87
CaO % 23.45 | 23.66 | 23.64 | 24.06 | 23.04 | 23.25 | 23.85 23.51
MgO % 439 | 441 | 452 | 4.50 4.28 4.34 4.55 4.35
MnO % 0.76 | 0.76 | 0.77 | 0.76 0.74 0.74 0.77 0.74
TiO, % 027 | 030 | 025 | 0.31 0.26 0.30 0.26 0.31
V7,05 % 036 | 0.39 | 0.36 | 0.38 0.35 0.37 0.36 0.38
P,05 % 0.11 | 0.112 | 0.112 | 0.115 | 0.108 | 0.110 | 0.112 0.115
Na,O % 0.07 | 0.08 | <0.07 | <0.07 | <0.07 | <0.07 | <0.07 <0.07
C% 989 | 1414 | 0.38 | 1.28 7.40 12.76 0.29 1.02
S% 0.40 | 047 | 0.00 | 0.58 0.46 0.59 0.66 0.73
LOI 432 | 703 | -485 | -7.53 | -1.67 491 -5.82 -5.08
Fe”" % 23.73 | 22.32 | 27.24 | 2152 | 18.82 | 24.02 | 28.95 28.72
Fe met % 235 | 350 | 1.69 | 11.81 | 1169 | 4.12 2.21 1.83
Fe** % 21.41 | 22.70 | 18.83 | 14.93 | 15.60 | 19.17 | 16.98 16.60
Fe,O3 % OUT | 30.61 | 3246 | 26.92 | 21.35 | 22.30 | 2741 | 24.28 23.73
FeO % OUT | 30.53 | 28.71 | 35.04 | 27.69 | 2421 | 30.90 | 37.24 36.95
Fe,03 % IN 231 | 221 | 16.2 | 39.7 23.1 22.1 16.2 39.7
FeO % IN 239 | 224 | 120 | 146 23.9 224 12.0 14.6
IN (9) 361.8 | 282.4 | 286.3 | 297.7 | 298.7 | 2854 | 296.4 305.6
OUT (9) 234.3 | 2425 | 3125 | 2949 | 2433 | 237.0 | 322.0 302.6
wt-loss % 35.23 | 1412 | -9.18 | 0.96 18.54 | 16.97 | —8.96 0.97
O IN (mole) 277 | 205 | 135 | 2.83 2.29 2.07 1.40 2.90
OOUT (mole) | 234 | 245 | 311 | 232 1.84 2.24 3.15 2.91
RD1 % 1552 | -19.25 | -130.3 | 17.93 | 19.67 | -7.94 | -125.26 | -0.19
RD2 % 21.60 | 22.55 | 2255 | 39.34 | 38.96 | 25.63 | 24.64 24.19
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Table A14 Chemical analyses of basket samples from layer 17 after descent in the EBF.
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L17K1 | L17K2 | L17K3 | L17K4 | L17K7 | L17K8 | L17K9 | L17K10

PM1 PM2 PM1 PM2 PM1 PM2 PM1 PM2

green green 2214 26/4 green green 22/4 25/4
Fe % 52.22 51.88 48.80 48.46 51.54 51.85 49.77 48.69
SiO,; % 6.18 6.87 5.68 6.33 5.84 6.81 5.51 6.54
K;0 % 0.012 0.040 0.014 0.016 0.014 0.050 0.011 0.023
Al,O3 % 1.72 2.01 1.58 1.81 1.64 1.98 1.53 1.82
CaO % 25.46 25.20 23.86 23.63 24.72 25.12 23.08 23.46
MgO % 4.95 4.79 4.59 4.59 4.79 4.79 4.58 4.46
MnO % 0.83 0.81 0.78 0.77 0.82 0.81 0.78 0.76
TiO; % 0.29 0.33 0.27 0.30 0.27 0.32 0.27 0.30
V7,05 % 0.38 0.41 0.36 0.38 0.38 0.41 0.36 0.38
P,05 % 0.121 0.126 0.112 0.112 0.117 0.121 0.110 0.112
Na,O % <0.07 | <0.07 | <0.07 | <0.07 <0.07 <0.07 <0.07 <0.07
C% 0.131 0.152 | 0.0503 | 0.0401 | 0.137 0.167 | 0.0450 | 0.0394
S% 0.933 0.933 0.567 0.576 0.885 0.949 0.664 0.642
LOI -146 | -147 | -7.0 -7.2 -123 | -145 -74 -75
Fe”" % 16.54 15.17 30.05 30.45 20.27 16.88 29.03 24.68
Fe met % 24.14 26.36 3.70 3.73 19.61 24.92 4.25 3.97
Fe** % 11.54 10.35 15.05 14.28 11.66 10.05 16.49 20.04
Fe,O3 % 16.50 14.80 21.52 20.42 16.67 14.37 23.58 28.65
ouT
FeO % OUT | 21.28 19.52 38.66 39.17 26.08 21.72 37.35 31.75
Fe,03 % IN 23.10 22.10 16.20 39.70 23.10 22.10 16.20 50.50
FeO % IN 23.90 22.40 12.00 14.60 23.90 22.40 12.00 5.60
IN (9) 317.5 322.9 358.6 318.9 309.9 315.7 311.6 293.0
OUT (g) 228.4 219.4 386.0 310.3 227.2 216.3 334.3 283.3
wt-loss % 28.05 32.06 -7.66 2.69 26.68 31.50 -7.31 3.33
O IN (mole) 2.43 2.35 1.69 3.03 2.38 2.30 1.47 3.01
o ouT 1.38 1.21 3.64 2.88 1.54 1.24 3.22 2.78
(mole)
RD1 % 43.11 486 | -1152 | 4.76 35.34 46.08 | —119.2 7.70
RD2 % 56.79 60.56 28.11 28.64 51.16 58.91 27.98 25.05
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Table A15 Chemical analyses of basket samples from layer 25 after descent in the EBF.

L25K7 | L25K8 | L25K9 | L25K10

PM1 PM2 PM1 PM2

green green 24/4 25/4
Fe % 50.08 50.59 48.62 48.15
SiO, % 6.30 7.17 5.73 6.65
K,0 % 0.009 0.014 0.011 0.012
Al,O; % 1.68 1.94 1.56 1.93
CaO % 24.28 23.59 23.52 23.44
MgO % 4.87 4.84 4.67 4.65
MnO % 0.82 0.80 0.80 0.78
TiO, % 0.28 0.33 0.27 0.31
V,05 % 0.37 0.39 0.36 0.38
P,O5 % 0.124 0.124 0.115 0.117
Na,O % <0.070 | <0.070 | <0.070 | <0.070
C% 0.263 0.225 0.073 0.078
S % 0.817 0.807 0.485 0.658
LOI -10.32 | -11.50 -6.53 -7.08
Fe”™ % 18.46 22.82 24.32 25.44
Fe met % 15.51 15.16 4.67 4.86
Fe** % 16.11 12.61 19.63 17.85
Fe,03 % OUT 23.03 18.03 28.07 25.52
FeO % OUT 23.75 29.36 31.29 32.73
Fe,03 % IN 23.10 22.10 50.60 50.50
FeO % IN 23.90 22.40 5.00 5.60
IN (g) 306.3 321.0 370.1 298.1
OUT (g) 220.7 216.4 355.3 274.8
wt-loss % 28.0 32.6 3.99 7.81
O IN (mole) 2.35 2.33 3.78 3.06
O OUT (mole) 1.68 1.62 3.42 2.57
RD1 % 28.3 30.7 9.39 16.04
RD2 % 43.3 45.0 26.3 27.7
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Table A16 Chemical analyses of basket samples from layer 33 after descent in the EBF.
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L33K2 | L33K3 | L33K4 | L33K5 | L33K7 | L33K8 | L33K9
PM1 PM2 PM1 PM?2 PM1 PM?2 PM1
green green 22/4 26/4 green green 24/4
Fe % 50.28 50.61 | 51.79 | 50.46 | 57.07 54.92 55.56
SiO, % 6.32 7.69 7.14 10.7 6.35 7.79 7.06
K,0 % 0.010 0.023 | 0.025 | 0.072 0.012 0.044 | 0.023
Al,O; % 1.64 2.16 1.68 1.57 1.78 2.29 2.10
CaO % 23.79 2432 | 2319 | 2214 26.13 26.88 27.23
MgO % 5.04 4.86 5.10 4.96 5.22 5.04 5.35
MnO % 0.84 0.82 0.85 0.82 0.86 0.83 0.87
TiO, % 0.27 0.32 0.25 0.24 0.30 0.36 0.31
V,05 % 0.36 0.39 0.35 0.33 0.41 0.44 0.41
P,0s % 0.121 0.126 | 0.128 | 0.128 | 0.126 0.140 | 0.142
Na,O % <0.070 | <0.070 | <0.070 | <0.070 | <0.070 | <0.070 | <0.070
C% 0.311 1.34 | 0.101 | 0.0690 | 0.352 1.32 0.352
S % 0.553 0.737 | 0.673 | 0.550 1.17 2.30 1.82
LOI -1026 | -13.05 | -12.75 | -13.06 | —22.77 | -22.32 | -22.93
Fe”" % 18.38 16.69 | 17.60 | 15.14 3.48 5.22 9.01
Fe met % 15.08 22.73 | 19.47 | 23.72 52.80 50.35 | 45.02
Fe** % 16.82 11.19 | 14.72 | 11.60 0.79 -0.65 1.53
Fe,03 % OUT |  24.05 16.00 | 21.05 | 16.59 1.13 -0.93 2.19
FeO % OUT 23.65 21.47 | 22.64 | 19.48 4.48 6.72 11.59
Fe,03 % IN 23.10 22.10 | 16.20 | 39.70 23.10 22.10 | 50.60
FeO % IN 23.90 22.40 | 12.00 | 14.60 23.90 22.40 5.00
IN (g) 309.8 3265 | 336.2 | 2904 | 3248 321.3 | 353.0
OUT (g) 210.5 207.2 | 3325 | 2455 220.0 216.8 262.5
wt-loss % 32.07 3654 | 1.10 | 1545 | 32.27 32.51 25.64
O IN (mole) 2.38 2.37 1.58 2.76 2.49 2.34 3.60
O OUT (mole) 1.64 1.24 2.36 1.43 0.18 0.16 0.53
RD1 % 30.80 47.67 | —49.09 | 48.09 92.62 92.94 | 85.25
RD2 % 42.18 55.90 | 48.92 | 57.01 94.55 94.85 | 86.44

Xiv




Table A17 Chemical analyses of basket samples from layer 37 after descent in the EBF.

Appendix

L37K2 | L37K3 | L37K4 | L37K5 | L37K7 | L37K8 | L37K9 | L37K10

PM1 PM2 PM1 PM2 PM1 PM2 PM1 PM2

green green 2214 26/4 green green 22/4 26/4
Fe % 54.04 54.25 55.05 54.98 56.86 55.17 51.07 49.66
SiO,; % 7.19 7.98 7.18 8.27 7.55 7.79 8.15 10.86
K;0 % 0.045 0.068 0.042 0.027 0.013 0.015 0.065 0.194
Al,O3 % 2.26 2.33 2.18 2.50 1.39 2.29 1.18 1.96
CaO % 27.04 26.35 26.73 26.97 23.94 26.61 22.30 22.10
MgO % 5.18 5.27 5.37 5.30 5.67 5.05 5.43 4.87
MnO % 0.89 0.85 0.88 0.86 0.80 0.83 0.88 0.77
TiO; % 0.32 0.35 0.30 0.35 0.23 0.36 0.18 0.26
V7,05 % 0.43 0.43 0.41 0.43 0.34 0.42 0.31 0.34
P,05 % 0.144 0.142 0.140 0.147 0.144 0.133 0.140 0.135
Na,O % <0.070 | <0.070 | <0.070 | <0.070 | <0.070 | <0.070 | <0.070 0.111
C% 0.733 0.201 0.582 0.199 0.102 0.117 0.080 0.080
S% 1.195 1.322 1.252 1.540 1.046 1.476 0.446 0.603
LOI -20.75 | -21.32 | -21.93 | —23.43 | —-21.37 | —22.37 | -11.63 | —-12.49
Fe”" % 11.33 4.99 4.37 5.36 11.56 7.14 23.19 18.07
Fe met % 40.27 46.95 49.16 49.05 41.27 45.54 13.38 18.84
Fe** % 2.44 2.31 1.52 0.57 4.03 2.49 14.50 12.75
Fe,O3 % OUT | 3.49 3.30 2.17 0.81 5.76 3.56 20.73 18.23
FeO % OUT 14.58 6.42 5.62 6.90 14.87 9.19 29.83 23.25
Fe,03 % IN 23.10 22.10 16.20 39.70 23.10 22.10 16.20 39.70
FeO % IN 23.90 22.40 12.00 14.60 23.90 22.40 12.00 14.60
IN (9) 292.6 320.6 342.3 294.2 314.0 318.5 327.6 309.6
OUT (g) 194.5 185.1 320.5 258.2 142.1 151.9 275.5 247.1
wt-loss % 33.52 42.26 6.36 12.25 54.75 52.31 15.91 20.16
O IN (mole) 2.24 2.33 1.61 2.79 2.41 2.32 1.54 2.94
O OUT (mole) | 0.52 0.28 0.38 0.29 0.45 0.30 2.22 1.65
RD1 % 76.72 87.97 76.34 89.71 81.39 87.23 | —43.57 | 43.97
RD2 % 81.51 89.61 91.95 92.46 79.36 86.86 41.34 50.07
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