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Abstract

The manufacturing process of iron, using the blast furnace (BF) generates dust as a by-
product, which is recycled, however, the generation of the dust in excess is undesirable.
A comprehensive review of the dust has determined that each of the raw materials for
blast furnace ironmaking contributes to its formation, including several forms of
carbon thus addressing the hypothesis ‘The raw materials that feed the blast furnace
are expelled into the gas stream and all influence the blast furnace dust.” The current
technique for quantifying coal originating carbon type mostly in the form of coal char,
referred to as the nominal term Low Order Carbon (LOC) within BF dust consists of
thermogravimetric analysis (TGA) however, this technique does not allow for samples
of dust to be analysed in a timely manner, in line with the ever-changing conditions of
the blast furnace. In this work, the TGA method has been trialled for use with BF dust,
with improvements offered to the heating profile, allowing for faster analysis.
Moreover, alternative techniques have been trialled, in combination with various
characterisation methods such as X-ray diffraction, Scanning Electron Microscopy,
total carbon and Optical Emission Spectroscopy. The ‘Winkler Method” which was
originally designed to quantify charcoal in soil sediment has been successfully adapted
and optimised to suit LOC quantification in BF dust, showing a good correlation with
the original benchmark technique. This answered the hypothesis, ‘Thermal techniques
can be used to differentiate carbon sources in dust generated in blast furnaces that use
granulated coal injection.” The techniques for LOC quantification were applied to dust
samples spanning a 9 month period. to determine the process parameters that influence
the LOC presence within the dust. It was found that the resolution of sampling is key
to identify relationships between process parameters and LOC within the dust. A novel
technique to continuously monitor the dust output of the furnace found that the dust
output and the LOC within the dust are related, where the increasing dust output leads
to increasing concentrations of LOC within the carbon profile of the dust itself. Process
parameters including blast pressure, blast volume, and production rate were considered
to increase the dust output from the furnace based on the work of the dust probe, thus
answering the hypothesis ‘Coal combustion in the raceway can be impacted by process
parameters and the evidence can be found in the fingerprint of blast furnace dust.” A
node mapping exercise was used to model an ideal set of process conditions for low
dust operations. The foundations to make macro advances in carbon and dust output

reduction in blast furnace ironmaking are laid out in this thesis.
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Introduction
1.1 Background

1.1.1 Steelmaking

Steel has been at the forefront of research since Henry Bessemer discovered the first
technique for mass-production, around the 1850°s. The process has evolved from
blowing air through molten pig iron to remove impurities, to our current methods of
manufacturing which include Basic Oxygen Steelmaking (BOS) and Electric Arc
Furnace (EAF)[1]. These are based on the fundamental principles of Bessemer, with
improved processing and secondary steelmaking to further refine the steel into desired
grades depending on the requirements of the downstream sector. Within an integrated
steel manufacturer, iron is produced in Blast Furnaces which is subsequently converted

into steel using the BOS process.

1.1.2 Blast Furnace Ironmaking

The blast furnace is the provider of molten iron for the steel plant. The focus here is
providing a good quality product for the steel plant to convert using the oxygen furnace
process. Hot air is blasted into the bottom of the furnace with fuel in the form of oxygen
and coal. Reductants, Ores, and fluxes are added to the top, and liquid iron and slag
are tapped from the bottom. There must be tight control on operational parameters and
the quality of the raw material inputs must remain in focus to produce a good product
for the steel plant. Extensive research has been conducted in the field of ironmaking,
however, there is still work to be carried out to ensure an understanding of the process
of furnace fuelling and how it can be optimised to ensure the environmental impact of
ironmaking is reduced. Ironmaking has progressed substantially since the initial
invention and industrialisation, whereby the off gas is now recycled to be used
elsewhere as a natural gas substitute on site and the dust generated is filtered and reused
in the sintering process. At present this dust is generated in surplus and the
minimisation of the dust will have a net environmental benefit. The current climate
demands that research is focussed on minimising environmental impact and thus it is

key for the steel industry, along with other foundation industries, to adapt.




1.1.3 Blast Furnace Fuelling and Environmental Considerations

Currently, the fuelling process of a blast furnace is focused on the conditions required
for producing a good quality iron for use in downstream processes. Sufficient heat is
required to melt the descending burden of fluxes, reductants and ores. The degree of
heat here is governed by the heating of air in the stoves before blasting, the degree of
oxygen enrichment, the quality, and the volume of fuel within the furnace. Coke is the
dominant fuel used in the process, it can generate heat and retain structural integrity
within the conditions of the furnace. The large coke structures provide a degree of
permeability for air to move through the furnace, whilst allowing the burden to descend
the furnace in a controlled manner. Being a prime fuel source, it is expensive, hence
the desired tendency for increasing the use of injection coal. Coal is often used to offset
the volume of coke used as a fuel; however, this has many considerations. Coal doesn’t
provide the same structural integrity as coke; it generally combusts in the furnace
readily[2]. Also, the heat generated is less than that of coke, hence the requirement to
control oxygen enrichment. Coal has a cooling effect on the air in the raceway thus
oxygen is added to drive productivity in this case, to counter the effect of raceway
cooling, and to improve the degree of gasification and reducing conditions of the

furnacel[3].

Despite coal combusting readily in the blast furnace, when increasing the levels
of coal usage, the combustion within the furnace must be sufficient to prevent it from
leaving the furnace as unburnt material. This is fundamentally a waste of coal; coals
should be selected to optimise coal conversion to maximise heat generated through
combustion and the degree of gasification of the coal. Coal which ascends the furnace
and leaves in the gas waste stream ultimately adds to the volume of dust and with
excess dust, the supply will exceed the ability of the sinter plant to recycle it, as well

as contribute to an increase in carbon emissions.

1.2 Thesis Aims and Objectives

The aim of this thesis is to first understand what blast furnace dust is, what material
constituents it is made up of and what are the key differences between the dust
collected in the different abatements of the blast furnace gas cleaning system. The
second aim is to evaluate if coal gasification within the blast furnace is incomplete
under normal conditions and determine the potential coal properties and process




variables that influence the degree of gasification within the blast furnace. To
understand how coal reacts within the furnace, it is key to identify the sources of
carbon in the dust. Fingerprinting the origins of the dust can paint a picture of the
degree of coal gasification within the process and the raw materials being used. The
process for carrying out the carbon identification within blast furnace dust is time
consuming, hence there is a drive to reduce the time limitations of the analysis
technique, so the maximum amount of data can be collected routinely. Once this
information can be obtained, changes in operating conditions and raw material inputs
can be tracked against data from the dust itself[4]. This will determine the key
conditions that influence the degree of gasification of coal within the furnace. From
this information, there is the possibility to improve the coal selection process, the coal
processing itself, oxygen enrichment conditions, productivity rates, coke rates, and
coal rates. This will ultimately drive down the cost of manufacture, reduce waste in
the process and improve the understanding of the process. Data-driven decisions can
be made based on information provided by the fingerprint analysis of the dust. If it can
be shown which parameters have the largest impact on the presence of coal and
subsequent forms it presents within the dust, these can be optimised to improve the
degree of coal gasification within the furnace. The scientific hypotheses tested in this
thesis are as follows:

1. “The raw materials that feed the blast furnace are expelled into the gas stream and

all influence the blast furnace dust’

2. ‘Thermal techniques can be used to differentiate carbon sources in dust generated

in blast furnaces that use granulated coal injection’.

3. ‘Coal combustion in the raceway can be impacted by process parameters and the

evidence can be found in the fingerprint of blast furnace dust’

1.3 Industrial Net-Zero Alignment

A new report from UK Steel calls for a positive policy environment to achieve the
government's target of a 95% reduction in steelmaking emissions by 2050 and the
Climate Change Committee's recommendation of near-zero emissions from ore-based
steelmaking by 2035. The report highlights the opportunity to reindustrialise and create
green jobs while ensuring a market for net-zero steel is created[5]. The challenges to
achieving net-zero UK steel manufacturing include high electricity prices, lack of a




market for net-zero steel, and industries choosing to import high-emission steel. The
UK has a first-mover advantage in achieving net-zero steel and transforming existing
steel jobs into green jobs, securing the local economies' future. Various
decarbonisation technologies can be utilised, including electrified steelmaking, carbon

capture and storage, and hydrogen-based steelmaking|[5].

Tata Steel in the UK has a goal of producing net-zero steel by 2050 at the latest
and reducing CO: emissions by 30% by 2030. Tata Steel UK is finalising a
decarbonisation roadmap focussed on using locally available steel scrap, and the UK
government is providing consultation[6]. Hence the plans for the UK are yet to be
unveiled but as a group, some of the global strategies from TATA Steel have been
outlined, TATA Steel are taking significant measures to establish a formal circular
economy for steel in India[7]. The company has commissioned a 0.5MT PA scrap
processing unit in FY2020-21, which is the first shredding unit in India, and has plans
to set up several more units across different regions. Tata Steel is determined to
increase the utilisation of scrap charge in the steel-making process, improve existing
processes, and adopt the best available technologies to maximise waste heat recovery,
utilise by-product gases, and dehumidify hot blast in blast furnaces[7]. The company
is also striving to reduce emissions in Indian operations by enhancing the quality of
raw materials such as iron ore and coking coal. Moreover, Tata Steel is committed to
boosting the share of renewable energy generation, with 150 MW worth of renewable
energy projects being phased in across its Indian sites and plans to commission 11.8
MW of solar power plants at its Thailand facilities by FY2022-23[7]. The company
has raised the internal carbon pricing to promote appraisal of carbon abatement
projects in India. TATA Steel is dedicated to achieving carbon-neutral steel production
in Europe by 2050 and plans to transition to hydrogen-based steelmaking by gradually
replacing blast furnaces with a combination of DRI technology and electric arc
furrnaces (EAF) by 2026[7]. The company plans to commission several EAF units to
convert collected and processed scrap into steel, while also shifting from metallurgical
coal to cleaner fuel like natural gas. Furthermore, Tata Steel is upscaling pilots of
Carbon Capture & Utilisation (CCU) and Hydrogen-based steelmaking in India, with
a successful 5-tonnes per day pilot plant commissioned at Jamshedpur to capture CO2
from Blast Furnace gas[7]. The company is also piloting new technologies in
partnership with academia and the government to achieve deep decarbonisation, with

a focus on CCU, hydrogen-based steelmaking, use of biomass, and alternate
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ironmaking routes. These efforts align with TATA Steel's commitment to net-zero
emissions and its collaborations with universities and other organisations to achieve a

sustainable future[7].

Reducing the blast furnace dust output in the UK can align with net zero
strategies by reducing the carbon footprint of the steel production process. Blast
furnaces are a significant source of carbon emissions in the steel industry, and dust
output is a by-product of their operation. By reducing the amount of dust generated,
the overall carbon emissions from the steel production process can be reduced,
contributing to net-zero goals. Additionally, the dust can contain valuable metal
particles that can be recycled, the dust can be a source of iron, further reducing the
need for virgin raw materials to supply the blast furnace, thus contributing to a circular

economy|[8].
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2 Literature Review

2.1 Introduction

Numerous studies have investigated the combustion behaviour of coal and the
formation of char in the blast furnace. The characterisation of coal properties, such as
proximate and ultimate analyses, and the assessment of its reactivity and combustion
kinetics are crucial in understanding the behaviour of coal in the blast furnace.
Moreover, the formation and behaviour of char in the blast furnace are influenced by
several factors, such as coal properties, the injection rate, and the blast furnace

operating conditions.

This literature review aims to provide a comprehensive overview of the current
state of knowledge regarding the combustion of coal and the formation of char in the
blast furnace. The review will focus on recent studies that have investigated coal
properties, combustion behaviour, and char formation in the blast furnace.
Additionally, the review will discuss the challenges associated with the combustion of
coal and the formation of char in the blast furnace and highlight the research gaps and

future directions in this field.

The COVID-19 pandemic however has had a significant impact on various
fields of research, including blast furnace research. Many research institutions and
universities had to close their laboratories and offices to prevent the spread of the virus,
resulting in a halt to ongoing experiments and research projects. The restrictions on
travel and face-to-face meetings also disrupted collaborations between researchers and
the sharing of knowledge and resources. Additionally, the pandemic caused
disruptions in the global supply chain, leading to shortages of certain equipment,
materials, and reagents needed for research. Hence the limitations and restrictions of

an up-to-date literature review[9,10].

2.2 Steelmaking

Steel, an alloy of iron with less than 2% carbon is mass-produced worldwide. For
around 3000 years, steel has been used for the manufacture of a wide variety of
products such as knives and bowls, through to modern-day cars, white goods, and steel
structures. There are over 3500 known grades of steel, which makes it a versatile

material that can be applied to a huge variety of sectors. There are two types of mass




steel production, 72% of steel is generated using the basic oxygen furnace (BOF) route
and 28% is produced using the EAF route. The BOF route relies on a blast furnace
which utilises a multitude of raw materials, including iron ore, coal, coke, limestone,
and steel scrap. Iron ore, coal, and coke produce the liquid iron for conversion in the
BOF[1].

Figure 1 shows a graph of steel production in the world with a breakdown of
China versus the rest of the world (ROW), the recent total steel production is 1905
million tonnes produced in the world in 2022. The growth of steel manufacturing from
1950 has been tracked in Figure 2. The largest steel producer in the world at present is
by far China as per Figure 3. The EU produced around 9.3% of the total input into the
world market. This puts into perspective the demand for steel in the world today, it
demonstrates a global requirement for steel and clearly demonstrates the requirement
for blast furnace ironmaking to maintain capacity for demand[1].
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Figure 1 Annual global steel production[1]
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2.3 Blast Furnace Ironmaking

A blast furnace is a large mechanical, steel-framed structure, lined with refractory
brick designed to reduce iron ore into liquid iron. The blast furnace is fuelled using
metallurgical coke, coal, and oxygen-enriched air. Burden materials within the furnace
include sinter, iron ore pellets, and iron ore lump[11]. Iron ore can be either fed into
the furnace as pellets or lump. Lump ore generally contains more iron oxides per wt%
than pellets, which are made by agglomerating dusts of iron ore with lower iron content
and poorer quality ores. Iron ore lump is charged in the furnace as mined and screened,;
the properties of the lump material allow for this. The wt% of iron in iron ore lump
can range from approximately 50% to 70%, depending on the geographical location of
mining[12]. Sinter is a material born from waste produced across the site. Materials
such as ore, coke, coal, lime (CaO), and revert materials are thermally fused via gas-
fired burners to produce a solid agglomerate with a relatively high iron content. The
revert materials in this case are by-products from other manufacturing processes
onsite, with high iron or carbon content. These can typically include scale from the
cold mill or hot mill, blast furnace flue dust, and basic oxygen steelmaking (BOS)
slurry. A study conducted by Umadevi et al. on the use of mill scale in sinter making
found that the total Fe and FeO contents of sinter increased with the increase in mill
scale addition. Sinter productivity decreased with the increase in mill scale addition
due to a decrease in sinter bed permeability, while sinter strength and size initially
increased and reached a maximum at 40-50 kg/t of sinter and then declined. Sinter
reduction degradation index and reducibility decreased with the increase in mill scale
addition due to the increase in FeO content. However, the desired sinter properties,
except productivity, can be obtained with the use of 40-50 kg mill scale per tonne of
sinter[13]. Fluxes are also used within the furnace, for the benefit of impurity removal
for slag production, including limestone and magstone[14].

2.4 Reducing Conditions in the Blast Furnace

To reduce iron ore to iron, many reactions are required throughout the furnace, these
are generated by the hot air blast, coke, and coal injection. In the stack, the upper level
of the furnace as per Figure 4, the reactions are as per Equations 2.1, 2.2, and 2.3.

Hematite (Fe203) iron ore is reduced to magnetite (FesO4), wustite (FeO) and metallic
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iron respectively (Fe). During this process the iron ore charged at the top of the furnace
will soften and liquify, this trickles through the coke layers, as it descends to the hearth
of the furnace. At the hearth of the furnace, the material is cast through the taphole[15].

3F6203 + CO = COZ + 2F3304 2.1
Fe304+ CO = COZ + 3Fe0 2.2
FeO + CO = CO, + FeorFeO + C = CO + Fe 23

In the stack of the furnace, the temperature can range between 800°C and
1150°C, this suits the indirect reduction of wustite to metallic iron. The high gas-to-
solid contact time found within this area allows for more reduction in this zone. Also,
if the reducibility of the ore is high, the reduction reactions are fast. This should be

considered when controlling coke rates and furnace rates[16].

In the hearth of the furnace, there is a vast range in temperature between 900°C
and 2000°C. This area of the furnace is further subdivided into the cohesive zone, the
deadman zone, and the combustion zone. Any unreduced iron from the middle section
of the furnace descends into the cohesive zone as fayalite and calcium ferrites, which
mix with slag[17]. Within the cohesive zone, there is an increase in temperature; this
ranges between 1050°C and 1150°C, liquid iron is formed at this stage with very little
porosity. Within the active coke zone, coke reacts with oxygen in the hot blast, forming
carbon monoxide to aid in the reduction of iron oxides to metallic iron. The series of
reactions within this section is known as the Boudouard reaction. This reaction is
endothermic which allows reductant rates per tonne of hot metal to be increased, thus
providing the heat for the endothermic reaction. The Boudouard reaction is as per
Equations 2.4 and 2.5[15,18].

FeO + CO & Fe +C0, (> 1150°C) 24
€O, + C & 2C0 25

In the deadman zone, coke is not exposed to oxygen and therefore oxidation
does not take place, hence the residence time within the furnace can be up to several
weeks[19].
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In the raceway, oxygen is blasted via tuyeres, to ascend the furnace. This is the
hottest part of the furnace where oxygen from the hot blast is combined with fuel
materials such as coke and coal to produce a raceway flame[19].

Furnace charging has a direct impact on furnace stability. The material is fed
from the top via a Paul Wurth chute system which is a rotating arm that allows precise
control of material distribution within the furnace. With trajectory control, the chute
lays material in distinct separate rings of iron ore and coke and once a ring has been
laid, the chute angle changes, laying a layer of material on top. Burden layers depend
entirely on the angle of repose of the material, enhancing the permeability of the coke
layers, which allows for better gas-to-solid contact and controls the retention time of
material within the furnace. This allows less resistance for gas to permeate through the

process, resulting in better efficiency and reduction conditions of the furnace[19,20].

Thermal control is important within the blast furnace and can be measured via
the hot metal silicon (Si) content. Materials containing silica (SiO2) at around 70-75
wit% enter the furnace through the ferrous burden of iron ore and sinter, the majority
of which enters the primary slag. The silicon that is measured in the hot metal is from
the coke or coal ash, due to the formation of silicon monoxide gas (SiO.) Many
operating factors can impact the silicon content of hot metal which demonstrates the
level of thermal control. A high cohesive zone within the furnace allows for more
silicon monoxide and carbon interaction, producing a high silicon hot metal. If
pressure at the top of the furnace is high, this produces high silicon in hot metal. If
low-velocity air is blasted into the furnace, again the time increases for interactions
between silicon monoxide and carbon, increasing the hot metal silicon. The amount of

direct and indirect reduction will also impact the hot metal silicon[19,21].

The productivity of a furnace is dependent on the rate of coke gasification,
directly in front of the tuyeres. This rate is directly impacted by the coke charge rate,
coal charge rate, oxygen enrichment, and the thermal condition of the furnace. Furnace

productivity can be calculated as per Equation 2.6[19].
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Total Oxygen Flow
Cokerate + (A X Coal Rate) + (Si)

Production Rate = E X
2.6

E = Production rate and actual charge rate correction factor

A = Replacement ratio of coal

= 2C% + 2.5H% — 2H,0% — 86 + 0.94sh%

(Si) = Hot metal silicon content

As shown in equation 2.6, using less fuel such as coal and coke increases
productivity. An increased coal-to-coke ratio also increases productivity. Oxygen
enrichment and hot metal silicon reduction will also increase productivity. This
equation is good to use under stable furnace conditions. Coal injection has a cooling
effect on the raceway flame, allowing for further oxygen enrichment, thus increasing
productivity. Often when issues or instability in the blast furnace arise, there are more
factors to consider when controlling productivity and this equation cannot be relied

upon[19]. Respective zones discussed in this section can be identified in Figure 4.

Throat

Burden layers

Coke slits
Stack

Cohesive zone

Belly
Active coke zone
Dead Man Bosh
Raceway

Hearth
Taphole

Figure 4 Blast furnace cross-section with zones and items annotated[19]
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2.5 Metallurgical Coke

Coke is a strong carbonaceous material that is resistant to melting under high thermal
conditions. Coke making is considered by many, an art form that has taken the industry
years to master. It is silver/black in colour as per Figure 5. Due to the production
process and transportation, the size of coke can vary. Coke up to 25mm is considered
nut coke, this is fragments of coke broken away from the larger lumps of coke. Coke
larger than this size fraction is known as lump coke, this is prime coke for ironmaking.
Normally, a blend of nut and lump coke is added to the furnace to reduce waste from
the coke-making process. Material less than 5Smm is referred to as breeze, this is
typically transported directly to the sinter plant to be used as fuel in the sintering
process. However, issues arise when moisture is high in the coke, generally above 7%,
breeze material sticks to the lumps and nuts. As the material is top charged into the
furnace, the blast air, at this point running at 1m/s, blows breeze off the coke and into
the top gas stream[22].

To be suitable for blast furnace ironmaking, coke must have a degree of
permeability, to allow gas to permeate and travel through the furnace. It must be able
to withstand temperatures of more than 2000°C and must be able to maintain structural
integrity. Below the melting zone, coke must remain the only solid material present,
this provides support for the total blast furnace content weight above. The permeability
of the material allows both slag and iron to trickle through ready for tapping in the
hearth of the furnace[23]. Coke generates heat energy during combustion, this is
sufficient to allow for the melting of the predominately ferrous burden. As per the
Boudouard reactions, the generation of reducing gases for iron making, relies on the
oxygen from the blast, reacting with carbon in the coke. Iron produced in the blast
furnace contains carbon which is further processed at the BOS plant. Coke provides

carbon for the carburisation of the hot metal[19].
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Figure 5 Metallurgical coke for blast furnace ironmaking[19]

To produce metallurgical coke, a blend of coal is carbonised within an oven.
The oven is sealed to prevent air ingress and therefore prevent combustion. Coal is a
natural product, mainly carbon-based, and it is full of impurities. Coking is a
purification process, where volatile matter is driven off by heat, in the absence of
oxygen. The product is a crystalline carbon structure with <1% volatile matter
remaining. The coking cycle is a batch process that takes approximately 18 hours from
start to finish[12]. Potentially valuable by-products are formed in the coke-making
process. By-products such as gas and tar are extracted from the process and cleaned,
the gas is subsequently used to power other areas of the steel plant. The quality of this
gas is important and therefore a fine balance between coke and by-product quality is

helped by extensive research into raw materials and coke-making processes.

2.5.1 Coke Quality Requirements for Blast Furnace Ironmaking

To produce coke suitable for ironmaking, coal chemistry is vital. Coals are selected
based on rank and type of coal, bituminous coals are used to produce coke of superior
strength and reasonable reactivity, whilst maintaining viable cost-based manufacture.
Other considerations are oven removal, the degree of swelling is important, and the
pressure generated during coking. Following the process, Table 1 outlines the typical
coke chemistry required for a consistent and good-quality coke product[12,24].




Table 1 Typical analysis of metallurgical coke[19]

Typical Coke Analysis Analyte %

Fixed Carbon  87-92

Nitrogen 1.2-15

g

= Ash 8-11

c

<

% Sulphur 0.6-0.8

O
Volatile 0.2-0.5
Matter
Silica 52.0
Alumina 31.0
Iron 7.0
Lime 25

2

2 Potassium 1.8

g

< Magnesia 1.2

<
Sodium 0.7

Phosphorous 0.3

Manganese 0.1

Zinc <0.02

From a physical quality perspective, coke must be lump sized with a narrow
particle size distribution band. It should be resistant to breakage during transportation
and have abrasion resistance. Coke should also have a high resistance to chemical
attack, whilst maintaining good structural integrity post-attack[15].

2.5.2 Mechanisms for Coke Degradation in the Blast Furnace

During transportation, stabilisation occurs where particles that have sharp edges
abrade against hard surfaces and other lumps of coke. These edges are removed, and
coke breeze is formed. The remaining coke is strong, but the generated fines at this
point creates an environmental problem. Once the coke has passed the stock house
screens, any breeze remaining on the surface of the large coke lumps will be blown

into the top gas of the furnace[25].

Also, within the furnace, coke will undergo breakage and degradation. This has
a direct impact on flue dust levels within the top gas. There are several mechanisms of

breakdown as the coke descends the furnace. Within the charging zone, directly at the




top of the furnace, coke will abrade and break down mechanically, due to the fall from
the chute and the impact made as it lands. At the throat and stack layers, both coke and
ore are separate entities and here, drying occurs of the particles causing fines to move
into the top gas[26]. Recirculating elements such as zinc, sulphur, and alkali metals
are deposited on the burden during the descent. As the temperature increases within
the stack to over 900°C, oxidation of coke occurs. This phenomenon occurs as the
temperature continues to rise over 1000°C within this zone. Despite the effects of
gasification, the majority of coke degrades via mechanical abrasion. In the cohesive
zone, where particles begin to soften and deformation begins, particles begin to
agglomerate together. The reduced permeability due to agglomeration leads to the blast
gases moving through the coke layers. The effect of coke gasification increases within
this area of the furnace, the temperature is between 1000°C and 1300°C, therefore
reaction rates are much higher than in previous conditions. During this stage, the
contact between the materials within the furnace is much greater, therefore there is
further mechanical abrasion on the coke particles, causing further breakdown[27].

In the active coke zone, there is a bed of permeable coke, which allows for the
molten iron and slag to drip down through to the hearth of the furnace. Any remaining
iron oxides are reduced via the hot coke in this area of the furnace. Also, the carbon
content of the iron is increased at this stage due to the carburisation of the coke. The
coke in this part of the furnace is broken down via consumption within the iron. In the
raceway, where hot oxygen-enriched air is blasted through the coke in the zone,
particles move at a high velocity. Also, gasification occurs in coal, which is injected
via the tuyeres. The temperature in this zone is over 2000°C due to the exothermic
oxidation of coke. The high-velocity movement of particles ensures the coke degrades,
but the high temperatures and gasification of coal generates soot, which rises to the top
of the furnace and ultimately journeys to the top gas flue dust. At this point, the
consumption of coke is the highest[28]. Finally, the coke descends to the hearth, where
it is now referred to as the deadman structure. This structure allows molten iron and
slag to accumulate before tapping. The temperature is lower in this zone as it lies
underneath the reaction zones. Coke in this area can survive up to 60 days. Very little
degradation occurs here, the reactivity of the remaining coke is much less within this
area. Degradation does occur however, through consumption from the liquid iron,

generating a carburising reaction with the liquid iron being tapped[29].




To reduce and control the amount of degradation and breakdown, the quality
of the coke is measured before it is fed into the furnace. Measurements of cold strength
and reactivity are taken at the laboratory. The cold strength is a relatively simple
tumble test where coke is analysed for size distribution, and a known size distribution
of coke is tumbled in a Micum drum. This is resized, and the measure of coke
remaining over 40mm is given as an M40 value, this should be over 78% for the coke
to be suitable for iron making. Any coke under 10mm is also quoted as an M10 value,
this should be less than 7% of coke. This is a measure of abradability, whereas hot
strength is a measure of reactivity[30]. This test is referred to as the coke strength after
reaction (CSR) and coke reduction index (CRI). This test introduces 5 I/min CO2 to a
5009 coke sample in an Inconel vessel, after 1.5 hours the sample is cooled under N2
and tumbled in a tumbling rig. The degree of breakdown before tumbling and after is
measured, giving a result of CRI and CSR respectively. CRI should be <29%, which
is a measure of reducibility. The value for CSR should be >58%, this considers
material broken down before tumbling, and is deduced from the material which
remains above 9.52mm after tumbling. Providing these quality indicators are met, and
the chemistry of the coke is in line with expected values, there should be no issues with
early breakdown within the furnace, and because this testing is routine, any coke that
reaches the furnace has met the criteria. This information would provide more control

with flue dust in the top gas generation[19].

2.6 Coal Injection in the Blast Furnace

To produce iron viably, the cost of production should be reduced. Coke is a
very expensive commodity, the level of coke production at integrated steel plants often
demands that coke is imported from 3" party suppliers to maintain full operation. This
has an inevitable cost for the business. Coal is used as a fuel to replace prime
metallurgical coke, this has significant cost benefits to the process. 20kg of coke
replaced per tonne of hot metal produced can reduce the cost of iron manufacture by
£1000 per day based on extremely low coke prices[31]. Coke will never be fully
replaced within a blast furnace as it is required to act as a support for the descending
burden in the form of a deadman. However, reducing the consumption of coke has
both a cost impact and environmental impact due to the coke manufacturing
process[32]. Coal is injected through the tuyeres. In a total fuel consumption of

500kg/tHM, approximately 200kg/tHM is coal injected at the tuyeres. The injection of
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coal has an impact on the coke in the raceway zone. The conditions are more severe
due to the high-velocity plume of coal, which leads to coke degradation through
mechanical means and chemical attack from alkali metals within the coal. Despite this,
coal has an impact on reduction conditions within the furnace[33]. Coal injection will
increase hydrogen within the furnace in the temperature range of 800°C to 1100°C.
Hydrogen is effective when reducing iron oxides, hence reduction increases. Also, the
remaining unburnt soot from the plume is more reactive than coke, therefore this will
be used up preferentially to coke for direct reduction. Finally, the alkali metal attack
on the coke is reduced, this is beneficial for the coke that falls to the bottom of the
furnace since the chemical direct reduction on this coke is less, therefore the structural
integrity of the coke is better at the bottom of the furnace[15].

2.7 Stages of Coal Combustion in the Blast Furnace

Coal injected into the furnace undergoes combustion, this process is complex and is
both a chemical and physical transformation. As the temperature of the surrounding
condition increases, the evolution of the combustion of the particle of coal follows, as

shown in Figure 6[34].

lgnition/Oxidation of Char
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Gasification of Volatiles
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Temperature

Evaporation of Moisture
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Figure 6 The evolution of the combustion of a coal particle[34]

2.7.1 Evaporation of Moisture

Evaporation of moisture or drying begins as the particle first enters the blast furnace
through the tuyere. This process is limited by heat transfer and is influenced by the
temperature of the surrounding conditions, particle size, moisture content, and the
porosity of the coal. The blast temperature at the point the particle enters the furnace
is between 1100°C and 1250°C, this means that the coal can experience a heating rate
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of up to 10° K/s. This causes the inherent moisture in the coal to be lost almost
instantly. Coals will absorb moisture during storage and processing, and finely
granulated coals will absorb more moisture with increased surface area. The heat
within the furnace is transferred to the coal via convection and radiation. This causes
the transfer of moisture from within the particle, to the outer surface of the particle
before rapid evaporation of moisture occurs. This stage has no impact on the further
pyrolysis time, once the coal is dry, the further processes of evolution continue as
expected. The coal will start to lose moisture from 105°C. The heating rate at this stage
can impact the nature of the products of pyrolysis and the char produced. Moisture is
held predominately within channels of pores within the coal structure. The moisture of
the coal will depend on any previous processing if it has been heated it may have lost
some moisture already. Also, the humidity of the area it is stored or mined can

determine the moisture content[35].

Complete drying of coal does not occur under 300°C, therefore moisture is
predominately lost above this temperature. It appears that this stage is almost instant
due to the high temperatures experienced within this area. The transfer of heat to coal
particles is expressed using Equation 2.7. Due to the short residence time of coal within
the raceway, input coal particle size and moisture content must be controlled. This is
to ensure efficient drying of the particle before it exits the raceway, which leads to
increased burnout. The process of drying can be accelerated by increasing the hot blast
temperature and increasing oxygen to increase the effects of the endothermic
reactions[12].

_ KcAp [(T1/T2)]
Q= Rp

2.7
Where

Q = Heat Flow

Kc = Thermal Conductivity of the Coal

Ap = Surface Area of the Coal

T1 = Temperature of the Coal surface

T2 = Temperature of the centre of the Coal

Rp = Radius of the particle bound to the pore surface




2.7.2 Heating of Coal

Following drying, the coal will reach a pyrolysis temperature; the cycle of heating to
this temperature is referred to as the heating of coal. Here, the particle shrinks, and the
degree of shrinkage is determined by the original moisture and coal type. As the
moisture within the coal converts from liquid to steam, the overall volume increases.
If pores are not sufficiently large enough to allow for an increase in volume, pressure
Is created. This causes cracking and breakdown of the coal particle. Also, during the
heating of coal, any pores break down. The rate of heating affects the overall process
of devolatilisation with an increase in heating rate releasing more volatiles from the
coal. Devolatilisation is another name for this thermal decomposition process, where
large organic compounds within the coal, gasify and are released. The rate of heating
depends on the properties of the coal such as pore structure and particle size, as well
as the temperature within the combustion zone. Smaller particles are subjected to
heating rates, and with the high temperatures found at the raceway, coal can reach

ignition temperature within 10 milliseconds[34].

2.7.3 Gasification of Volatiles

Gasification of volatiles follows the drying process, non-condensable light gases, tar,
and char is given off the coal, and the tar gets converted to soot particles. Carboxyl,
hydroxyl, and aliphatic bonds are the first groups to be gasified, due to the weak bonds
to the carbon structure, these are broken at low temperatures. The bonds between the
carbon atoms within the coal are broken down at higher temperatures. During
devolatilisation, combustible gases are given off in the form of methane, hydrogen,
and carbon monoxide, when these combust, copious amounts of energy is produced to
further release volatiles. The rate at which devolatilisation occurs is governed by the
thermal rate of reaction, this can be influenced by particle size, heating rates, and coal

type[36].

2.7.4 Ignition/Oxidation of Volatiles

The next stage is the ignition/oxidation of volatiles. This occurs when the temperature
is sufficient to ignite the gasified volatile matter. This process is very rapid and can
occur within milliseconds. During devolatilisation, there are zones found within the
coal particle. There is a char zone, this is the material that remains after pyrolysis is

complete. Also, there is an active zone, here the material is undergoing pyrolysis. And
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finally, an unreacted internal zone, here the heat isn’t sufficient for pyrolysis, hence
the material remains unreacted until the conditions allow for pyrolysis. Ignition of
volatile matter occurs between 450°C and 500°C depending on coal type and particle
size. The difference between pulverised coal injection (PCI) and granulated coal
injection (GCI) would show in the ignition temperature. Pulverised coal injection is
finer than the product of granulated coal injection. Free radicals are released during
this process which reacts with oxygen within the furnace to produce, CO2 and H2O as
per Equations 2.8, 2.9, and 2.10[37].

Volatile (HC) & €O, + H,0 2.8
Volatile (HC) & CO + H,0 2.9
o + 1/,0, & co, 2.10

During the initial stages of pyrolysis, the weak bonds, mainly the C-H bonds
are the first to break down. There is an increase in aromatic hydrogen concentration,
due to the fragmentation. Depending on the size of the fragment, smaller fragments
will vaporise as tar. Following this, at higher temperatures, cross-linking reactions
occur to aid in the production of methane (CH4). If methane is not produced, the larger
fragments are likely to react with each other to produce large aromatic compounds,
these are difficult to vaporise and require higher temperatures to do so. During
devolatilisation, there is a softening and solidification of the coal itself. This is due to
gases being released, which changes the particle structure. The residue that remains is
described as a char. This char should have ignited in the raceway, if it has not, there is
a high chance that the char will exit the furnace in the top gas. In terms of oxidation,
the gas phase oxidation occurs away from the coal particle, due to the release of
volatile matter. During pyrolysis, as the reaction slows, the release of the volatile
matter becomes less, this brings the flame front closer to the coal particle. Once
pyrolysis is almost complete, the gas phase flame front is in contact with the coal
particle. This allows for oxygen to be in contact with the char surface and pores
allowing oxidation to commence. Oxidation occurs in the latter stages of pyrolysis
when the conditions are consistent. For this to occur, the volatile matter should be
released and ignited uniformly, if not oxygen is unable to reach the char surface in a

timely manner. This can mean that the char and volatile are pyrolyzed in parallel. This




is slower than the homogenous gas phase reaction and will allow for char to leave the

raceway without igniting or oxidising completely[38].

2.7.5 Ignition/Oxidation of Char

The final stage is the ignition/oxidation of the chars produced. This is a relatively slow
process, and completion of this stage is dependent on the residence time of the coal
within the furnace. The reaction begins with the carbon on the surface of the coal
particle oxidising to carbon monoxide (CO) or carbon dioxide (CO2). At lower
temperatures, the reaction favours the oxidation of carbon to COx. It is important to
note at higher temperatures, that carbon oxidises to CO at the surface, to allow for
further oxidation to CO2 away from the char. The process rate is controlled by the rate
of oxygen diffusion to the particle and the rate of reaction. At low temperatures, the
oxidation of char is controlled by the chemical reaction rate. At higher temperatures,
the rate of oxidation is controlled by the oxygen diffusion to the char surface. At
moderate temperatures, a combination of the two controls the rate of oxidation. The
rate of reaction and oxidation can be mapped out and predicted by global reaction or
intrinsic reactivity models. Global reaction models are based mainly on the activation
energy of the reaction; therefore, this creates a limitation on the accuracy of the
prediction due to the complex nature of the material in question. Intrinsic reactivity
models use the absolute reaction rate when analysing the reaction on the char surface.
The intrinsic reactivity models do not consider the effects of pores within the material

itself and can’t produce accurate predictions of oxidation[39].

During the combustion of char, fragmentation is likely, reducing the initial
particle mass and increasing the surface area of the char. This increases the rate of
reaction providing a false prediction of coal combustion. The reaction of the solid
residue char after the combustion of volatile matter is known as the post-flame zone.
The oxidation of char is the largest contributor to the heat released during combustion.
The rate at which the reaction occurs is dependent on the diffusivity of the oxidiser
within the furnace which can include oxygen, hydroxides, and carbon dioxides. Due
to the porosity of coal char, it has a very large surface area for the reactions to occur.
The temperature required to overcome the activation energy is high, and heat transfer
to the particle is required. The rate of heat transfer is expressed as a heat transfer
coefficient[12]. The rate of reaction is given in Equation 2.11.
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Ap mox 2.11

(1/Kf + 1/Kc)

RC =

Kc = Chemical Reaction Constant

Kf = Mass Transfer Constant

Ap = External surface area of the particle.

mox = Mass of the char

The reaction constant Kc can be expressed by using an

ef fectiveness factor and intrinsic chemical reaction rate constant

NiKsAsdp(p)
c = ————

6
.. 1 (1/Tan(3®) - 1/3 de)
= de
de = d_p KsAsp
6 De

Nni = Effectiveness factor

®e = Thiele Modulus

As = Surface Area of the particle
dp = Particle Diameter

p = Density of char

De = Effective Dif fusity

Ks = Radiation Coefficient of the Surface

When the Thiele modulus is less than 0.1, the reaction occurs within the particle
itself. When this number reaches over 5, the reaction takes place only near the surface.
This process is described as diffusion-limited combustion, due to the location of the
reaction being relative to Thiele’s modulus. In events of low temperature and small
particle size, the reaction kinetics of oxidation is important to control the char oxidative
kinetics. For small particles both diffusional and kinetic resistances are important. In
terms of a blast furnace, in the raceway, both char and coke are trying to diffuse with

oxygen. Both are competing for diffusion. The reaction mechanisms for both coal and
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coke are the same, however the reactivity changes, due to the difference in chemical

and physical structure[40].

To effectively predict the reaction rate, knowledge of oxidiser concentration
and reaction rate as a function of the char surface area is required. Different coals will
burnout differently under the same conditions due to differences in the structure of the
char residue produced. The resistance to diffusion due to the large surface area within
the porous structure can be different due to variations within the pore structure from
coal to coal. The porous structure creates a large surface area within the coal particle;
however, the pore channels are small, which creates a natural resistance to diffusion.
Effective diffusivity within the porous char particles is further reduced by the volume
fraction of voids in the particle. Another factor is the fragmentation of char, this can
reduce initial particle mass by up to 30%, and this influences char reactivity and ash
formation[41]. The fragmentation increases the total external particle surface area,
which increases the rate of reaction. With fragmentation and changes in particle
structure during combustion, the reaction rate will fluctuate. Initially, when pores grow
and surface area increases, the reaction rate increases. When pores collapse due to
fragmentation, the surface area decreases, and the reaction rate decreases. The
importance of particle size can be seen in the overall coal burnout. Burnout is better
for the smaller particle size of pulverised coal injection, as opposed to worse burnout
in granulated coal injection processes. The difference is due to the difference in surface
area to mass ratio. Despite being described as a separate reaction, the oxidation of char
is coincidental with the devolatilisation and combustion of volatile phases of the

reaction[41].

2.8 Optimising Coal Burnout in the Raceway

Coal burnout potential has been a heavily researched field and it is thought the
understanding of coal burnout and coal properties relates to the usefulness of the

material as a blast furnace injectant.

2.8.1 Coal Properties for Injection

Coals and other materials such as biomass or polymers are typically blended for use
as an injectant into the furnace, at the GCI plant[43]. The properties of an injectant are
important to ensure that the desired effect on the furnace is realised. The injectant is

required to combust in the raceway, providing the heat and carbon required for the
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Boudouard reactions for iron reduction, whilst fully gasifying, reducing the impact on

the dust generated by the process[44].

Coals selected for injection are normally anthracitic high-rank coal or
bituminous medium-ranked coals as per Figure 7[45]. The high fixed carbon within
these types of coal provides the carbon for reaction with oxygen to form CO, and CO
for the reduction of iron ore to iron[33]. Injection coal properties are usually controlled
through the blending of various coal types to achieve the desired criteria such as cost,
slag formation, volatile matter and ash constituents which has been discussed further
using the work of Shan Wen Du et al. in section 2.8.3 of the literature review. The
ability for coal to fully gasify within the raceway is critical to coal originating carbon
reaching the dust. When conditions for complete gasification are not favourable, there
will be a net gain in dust produced by the process, which is an undesired effect[46].
Although coal type and properties are not a lone influence on coal combustibility in

the raceway, the correct blend quality certainly contributes to this.

Figure 7 Coal rank system[45]

2.8.2 Coal in the Blast Furnace Raceway

The raceway is a section of the furnace around 0.5m and 1.5m long at the bottom of
the furnace, where the hot air and coal enter, this is confirmed in the raceway
measurements carried out in the Charfoco report[49]. Here the conditions are most
favourable for coal combustion, with temperatures in excess of 2200°C and the
atmosphere enriched with oxygen[47]. It is unlikely that char or coal leaving this
section of the furnace will combust further on the journey to the top of the furnace,
because the temperatures and gas conditions become less favourable with depleting

oxygen conditions and lower temperatures when ascending the furnace. With
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increased moisture of the coal or, larger particle size and lower coal reactivity it is less
likely that the five key stages of combustion outlined in section 2.7 will be complete,
causing the coal to form a char instead of a gas[48]. A work package within the
Charfoco report aimed to optimise measurement methods for monitoring the raceway,
including depth, gas composition, and temperature. Mathematical modeling was used
to position instruments and different techniques were piloted. Furnace trials at Port
Talbot showed that raceway temperatures increased with decreased coal injection rates
and alkali metal concentrations varied with injection rates. Raceway measurement
during two campaigns revealed two detectable size levels, and larger tuyere diameters
produced longer, higher-level raceways. Laser and radar sensors were planned for
continuous implementation to evaluate operational conditions and their impact on flue
dust. Lowering injection rates resulted in increased temperature, thus suggesting a

theory that coal injection has a cooling effect on the flame front[49].

2.8.3 Experimental Coal Burnout Studies

The drop tube furnace (DTF) has been used extensively as a research tool for coal
burnout as it recreates the high temperatures and short residence times of the raceway.
Work by Tiwari et al., Shan Wen Du et al., Thong et al. and Steer et al. has all been
conducted using variations of a DTF as similar to the one used by Shan Wen Du et al.

that is depicted in Figure 8[50].
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Figure 8 Drop tube furnace set up[50]

Tiwari et al. used the drop tube furnace to compare experimental data for coal
burnout potential with actual burnout in the DTF, the coal for the experiment was
initially dried at 110°C in an air atmosphere, in a drying oven. The material was fed
through a vibratory feeder at a rate of 1.5kg/hr. The combustor was set at 1000°C. The
oxygen levels varied depending on the test, these levels were 21%, 25%, and 31%[51].
Tiwari et al. derived a prediction model which was aimed at calculating burnout
potential of a coal based on its physical properties, the CBP model is represented
mathematically as per Equation 2.12[51].
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r—s—t—u 2.12
CBP of Coal = ————
v+w-—x

where

r =500 X (%C + (2.1 X Ash) + (2 x IM) + VM)
s=5X%X (%C+VM) x (IM+ (1.1 x Ash))

t =5 x (IM? 4+ (1.1 x Ash?) + (2.1 x Ash x IM))
u=5 x 10*

v =500 X %H

w= (M x Ash) X 0

x=100 X H

IM = Inherent moisture

VM = Volatile matter

%C = Elemental carbon %

%H = Elemental hydrogen %

0 = Elemental oxygen %

Hence
CBP of Coal Blend = Z(CBP of Coal X W)

Where

Wi, = Proportion of individual coal

For each coal type and blend, Tiwari et al. reports a positive correlation
between CBP and calculated burnout at the various oxygen concentrations. The graphs
as per Figure 9, show that as the calculated CBP of the coal blend increases, the degree

of burnout also increases[51].
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Figure 9 Effect of CBP on burnout[51]

The paper surmises that the CBP of an individual coal and coal blend can be
used to estimate the degree of burnout. It also shows that burnout efficiency increases
with increased oxygen concentration. The paper is a forward step in estimating burnout

efficiency based on the measured properties of the coal[51].

A paper outlining a technique to predict coal conversion behaviour in the blast
furnace was written by Thong et al. [52]. Thong et al. derived a five stage model for
predicting coal burnout based on the physical and chemical properties of the coal. This
paper considers more properties than the work of Tiwari et al. The first parameter was
the chemical parameter, this was based on the volatile matter and fixed carbon values.
Parameter 1 (P1) was derived using Equation 2.13. Thong explains that volatile matter
leaks from coal and ignites at lower temperatures than carbon, leaving the residue with
an increased surface area. This accelerates the conversion process. Fixed carbon

supplies carbon for oxidation, to produce the gas for the reduction process in the blast

furnace.
C .
P1 — fix ,
VM 13

Crix = Fixed carbon content

VM = Volatile matter content

The second parameter is the petrographic parameter (P2). This focuses on the
detection and quantification of macerals within the sample. Macerals within coal can
often differentiate between otherwise chemically similar coals. Thong’s technique

incorporates the main three maceral groups, liptinite, vitrinite, and inertinite. Liptinite
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lends itself to high conversion due to the increase in hydrogen, this is accounted for in
Equation 2.14[52].

L + V/RZ 2.14
2= Tz

L = Liptinite content
R = Vitrinite reflection degree
V = Vitrinite content
I = Inertinite content
The third parameter is the physical parameter (P3). Thong et al. describe one
of the most influencing physical characteristics as being microstructure. The influence
on conversion is driven by specific surface area. As described previously, the BET
process was used to analyse the specific surface area. Image analysis of a 100x

magnified image of the pulverised raw coals was carried out to determine the porosity

in terms of density. Equation 2.15 combines the two equations, into a single

equation[52].
_ P
Py = A_s 2.15

P = Porosity based microscopy of coal's cross section
A; = Specific surface area

Parameter four (P4) is the kinetic parameter. Thong suggests that coal
conversion occurs in the raceway during the 30-50ms residence time. Activation
energy is deemed important as this is the barrier required to be overcome before the
reaction occurs, in such a tight time frame. High activation energy coals would require
longer residence times, hence lower conversion. The activation energy was determined
using a Tammann furnace setup, similar to a TGA the mass loss is calculated while
under different isothermal conditions, the exact details of which were not disclosed.

Parameter four is simply quoted as activation energy as per Equation 2.16[52].

P, = E, 2.16

E, = Activation energy (k] /mole)
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The final parameter (Ps) is an external parameter. For the combustion of coal
and conversion, oxygen is required. Thong et al. outline that their previous research
has confirmed the influence of the O/C atomic ratio on the conversion degree. If this
ratio is <1, he confirms that only pyrolysis and gasification occur. Complete
combustion occurs in coals with a ratio of >2. Parameter five accounts for this ratio

using the amount of atomic carbon and oxygen particles in Equation 2.17[52].

Ps == 217
0 = Amount of atomic oxygen particles
C = Amount of atomic carbon particles

neir IS a value of conversion in terms of percentage as measured from the BIR.

Ntheor IS @ theoretical value based on the five parameters outlined previously.

2.18

ntheor:ax(Pl)z_bx(P1)2+CX(P2)2+ +fXP4

(P3)°

Ntheor = Calculated conversion degree

a — h = Constant coef ficient

[52]The difference between the calculated conversion degree and the
experimental can be seen in Figure 10. There is a good correlation that can be observed.
This paper outlines that it is possible to predict the outcome of coal in a raceway based
on analysis. One concern surrounding this topic is the relatively small dataset analysed.
With a vast variety of PCI and GCI coals available for purchase and the great ranges

in properties, this is a relatively small dataset[52].
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Figure 10 Comparison of conversion degrees[52]

Shan-Wen Du et al., also investigated the pulverised coal burnout in the blast
furnace, simulated by a DTF[50]. Binary blends were tested under DTF conditions, to
simulate the conditions when injecting fuel coal into the blast furnace. It was outlined

that blends of coal are used to reduce the cost of PCI operations [50].

The fuel ratio which was the equivalent of volatile matter to fixed carbon ratio,
was used to compare against the burnout of the coal. The initial findings as per Figure
11 show good repeatability of the experiment and a direct correlation between burnout
and fuel ratio when analysing material from 100-200 mesh with the exception of coals
A and C. Fuel ratio is outlined in Figure 11. The difference was suggested by Shan-
Wen Du et al., to be attributed to the maceral and mineral content within the coal. Coal
A as opposed to B has high vitrinite and lower inertinite concentrations. Vitrinite is
more reactive than inertinite or liptinite hence the low concentration of vitrinite can be
attributed to low burnout[50].
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According to Figure 12, the experimental work also shows that with an increase
In reaction temperature, there was an increase in subsequent burnout. The effect of
temperature is more profound in coals with a higher fuel ratio, than those with a low
fuel ratio such as Coal I. It is stated that an increase in blast temperature would promote
less unburnt char, ascending the furnace and exiting in the flue dust[50].
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Figure 12 Effects of temperature on burnout[50]

Also investigated was the effect of particle size. As coal particle size decreases,
the degree of burnout increases. This effect can be attributed to the increase in reaction
surface. The effect is witnessed in the difference between granulated coal injection and
pulverised coal injection. There is an improvement seen with pulverised coal injection
due to the increase in reaction surface. The improvements witnessed are often offset
by the cost of pulverisation, as opposed to granulation. The effects are depicted in
Figure 13[50].
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The final series of experiments was the effect of blending coals with higher and
lower fuel ratios. The reaction temperature was maintained at 1200°C, and the particle
size was tightly controlled at 100-200 mesh, to negate the effects of these individual
parameters. As per Figure 14, the burnout behaviour of blended coals can be predicted
linearly, based on the burnout behaviour of the individual coals within the blends[50]
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Figure 14 Effect of blending ratio on burnout[50]

Steer et al. used the DTF to evaluate the effect of particle grinding on coal

burnout. The burnout analyses carried out in this series of experiments, concluded that

with increasing volatile and residence time, burnout increases. A note to mention, as
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per Figure 15, some of the larger particle sizes had higher burnouts than the smaller
ones. It was indicated that additional grinding could be detrimental to the burnout of
the smaller-size fractions. It was also observed that at low residence times, the
additional grinding required to produce the smaller size fractions, had a negligible
impact on burnout on the low volatile coals. The differences seen can have an
important implication for the processing of coal. The results indicate that some coal

types do not need to be processed as much as others, this could result in a cost-

saving[54].
100 - (a) -
90 ) (b)
80+
80
—_ 70+
x el - 701
< 60
§ — 2 60+
50 ;
£ g o I
3 E 4
3 —_
30 1V <500m @ L] £V2.<500um
——
204 tV1-<106pm 204 Lv2<1mm
10 g L V1 <Tmm 104 EV2i<106)m
0+ T T T d 0 T T T 1
0 200 400 600 800 200 400 600 800
Residence time (ms) Residence time (ms)
100 100 -
%1 (©) 0] (d)
80 1 804
~ 70 _ 70
9: 60 4 é 60 4
% 5o 2 sof
£ MV <106um
5 40 5 40
~—#—LV3 <500pm a
30 4 30 == MV <500um
5 LV3 <106pm 55
~4—LV3 <1imm —4—=MV<imm
10 4 10 4
0 T T T ] 0 T T T "
0 200 400 600 800 200 400 600 800

Residence time (ms)

Residence time (ms)

8

~8—HV <500pm

Burnout (%)

=4—=HV <imm

90 4
80
: //

HV <106um

Residence time (ms)

Figure 15 The effects of residence times on burnout with various coals at <106um, <500um and
<lmm a) LV1 series b) LV2 series ¢) LV3 series d) MV series e) HV series [54]

An observation made during the analysis was that the chars produced, all
seemed to have different physical sizes and shapes, depending on the size and coal
type used to produce the char. Larger coal PSD’s tended to fragment, whereas smaller
coal PSD’s tended to swell when char was produced, as shown in Figure 16. It can be
seen that for the larger coal PSD, high volatile (HV) and LV1 and LV2 coals
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fragmented the most LV in this case refers to low volatile content coals. The mid
volatile (MV) coals changed little at 35 ms but for the <106-micron classification, MV
and HV samples had the larger swelling. The degree of swelling, according to Steer et
al. is important; the increased porosity and open network of a swollen char allows for
increased gas diffusion. A fragmented char would have increased surface area, with a
fractured internal surface that could have different surface chemistry. Despite the
effect of fragmentation and swelling being rather profound, there was no correlation
between these effects and overall burnout. It does however explain why burnout of
larger particle classifications does not differ as significantly from the smaller particle
classification as expected[54].
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Figure 16 The difference in DV90 of particles[54]

Steer et al., investigated the theory that minerals within coal can impact the
combustion and gasification of the coal. Powder X-Ray Diffraction (XRD) analysis
was carried out on the char obtained from the DTF to quantify the presence of such
mineral phases. The increased levels of mullite and cristobalite in LV2, LV3 and HV
coals of larger size and longer residence times can be attributed to better burnout.
These minerals have been shown to improve the rate of combustion. Also, the changes
in illite present with the changing particle size and residence times, suggest that it
converts to another phase or forms a non-crystalline, amorphous phase more readily

in <500-micron particle-size coals. Potassium within the illite has been shown to
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improve combustion in coal, this could illustrate the improvements in these coals for
burnout[55].

Further techniques were used to understand the effects of grinding on the
surface chemistry of the coal using the XPS technique. The spectra for the chars
obtained after a residence time within the DTF of 700 ms had greater peak asymmetry
and peak shoulders in the higher binding energy region. This was associated with more
carbon-oxygen bonding. The spectra indicate that grinding, changes the surface
chemistry, either by reducing the number of reactive functional groups, or the physical
effects with different particle sizes[54].

Finally, Steer et al. also investigated the surface chemistry using the Carbon
Auger Electron Spectroscopy technique. This technique involves the use of an electron
beam to excite the electronic states of near-surface atoms. When the atoms decay from
the excited state, auger electrons are emitted. The results in Table 2 showed the
dominant bonding within the chars was SP3. When grinding the coals to a smaller
particle size, there was a reduction in SP2, this gave a much-improved burnout profile
for LV1 coal compared to grinding the other coals. Also, the chars from LV1 have
higher SP2 bond character, this increase suggests thermal structural ordering of the
carbons related to the SP2 bonding. Which has been linked to reductions in char
reactivity. The smaller particle size classes of each coal had lower SP2 character
compared to the larger classes, and higher char burnout at low residence time. This
trend was also reflected with HV, LV2 and LV1 coals. On the contrary, the results
indicated no direct correlation between the SP2 for each of the coals and burnout. This
suggests that other variables such as swelling, fragmentation, and surface oxygen

bonding are likely to play the dominant role in the reactivity of the coals[54].
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Table 2 XPS carbon auger[54]

¥PS Carbon Auger (Ciar ) D parameter and sp* bonding character of coal samples.

D{eV) % sp* (absolute)

Graphite” 25 -
Diamond’ 143 -
V1 106 pm 142 0.0
V1 500 pm 151 B2
V1 10030 pm 168.5 28
V2 106 pm 142 0.0
V2 500 pm 146 35
V2 1000 pm 15.2 a0
HY 106 pm 144 i3
Hv 500 pm 142 0.0
HY 1000 pm 144 i3

* Lascovich et al. |55]

Charfoco was a collaborative report written for the European Commission
research fund for coal and steel included inputs from Tata Steel, Aachen University,
ArcelorMittal and the ASBL centre of metallurgical research. The report summarises
a series of testing packages carried out at these establishments to understand some of
the reasons for varying coal levels in the flue dust. The report applies knowledge of
the coal evolution cycle to real-life scenarios and explains the effects of varying

conditions on the combustion and consumption of coal in the raceway[49].

The first of the work packages investigated coal conversion, char production,
characterisation and the interaction with coke and iron ore reduction conditions. The
conversion was investigated using two different sample types, the first was PCI
(Particle size 90-125 pm) and the second GCI (50% < 250 pm, 100% <1000 pm).
However, four coals were used overall for this trial fitting within the two sample types.
The results showed that the conversion degree of PC coals was higher than GC coals
under the same conditions simulating the first part of the raceway. This was expected
due to the increased surface area for reaction. The chemistry of the coals influenced
coal conversion, particularly the volatile matter content, low volatile appeared
favourable for conversion. Also investigated were micro-structure, ash content and
specific surface area although these had less of an impact on conversion. It appeared
that char experiencing low conversion could be characterised by numerous dense
particles in the microstructure which did not undergo reaction. The reactivity of coal

seemed dependent on volatile matter and the reactivity of char was dependent on the
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surface area[49]. As part of the report, Oxygen enrichment was investigated at
CanmetEnergy, it was observed that increased oxygen content showed no significant
effect on the conversion degree. The overall conclusion for the conversion trials was
that complete conversion could not be reached under high injection rate conditions
[49].

Wing et al. explored a study of PCI coals in a new injection rig at
CanmetEnergy as per Figure 17. The coals were injected into the bench-scale coal
injection facility where the Air is preheated and maintained at 1350°C through the
reactor. The carrier gas used to maintain an inert atmosphere is N2. The coal following
combustion exits the reactor and is cooled by water at the quench stations. The final
residue is filtered and dried before analysis [55].
Ell%:::gﬂ]{ { \
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Figure 17 New injection rig and facility in Ottawa[55]

The combustibility of the coals was measured and calculated, and the results
for 21% O> atmosphere show a heavy reliance of parent coal volatile matter on the
degree of burnout. As expected, high volatile coals displayed a high degree of burnout.
When changing the oxygen atmosphere percentage, there is a similar trend as per
Figure 18[55].
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Figure 18 Burnout at varying oxygen atmospheres[55]

Wing et al. discuss that the increase of volatile matter allows for a greater
amount of rapid gas evolution, within the coal particle. Cenospheres form within the
particle which will not only combust readily but provide extra surface area.
Cenospheres are characterised as low-density, irregular porous structures that are
created as a by-product of the coal combustion process and are predominantly
comprised of non-metallic materials and minerals, and most importantly, char[56].
When coal volatile decreases, exinite and liptinite levels within coal decrease, and the
remaining vitrinite will convert into a coke-like structure rather than forming
cenospheres. These coke structures are less combustible than cenospheres, based on

the surface area[55].

Dry ash-free carbon forms (DAF) were analysed. It was found that the amount
of char within the carbonaceous material decreases with the increase in oxygen. The
variation of coke in the sample is much smaller for many of the coals. Wing et al.,
suggest that the information displayed in Figure 19 and Figure 20, means that with an
increase in oxygen level, more char is consumed in the raceway. Also, low-volatile
coals produce larger amounts of coke during combustion due to differences in

petrographic components such as exinite/liptinite and vitrinite[55].
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Figure 20 DAF values at varying oxygen levels for the different coal types[55]

The BET analysis as per Figure 21 shows that low volatile coals show lower
surface area in comparison to other coals at all O levels. Coal A had the only variation
in surface area with varying oxygen enrichment conditions. There is no conclusive
relationship. However, when Barrett-Joyner-Halenda’s (BJH) analysis was carried out
for cumulative micropore area, it was discovered that low volatile coals had decreased
micropore area. Similar to BET analysis, BJH used the data from an N2 adsorption test,
accounting for the volume of adsorbate relating to pressure, a mesopore distribution
can be calculated. BJH is more comprehensive than BET as it accounts for both macro
and micro pores within a solid structure. This may show that low-volatile material is
less reactive than high-volatile coals. However, Wing et al. suggest that before this
conclusion can be drawn, further work must be carried out to test the hypothesis[55].
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Figure 21 BET surface area analysis at varying oxygen levels[55]

2.9 Coal Char Formation, Reactivity and
Transportation in the Blast Furnace

Despite optimisation of coal injection, the work using DTF experimental rigs outlined
in section 2.8.3 shows that char generation is inevitable. This solid char is likely to be
carried over and transported to the dust and hence work by Pohlmann et al., Sima-Ella
and the Charfoco Report has been aimed at understanding what happens to the char in

the blast furnace after it has been produced.

2.9.1 Coal Char Formation

Pohlmann et al. investigated the reactivity to CO2 of chars prepared in O2/N; and
02/CO2 mixtures for PCI in a blast furnace relating to char petrographic
characteristics[57]. The chars produced were produced using a DTF with the varying
gas mixtures. An important consideration during the preparation of the materials in
this work showed that grinding coal using a swing/ring mill generates heat, if this

technique is used in future work it may contribute to a loss of moisture[57].

According to Pohlmann et al., the injection of coal in a low oxygen atmosphere,
<2.5% O2 in an N2 atmosphere, produces devolatilisation without significant
combustion. At 10% O2, burnout can be of the order of 60-90%, based on the
mechanisms of conventional combustion and oxy-combustion atmospheres. The
introduction of CO2 was an attempt to recreate conditions higher up in the furnace.
Burnout was calculated using Equation 2.19, this is based on the assumption that ash
in the material did not transform any further than during the standard 1SO ash
test[53,57].
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The resultant chars were analysed using an optical microscope and examined
using incident polarized light using a lambda retarder plate. The Brunauer-Emmett-
Teller (BET) test was carried out coincidentally with Dubinin-Radushkevich testing to
calculate the surface area. These two methods complimented each other, the CO>
doesn’t fill large pores well from the Dubinin-Radushkevich test and the N2 from the
BET has a slow diffusion rate. The resultant chars were tested also for reactivity to
COo, at high temperatures. The analysis was carried out thermogravimetrically, where
an 8mg sample of char was heated to 1000°C under an N flow of 60ml min* at a
heating rate of 30°C min™’. The reactant gas was changed to CO; and the flow rate and
temperature were maintained until there was no further weight loss. These weights
were considered using Equation 2.20, where m, is the initial sample weight and m is

the instantaneous sample weight[57].

m, —m
x=( 2 )X100 2.20

me

The formula for apparent reactivity at Rsoy on an ash-free basis was calculated
using Equation 2.21[57].

Rsgo, = i(d_m) 2.21
’ my dt 50%

An estimate of the intrinsic reactivity of the carbonaceous material within the
char, once the effect of surface area has been subtracted, is given by the apparent
reactivity, divided by the surface area. According to Pohlmann et al., the morphology
of the chars generated using the O2/CO> and O2/N. conditions, were identical. The
particles with high concentrations of vitrinite generated cenospheres with incipient
anisotropic optical texture. This was found in the high volatile bituminous coal. Also,

small anisotropic domains in the mid-volatile bituminous coal and well-developed
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anisotropic domains in the low-volatile bituminous coals were observed. These can be
seen in Figure 22, where a and b refer to the high-volatile bituminous coals, ¢ and d
are the mid-volatile bituminous coals, and e and f are the low-volatile bituminous
coals[57].

Figure 22 Optical microscopy of the char material a) High volatile bituminous coal high
magnification b) High volatile bituminous coal low magnification ¢) Mid volatile bituminous
coal high magnification d) Mid volatile bituminous coal low magnification €) Low volatile

bituminous coal high magnification f) Low volatile bituminous coal magnification [57]

The COz reactivity measurements showed that an increase in burnout in the
material results in an increase in apparent reactivity with CO>. This was attributed to
the increase in the surface area within the pores of the char. The drop in intrinsic
reactivity of extensively burned chars was attributed to the consumption of reactive
material remaining in the char due to the thermal history of the char. The apparent
reactivity to air measured at low temperatures allowed for more time for diffusion
throughout the porosity within the char. This allowed for more diffusion to occur. The
combustion pattern would mean that chars devolatilised in a moderate oxygen
environment would combust first, according to this research. This was attributed to the
increased surface area measured by N of the char as opposed to the two-step produced
chars. Pohlmann et al. indicated that these coal chars would react similarly in the blast

furnace stack[57].
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2.9.2 Coal Char Reactivity

Work by Sima-Ella looked at simple kinetic analysis to determine the intrinsic
reactivity of coal chars. A TGA was used to gather kinetic data, allowing the author to
estimate values of Arrhenius activation energy and pre-exponential factors[58]. Sima-
Ella believes that the kinetic information of coal chars can allow for an improvement
in process performance predictions and stresses the importance of the accuracy of the
predictions. It was explained that reactivity is characterised by the rate constant k
which can be factored into the activation energy E and a pre-exponential factor A via
the Arrhenius equation in Equation 2.22. T is the absolute temperature and R=8.314 x
10°3kj Kt mol? is the gas constant. It was suggested that activation energy is the
dominant factor in the reactivity equation. This impacts the temperature sensitivity of
the reaction rate. The pre-exponential factor is relative to the material structure. Based
on this information, it was stated that char reactivity can be sufficiently characterised
by activation energy alone[58].

E 2.22
k(T) = Aexp (- 20)

The material that was analysed was BPL (Calgon), a steam-activated carbon,
derived from bituminous coal. Analysis of the material can be seen as per Table 3. The
activated carbon was subjected to an N, atmosphere with a flow rate of 16.7 ml min?
and heated at 10°C min to 400°C to initiate oxidation, held at temperature for 15
minutes. After this process, dry air (20% O) was introduced to the sample. Non-
isothermal runs of different rates from 20-600°C were carried out. Rates included 5,
10, 15, 20, 30 and 50°C minL. Isothermal runs were carried out at 475, 500, 525, 550
and 575°C. Isothermal runs are where the temperature is held for a predetermined
time[58].

Table 3 Properties of BPL - activated carbon[58]

Properties of BPL-activated carbon

Moisture wt% 2
Ash Content wt%o 8
Fixed Carbon wt% 90
BET Surface area m?/g 1, 004
Particle Size mm (max) 4
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As per Table 4, the reactivity increases with increasing temperature, which is

as expected[58].
Table 4 Reactivity values for isothermal oxidation[58]
Reactivity values for isothermal oxidation of BPL in air

Temperature (°C) Reactivity, k (s x 10)
475 3.834
500 6.416
525 15.578
550 25.259
575 34.224

Of the data in Figure 23, linear regression analysis was carried out, and
obtained were values of E= 123.3 +- 10.9kj mol™ and In(A/s) = 9.72 +- 1.65. The non-
isothermal analysis estimated values of E and A using Doyle and Coats-Redfern
approximations for a given heating rate. These were selected for the relative simplicity
of the values in the thermal analysis field. Doyle’s approximation of the function of x
is derived from observing a linear relationship between Inp(x) and x. Values of A and
E can be estimated from values of the intercept of a plot of In[In(1-a)] against 1/T.
Where a is equal to the fractional weight conversion, or ultimately the oxidation.
Coats-Redfern says that A and E can be estimated from the intercept and slope of a
plot of In[- In(1-a)/T?] and 1/T[58].

The information from the non-isothermal TGA tests and concluded that a
heating rate of 25°C min™* for Doyle’s approximation. 17°C min™ was the optimum
heating rate for the Coats-Redfern approximations. The values of E and A were
calculated using the approximations and yielded values of E= 129.4 + 0.9kj mol™* and
In(A/s™) = 10.34 +- 0.05. Which tied in well with the isothermal tests carried out on
the TGA. Overall, the paper outlined a good approach to kinetic analysis. It was
summarised by recommending a non-isothermal test, using the Coats-Redfern method
for predicting values of E and A. Based on the relative simplicity and error confidence
level, this is the preferred method, there is also an improvement in time. Non-

isothermal tests are faster than isothermal tests[58].
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Figure 23 Reactivity parameters A and E, isothermal method[58]

2.9.3 Effects of Char in the Blast Furnace

Within the Charfoco report the effect of coal char on its ascent to the top of the blast
furnace was examined. A work package was completed to determine what impact the
coal char had on the descending burden[49]. The report investigates the influence of
char on coke, pellets, sinter reaction and softening behaviour in the raceway. A direct
observation made was that the activation energy of coke significantly impacted the
presence of char. A blast furnace simulation test named as Hoogovens Simulation
(HOSIM) was carried out to simulate the stack zone of the furnace. This was carried
out to investigate pellet swelling behaviour in the presence of char. The cohesive zone
of the furnace was simulated with isothermal reduction followed by softening under
high temperatures. It was observed that char influenced the reduction behaviour by
limiting gas flow into the porous sinter structure. The reduction time increased as the
reaction was slowed. The effect appeared higher at higher temperatures in the stack
zone simulations. In the cohesive zone simulations, the reduction was enhanced in the
presence of char. Here temperatures are higher which would increase char
consumption. It was observed that sinter had a higher reduction degree, and this could
be explained by char preferentially remaining within the macro-pores of the
structure[49].
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The swelling behaviour of pellets was evaluated at 900°C and 1050°C,
observations were made that char-coated pellets were less prone to swelling in the
furnace. This could be explained by the char acting as a passivating layer on the surface
to prevent swelling, or the Boudouard reaction on the surface would generate the CO>
from ore reduction which led to observations of higher metallic Fe content measured
in the pellets. Softening behaviour was tested in the absence of reducing gas. Reduction
time decreased during softening in an inert atmosphere under load with the presence
of char. Again, this shorter reduction time was attributed to the Boudouard reaction,
the presence of char between pellet boundaries allows for higher gas permeability and
prevents any intergrowth of pellets. Higher bed shrinkage was observed in pellets
coated with char, this was due to the ability of char to maintain narrow channels along
pellet boundaries, thus mitigating the loss of initial inter-pellet voids experienced at
higher temperatures. At lower reduction temperatures, where char gasification was not
viable, the char forms a physical barrier to gas flow, limiting gas diffusion. At higher
temperatures, a Boudouard reaction between the char and CO» from iron ore reduction

enhanced the reduction degree significantly[49].

The final work package of the Charfoco report consisted of applying the
different measurements techniques into a model, titled the Model for Gas Reduction
and Ore Reduction (MOGADOR). The higher reactivity of coal char, compared to
coke was accounted for and the impact of char on the softening and melting
characteristics of the burden materials. This model was used to simulate two
complementary approaches, the first was the stick-on burden. This approach considers
both coke and char together and modified coke reactivity. The model changed the
constant of equilibrium in the Boudouard reaction from coke to coke and char. The
simulations showed that with coke and char, equilibrium in the cohesive zone was
positioned higher in the furnace, char being more reactive than coke, meant that it
would gasify earlier in the process. The second approach is the transport by gas, this
considered char particles separately, replacing the theoretical calculation of Boudouard
kinetics with data from the first work package to simulate the consumption of char by
the Boudouard reaction. In the modified coke reactivity case, the reactions took place
within a larger area which impacted the shape of the cohesive zone. The calculations
and simulations showed under normal injection rates of 240 kg/tHM of PCI, around

50% of coal left the raceway as char[49].
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Overall, this report is useful to the work as it explains what happens to the coal
and char as these materials travel through varying furnace conditions. It explains why
char and coal can be seen in the blast furnace dust.

2.10 Analysis of Blast Furnace Dust

To investigate the effects of coal properties on top gas carbon, it is important to
understand the constituents of the top gas. Previous studies have investigated the
phenomena using various techniques, isolation of different reactivities using

thermogravimetric analysis, and microscopy.

2.10.10rigin of Blast Furnace Dust

Flue dust is defined as the solid residue found within the blast furnace top gas; it is a
revert material that is reused in the sintering process. Flue dust is ultimately a by-
product of the ironmaking process, with little value for resale, hence it is used as a
revert in the sinter plant to produce a ferrous-rich agglomerate. The material is a
combination of the various raw materials that enter the furnace, at different stages of
combustion. The typical chemistry includes a mixture of carbon, ferrous oxides, ZnO,
SiO2, MgO, Al>Ogz, and other minor element oxides. It is important to ensure the
material does not enter landfill or is emitted to the atmosphere and is recycled or reused
due to high carbon content. It can be dangerous to landfill as it contains toxic elements
such as zinc, cadmium, chromium, and arsenic, which have been concentrated from
the raw materials during the blast furnace process. There are undesirable alkaline
metals present which prevent direct recycling of the material in many cases, the
presence of zinc and alkaline metals would cause issues with the furnace's refractory

life if it was recycled in the furnace[42].

The top-loaded materials such as ore, flux, and coke generate dust during
drying, this dust is usually part of the flue dust. The unburnt char from coal injection
is the other primary constituent. The complexity of flue dust can vary significantly
based on the operating conditions of the furnace. This makes analysis particularly
difficult, parameters such as O rate and productivity are hypothesised to influence the
constituents of the flue dust itself[59].

Work by Xiao et al. informs how blast furnace dust is generated. Everyday, a

substantial quantity of blast furnace dust is produced as waste or by-product in the iron
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and steel industries. The reducing gas produced by coke moves from the bottom to the
top of the furnace, transferring energy to the burden and causing a decrease in
temperature[60]. The blast furnace gas is eventually discharged from the top of the
furnace and into the downcomer, where collisions and physicochemical reactions
among burdens and frictional wear between burdens and furnace walls generate a lot
of particles, including iron ore dust, metal iron dust, unburned coal, and coke dust.
When the buoyancy of BF gas to particles is greater than its gravity, it rises into the
dust removal system along with the top gas. The chemical reactions involved in the
formation of blast furnace dust are highly intricate. These include indirect reduction
reactions via CO and H» at low-temperature regions within the furnace and direct
reduction reactions through carbon at high-temperature zones. Coke carbon is burned
in the raceway to generate CO2, which is reduced to CO due to the excessive carbon
in the furnace. The reaction between coke and water vapor is another significant source
of CO and H. The CO and H2 move upwards and react with iron ore in a counter-
current reaction, reducing hematite to magnetite and FeO, ultimately resulting in the
formation of metallic iron[60]. A lattice change takes place during the transformation
of hematite to magnetite, which distorts the crystal lattice and causes significant
internal stress, leading to iron ore pulverisation. Figure 24 demonstrates the distortion
of lattices and a gradual loss of oxygen atoms during the reduction of iron oxide. After
several reduction reactions, the H> and CO content gradually decreases while the H.O
and CO> content increases, forming mixed blast furnace gas. A small amount of fine
dust in raw materials and reduced products transforms into a gas phase with high-
temperature conditions. This process results in the high iron content of blast furnace
dust and the primary occurrence of iron oxides. These chemical reactions illustrate that
the carbonaceous substances within the dust primarily come from coke fines, followed

by unburned pulverised coals[60].
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Figure 24 Schematic diagram of lattices of major iron oxides [60]

It was found that except for iron and carbon, non-ferrous metals like zinc and
lead also made up a large degree of the dust. This is primarily due to their oxides being
reduced by CO and H: as per equation 2.23. After reduction, the resulting products are
cooled and re-oxidized in the downcomer, which leads to the formation of different

minerals in the dust[60].

Mx0y + CO (Hy) » M + CO, (H,0)Mx0y + CO (H,) » M + C0, (H,0)
2.23

M+ 0 -> MxOyM + 0 » MxOy

Where M = Interchangeable zinc or lead

2.10.2Low Order and High Order Carbon

The primary challenge when analysing blast furnace dust through quantitative analysis
is effectively separating the different types of carbonaceous materials. One way to
achieve this is through microscopic examination, which can help identify the different
particles based on their morphologies. However, this method is time-consuming and
relies heavily on the expertise of the operator. Additionally, it's not suitable for very

small particles due to the potential damage to morphological characteristics[61].
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Blast furnace dust contains three main categories of carbonaceous materials:
char, coke, and soot. Char and soot both come from coal that undergoes rapid
pyrolysis. Coal particles that are introduced into a hot blast during the pulverisation
process undergo fast heating and release gases as they swell. In the PCI process, the
outer surface of the coal particle reaches solidification temperature before the centre
reaches softening temperature, and the internal pressure starts to develop, eventually
leading to the eruption of the outer crust of the coal particle. The remaining solid after
eruption forms cenospheres, which continue to combust as they enter the raceway.
Uncombusted cenospheres are carried to the upper shaft of the furnace, where their
structure has already been severely damaged. These fragments of cenospheres
collectively referred to as char which for the purpose of this thesis will be described as
low order carbon. Soot is produced from the explosive release of gas and ejection of
tar droplets into the hot blast, which undergo secondary pyrolysis and solidification.
Soot is much less reactive than char due to its highly crystalline structure, making it
difficult to gasify once it escapes from the hot raceway. Identifying the microscopic
characteristics of these particles can be challenging, as char and soot can have similar
morphologies to coal/coke fusinite, coke in blast furnace dust is referred to as high

order carbon[62].

Low order carbon (LOC) and high order carbon (HOC) are terms that are
specific to this thesis as they are not scientific terms, but best describe the differences
between char and coke in the dust by categorising them based on their respective
differences in reactivity and resulting temperature of combustion and explained in
Section 2.10.3. It is not strictly correct to refer to the materials as char and coke due to
the degree of overlap in the combustion temperatures of each., hence the terms LOC
and HOC are more appropriate.

A common approach to speciation is thermogravimetric analysis (TGA), which
involves gradually increasing the temperature to initiate combustion of different
carbonaceous materials. The initial combustion temperature varies depending on the
reactivity of the carbon types. By measuring the quantity of sample mass change
during sequential combustion, the amount of different materials present can be
determined. Unfortunately, the overlapping combustion temperature ranges among the
different carbonaceous materials introduce significant uncertainty in quantitative

analysis[55].
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2.10.3Quantifying Coal Originating Carbon in Blast Furnace Dust

The resultant chars from the burnout work by Wing et al. discussed in section 2.8.3
were analysed in terms of carbon characterisation, CanmetEnergy uses a TGA
technique named the CanmetEnergy Technique (CET). The process uses differences
in minimum starting temperatures of combustion for various carbonaceous forms due
to the thermal history of the carbon, 475°C for lower order carbon and 600°C for higher
order carbon respectively. With the increasing order of crystallinity, the reactivity of
carbonaceous material decreases. This is useful to predict the behaviour of chars in the
raceway. To exploit the various minimum starting temperatures, a heating profile was

used as per Figure 25[55].
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Figure 25 Heating profile for TGA experiments[55]

The characterisation process using the TGA was demonstrated to work, Wing
et al. displayed a combustion profile which identifies two distinct forms of carbon, as
per Figure 26. The first peak, the lower carbon form, is identified as amorphous char
with a lower combustion temperature. The other form is identified as coke, this is more

crystalline and hence has a higher combustion temperature[55].
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Figure 26 TGA carbon form separation[55]

Wing et al. published a separate research paper using this technique, looking
into carbon type differentiation for diagnosing pulverised coal injection conversion.
This paper is particularly interesting, as the research has been applied to an industrial
setting for the diagnosis of PCI combustion issues in a blast furnace. The difficulty of
obtaining a representative sample due to the nature of gas cleaning is discussed. This
is carried out in two stages, dry and wet scrubbing. Both processes yield different
fractions of flue dust. The heavy, more coarse particles drop out during dry cleaning.
The lighter, finer particles are captured by wet scrubbing. It is important to analyse
both of these portions. Rapid pyrolysis of coal is discussed in terms of the pressure
differential seen between the surface of the particle and within the particle. The
differences in temperature across the cross-section of the particle mean that the particle
pressure internally is greater than the surface, hence the particle bursts and forms
cenospheres within the flue dust. As can be witnessed in Figure 27, in the SEM images
of char and soot. Soot is formed when tar droplets are excreted from the coal particles
during cenosphere formation and swelling of the coal. These travel to the top of the

furnace and out into the dust[59].
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Figure 27 Morphology of char and soot, (a) cenosphere structure of char, (b) soot particle in

industrial dust sample[59]

The technique discussed by Wing et al., for the differentiation of carbon is to
sieve the flue dust before TGA analysis is carried out. The material was sieved using
a 150-micron sieve, thus removing the larger coke particles from the sample as per
Figure 28. This portion was weighed to calculate the ash coke portion, removing a
large potential source of contamination for the TGA tests. It has been found that there
is an overlap in combustion temperature between LOC and HOC within flue dust.

Removing this size fraction by sieving helps to counteract this effect[59].

BF dust
Blast =150pm  +150pm
Caoke Coke
Coal
PCI Char
99% <150pm Soot

Figure 28 Fractionation of flue dust[59]

A TGA test was initially carried out using the heating profile in Figure 29, the
heating profile included a hold at 125°C for sample dehydration. The char was
expected to be driven off during the ramp to 600°C and hold. The soot was expected

to be driven off with the subsequent ramp and held to 1000°C. The results of this
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showed a differentiation, as measured by weight % loss between char and soot within
the particle as per Figure 30[59].
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Figure 29 TGA heating profile of carbon type differentiation[59]
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Figure 30 TGA results of carbon type differentiation[59]

The technique was implemented into ArcelorMittal Dofasco, for diagnosis of
PCI conversion. Wing et al. decided to focus on the material from the wet scrub
operation, as this yielded the majority of coal char particles over a dry scrub process.
It should be noted that the injection rate was low at the time of the trial ~140 kg/tHM,

hence it should be expected to see good coal combustion. During testing it was found
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that there was still an overlap between char and coke combustion in the TGA data,
hence Wing et al. introduced a further hold at 475°C as per Figure 31[59].
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Figure 31 Modification of heating profile for sludge analysis in the industrial sample[59]

It was found during the research that three distinct forms of carbon within a flue
dust sample could be accurately measured. Further work was required to establish key
factors influencing the degree of gasification of coal in the raceway. Although Wing
et al. did anticipate during this research that oxygen enrichment of the furnace was a
key factor. Also noted was that a 50°C reduction in blast temperature led to an increase
of 74% in unburnt PCI residues leaving the furnace. Of these residues, a 45% increase
in char content was noted. This paper demonstrates a strong technique for the materials
within flue dust based on the individual combustion properties of the carbon
materials[59].

Schwalbe from ThyssenKrupp steel manufacturer carried out some
investigation work into carbonaceous forms in BF dust at high coal injection rates.
During the introduction, flue dust testing was compared to a blood test. Information
can be gathered about a furnace and diagnosis can be carried out at different zones of
the furnace, similar to a blood test with a human. Schwalbe explains that flue dust is
made up of both carbon and non-carbon-bearing materials such as gangue and fluxes.
From the carbon-bearing materials, it is stated that gasification in the absence of

oxygen would transform coal into coke, soot or graphite as per Figure 32[63].
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Figure 32 Carbon by tempering process[63]

Schwalbe used a furnace capable of being heated to 1600°C at a specific ramp
rate, with an O2/Ar gas mix atmosphere. This furnace was connected to a quadrupolar
mass spectrometer. A thermobalance was used to measure the mass loss of the sample
during the heating cycle. A typical spectrum was given in Figure 33. The area under
the graph was analysed to give the respective percentages of carbon from coal or coke.
Schwalbe also states that there's a third constituent, graphite. This cannot be measured
before 1600°C, therefore XRD was applied to analyse the graphite portion[63].
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Figure 33 Degasifying-curve of typical top gas dust[63]

It was noticed initially that the XRD information from the raw dust samples
was polluted. In particular, the graphite peak 002-reflex was contaminated by the 101-
reflex of alpha quartz as per Figure 34. To counter this, a process of microwave-
assisted dissolution (MAD) was developed. The dust was washed with mineral acids
and peroxide before retesting using the XRD. The comparison as per Figure 35 was
striking. He concluded that the XRD was no longer necessary, a simple weight
difference before MAD will be suitable for determining graphite content, as proven by
XRD that no remaining material remains after MAD[63].
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Figure 35 XRD spectra of the sample a) treated with MAD and b) before MAD[63]

A paper studying structure characteristics and combustibility of carbonaceous
materials from blast furnace flue dust was written by Di Zhao. Experimental
procedures were carried out on flue dust from an unidentified steel plant including,
particle size analysis, scanning electron microscopy (SEM), X-ray diffraction,
polarisation microscopy and TGA[64]. Di Zhao took samples of dust from two
particular abatements of the gas cleaning system, bag dust from hop pockets and
gravitational dust. Also used were coal and lump coke from the same steel plant. These
samples were prepared by drying at 105°C and crushed to <0.074mm particle size. To
study pyrolysis, the coke particles were heated to 1300°C in a muffle furnace and held
in an N2 atmosphere for 25 minutes. Also discussed was floatation as an option for
separating carbon from the other components. However, in this work, an acid wash to
remove inorganic matter from the sample was undertaken. The dust samples were
washed with hydrochloric acid for 24 hours at 50°C, filtered and mixed with
hydrofluoric acid for 36 hours. Finally, the material was rinsed with excess deionised

water. The whole process was repeated until the ash constituent remained less than
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5%. A comparison using proximate and ultimate analysis from before and after

washing can be seen in Table 5[64].

Table 5 Proximate and ultimate analysis before and after chemical washing[64]

Proximate analysis and ultimate analysis of all samples (%).

Samples  Proximate analysis, % Ultimate analysis, %

BD 10.9 8164 746 11.67 069 543 018 039
GD 64 3196 403 66.01 067 122 013 0.28
CK 85.5 1283 1.67 8382 059 065 034 074
CA 68.3 9.54 2215 826 349 3.02 088 046
BD-aw 88.59 4.01 74 8999 009 532 015 044
GD-aw 89.78 5.1 5.12 9321 007 118 014 03

CK-aw 96.35 203 1.62 9632 014 059 027 065
CC-aw 83.62 1.37 15.01 9567 019 1.74 0.61 0.42

FC, fixed carbon; V, volatile matter; A, ash; d, dry basis.
2 Calculated by difference; aw, acid-washing treatment,

The information in Table 5, shows that the material has been demineralised
effectively. The ash content, which contains the basic oxides has been reduced
significantly. The fixed carbon value in the first column shows that the material
remaining after washing is predominately carbon. Table 6 shows the relative particle
size distribution of the material. As displayed it shows similarities between coal (CA)
and bag dust (BD), the paper states that this similarity would suggest that BD is
predominately made up of coal[64].

Table 6 Particle size distribution[64]

Table 2
Results from the analysis of particle size distribution

Zamples <38 pm 38-63 pm B350 pm S0-180 pm 180-250 pm 250-425 pm >d25 pm Average particle size
oD L] 212 T8 4507 273 1735 L1} 17043

ED BEAT 1113 24 o L] o L} 1464

A B3T4 1268 357 o L] o L1} 1374

Di Zhao discusses that carbon origins cannot be accurately defined from SEM
images. However, observations were made using petrographic analysis. Di Zhao
observed that particles from both BD after washing and GD after washing were
predominately coke particles. This suggests that the degree of coal gasification in the
blast furnace was very high. XRD was used to analyse the spatial packing of the
graphite flake layer, the information can be found in Figure 36. The presences of (0 0
2) and (1 0 0) bands corresponding to the lattice structure of graphite, were present in

all samples. The (0 0 2) band at 20° is present due to the turbostratic structure between
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graphite and the amorphous structures. Also observed was the shift of this peak to a
higher 2-theta value in the GD and BD and CK, indicating a more ordered
microcrystalline structure, indicating that more coke was present[64].

002

002 CK-aw

100
GD-aw

002

100
002 BD-aw
M CK
002

100

Intensity (arb.units)

CC-aw
1 1 1 1 1 1 1
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Bragg angle 2-theta(deg.)

Figure 36 XRD analysis of BF dust[64]

The TGA analysis can be seen in Figure 37. The peak weight loss rate occurs
between 600-700°C, which Di Zhao indicated is a confirmatory result of the

petrographic analysis, that both GD and BD are predominately fine coke material[64].
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Figure 37 TGA profiles of BF dust(a) GD-aw, (b) BD-aw, (c) CK-aw, (d) CC-aw [64]

The paper concludes that particle analysis can be used to classify the two types
of dust samples. The petrographic analysis confirms that the carbonaceous materials
in BD-aw and GD-aw are from coke fines, in the order of 95% of the material. The
XRD differentiated between the graphite degree of the samples, the L. values allowed
the materials to be ranked as CK>GD>BD>CC. Di Zhao indicates that coke fines from
BD and GD originate from the softening zones in the blast furnace. The carbon
structure appears to consist of mainly an aromatic structure with a smaller part
amorphous structure. Finally, the combustion reactivity of BD was higher than GD,
which can be attributed to a less ordered crystalline structure[64]. This paper is good
in terms of identifying the presence of different ordered carbon but doesn’t allow for

quantification of each carbon type with any degree of accuracy[64].

2.11 The Influence of Process Parameters on Coal
Combustion

Process data is often used to inform decision making in industry. A paper by Steer et
al. compares the properties of coal injectants measured in the laboratory with blast
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furnace process information to determine relationships that could be applied to help
maximise coal injection rates. The study aimed to investigate whether laboratory test
results for injection coals could be used to predict the blast furnace performance during
production. Statistical data analysis techniques were used to compare laboratory test

results with production measurements over a two-month trial period[65].

Pearson's coefficients are useful for measuring linear relationships, but in cases
where variables show non-linear relationships, Spearman's correlation coefficients are
more appropriate. The data in Table 7 is divided into moderate and high correlations,
with the highest correlations associated with blast furnace process variables. There are
moderate correlations between laboratory analysis of coal and chars with blast furnace
variables, including the char gasification reactivity with the coal rate and coke rate.
The article highlights the importance of process variables in controlling the blast
furnace process, which masks the effects of fluctuations in coal properties[65].

Table 7 Pearson's correlation of variables and measurements[65]

Dependent Independent Number of Correlation Depend Independ Number of Correlation
Variable Variable Data Points Coefficient Variable Variable Data Points Coefficient
Gasification Volatile matter 10856 —0.668 ** Production rate Oxygen flow 17773 0.819
Sulphur <125 um. 4708 0.669 ** Production rate Blast pressure 17773 0.800
particles
Burnout Sulphur 7787 0.669 ** Production rate Top pressure 17773 0.833
Burnout <125 um 4179 0673 Production rate Total volume 17773 0.903
particles
Burnout Gasification 11642 —0.643 ** Production rate Blast volume 17773 0.544
Gasification Coke rate 11915 —0.685 " Coke rate Coal rate 17773 0.842
Gasification Coal rate 11915 0.600 ** Coke rate Carbon dioxide 17773 —0.842
Oxygen Oxygen flow 17773 0.730 Coal rate Hydrogen 17773 ~0.818
enrichment e Se
Oxygen - - S . . -
enrichment Nitrogen 17773 —0.636 Coal rate Nitrogen 17773 —0.805
Oxygen flow Blast pressure 17773 0.713 Blast pressure Top pressure 17773 0.893
Oxygen flow Top pressure 17773 0.641 Blast pressure Total volume 17773 0.883
Oxygen flow Total gas volume 17773 0.701 Blast pressure Blast volume 17773 0.833
Oxygen flow Nitrogen 17773 0668 ** Top pressure Total volume 17773 0.865
Coal rate Carbon dioxide 17773 0.693 ** Top pressure Blast volume 17773 0.862
Carbon dioxide Nitrogen 17773 —0.690 * Total gas volume Blast volume 17773 0.966
Hydrogen Nitrogen 17773 —0750 " - - - -

Note: ** means significant at the 0.01 level (99%).

Figure 38 shows the results of coal burnout, with a trend opposite to that of
gasification results, indicating that lower DTF burnouts are associated with higher coal
rates in the blast furnace, except for Coal D. Figure 39 displayed a similar ascending
pattern for the gasification reactivity against coal rate as shown in Spearman's
correlation in Table 7, indicating that lower DTF char reactivity is associated with
higher blast furnace coal injection rates. However, Coal D's volatile matter content and
DTF burnout reactivity showed wider variability compared to the other blends,
possibly due to supply variation or contamination with other coals on the stockyard.
In contrast, coal A had a narrow gasification range[65].
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Figure 38 Range of coal burnout for each of the coals/coal blends used during observed blast

furnace production [65]
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Figure 39 Box plots of the range of char gasification reactivity for each of the coals/coal blends
used[65]

The data analysis presented in Figure 40 shows that the model fitting for the
blast furnace coal injection rate has a 95% accuracy in explaining the relationship, as
confirmed by the scatter plot comparing predicted versus actual coal rates. The most
significant predictor of the coal rate identified by the model is the type of coal used,
which is consistent with the experience of blast furnace operators. However, the
measured coal properties, such as volatile matter content or DTF burnout, do not seem
to have a significant relationship with the coal injection rate, as the multiple regression
analysis showed only a small relationship with char gasification. Nonetheless, in

combination with the box plots, the findings suggest that there may be a potential link
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between higher coal injection rates, lower burnouts, and lower char gasification

rates[65].
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Figure 40 Relationship between the measured and predicted injection coal rate in the multiple

linear regression model[65]

The study found strong correlations between production variables, making it

challenging to differentiate more subtle relationships with laboratory measured coal

properties. However, combining the findings of the Spearman’s correlation, box plots,

and multiple regression models indicated that the coal injection rates were higher for

chars with lower gasification reactivity. The study also highlighted the importance of

the type of coal used in the blast furnace compared to the coal rate. However, a

consistent relationship was not observable across all the injection coals, suggesting the

possibility of other non-tested variables, insufficient sampling frequency, or testing

inconsistencies. The study was limited by the composite coal samples taken over a 12-

hour shift period and the practicalities of coal blending, which results in variability

that would not be accounted for[65].
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The work by Schwalbe outlined in section 2.10.3 also discussed correlating the
data for the differentiated carbon types with operational data. The key parameters
considered were coke consumption, coal injection rate and the atomic ratio of oxygen
to carbon O/C. For the first parameter carbon from coke and carbon from coal are
graphed against the coke rate and coal rate respectively. There was no dependency for
coke carbon versus rate, however, a correlation between coal carbon and injection rate

was observed with a high degree of certainty of 65% as per Figure 41[63].
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The O/C component was finally compared. There seems to be a decrease in

both top gas dust and coal carbon as per Figure 42 with an increasing O/C ratio. The
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observation is that with an increasing O/C ratio it appears that more coal conversion

and gasification can be observed in Figure 42[63].
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Figure 42 Scatter graphs of process parameters a) Top gas dust versus atomic ratio O/C b)

carbon from Coal in dust versus atomic ratio O/C[63]

Overall, this paper can be useful in terms of comparison against furnaces at
Port Talbot. Also useful to this study is the method of MAD for the XRD sample. The
lack of information about sampling leads to many questions about sample

representativeness[63].

A paper by Gao et al. that proposed injecting Iron Bearing Dust (IBD) into blast
furnaces along with pulverised coal showed that the addition of Fe;Os and CaO
improved the combustion of the coal, as indicated by the decrease in ignition and
burnout temperature as per Figure 43[66]. The combustibility index, ignition index,
and burnout index of the coal also improved with the addition of the additives. The use

of Fe;O3 and CaO additives in the coal reduced the activation energy during
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combustion, suggesting that these additives are potential catalysts for coal combustion.
The study also suggested that the use of IBD as a substitute for catalytic combustion
could promote the combustion of fuel and reduce the accumulation of unburned coal

in the blast furnace process[66].
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blending with I1BD (f) Coal C blending with IBD[66]

Also discussed was that higher coal injection rates can have a negative effect on
blast furnace performance, including lower coal burnout and gasification rates, as well
as changes in the char properties during combustion. It is stated that type of coal used
in injection also plays a critical role in determining the reactivity and combustion rates,

with different coals showing varying levels of performance. The use of coal blends can
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help strike a balance between injection rates and reactivity, thereby enhancing blast
furnace performance. Furthermore, modelling techniques can be used to predict the
impact of coal injection rates on blast furnace performance, with accuracy levels of up

to 95%[66].
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3 Materials and Experimental Methods

3.1 Experimental Objectives

The literature review of this thesis explored the current work on coal combustion and
formation of the blast furnace dust. This led to the following experimental objectives
which were aimed at answering the research questions presented by the gaps in the
literature, which were born from the current studies and will be addressed in

subsequent chapters of this thesis.

For the experiments in chapter 4.1, characterisation of blast furnace dust has
been researched, to gain an understanding of how the dust is formed, a characterisation
of the physical and chemical properties of the dust will be completed, coincidentally
with a characterisation of the raw materials that feed the blast furnace. In previous
studies, the work done by XRD to highlight phases in the material have been
insignificant, this work will include a fully identified spectra highlighting the common
phases found within blast furnace dust. Using this information, it can be clear as to
which raw materials from the process have a presence within the dust. This work will
help inform the hypothesis presented in the aims section of this thesis, ‘The raw
materials that feed the blast furnace are expelled into the gas stream and all influence
the blast furnace dust.” To inform the work of later chapters, the comparison between
the analytes present in the dust and slurry from each abatement has been made to
determine which material is most representative of the bulk of the material for
subsequent carbon type analysis. The relationships between carbon and the other
analytes within the material has been investigated to determine the presence of any
dependencies. The scope of this series of experiments is aimed at understanding the
constituents of blast furnace dust and to inform subsequent carbon type differentiation
chapter of the most suitable and representative sample to be used.

Carbon source fingerprinting or type differentiation has been researched
previously for the purposes of diagnosing coal char presence in the blast furnace dust.
This work has only previously been applied to dusts from furnaces using the pulverised
coal injection system. The experiments in chapter 4.2 aim to confirm that the
techniques recognised in literature are still applicable to blast furnaces that use
granulated coal injection systems and seek an alternative technique that will allow for

extended sample throughput without affecting the accuracy of the result. This will
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answer the hypothesis ‘Thermal techniques can be used to differentiate carbon sources
in dust generated in blast furnaces that use granulated coal injection.” The process for
analysing each sample for the current carbon type differentiation technique is
excessive, currently it takes around 30 hours to complete a single sample, creating a
lack of data for the dust from a continuously changing blast furnace process. This
means that to complete a more data rich study on the effects that process parameters
can have on the coal char presence within the dust, a suitable alternative should be

investigated.

The current literature comparing blast furnace operating parameters and
conditions against the presence of coal char in the dust is limited. This is because the
blast furnace is a highly complex chemical reactor, and it is thought that many
processes will influence the dust generated coincidentally. The aim of the experiments
within chapter 4.3, is to inform subsequent chapters of which parameters have a larger
influence on the LOC presence within the dust, to provide focus for more in-depth
analysis. The work uses data from each stage of the blast furnace process to compare
to the degree of LOC present within the dust. As stated previously LOC is indicative
of the amount of char present within the dust. The coal burnout characteristics of the
coal used in the blast furnace throughout the project will also be analysed to determine
which of the blends should theoretically burnout better and the data from the LOC
quantification will determine if coal type has a significant influence on the dust
generation. The process operating conditions from the blast furnace have been
analysed to determine if any of these have an influence on the LOC within the dust.
This work will help inform the hypothesis ‘Coal combustion in the raceway can be
impacted by process parameters and the evidence can be found in the fingerprint of
blast furnace dust.’

The aims of the experiments within chapter 4.4 were firstly to diagnose the set
of conditions that lead to an outbreak of dust in the blast furnace. A novel application
for a dust in water monitor was investigated. Within this chapter the aim was to
determine if the dust mass flow was related to the LOC within the dust, before using
the live information to provide a live comparison for the dust exiting the furnace
against the normal operating parameters. With sufficient data, a model of conditions
for each condition of dust output level can be identified using node mapping for

grouping the variables most influential on the dust output.
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3.2 Material Sampling

To quantify and characterise the flue dust for sources of carbonaceous material, a
representative sample is required, all samples were taken from the blast furnaces of
TATA Steel UK. As per the diagram shown in Figure 44, the material in the
downcomer enters a dust catcher. The method of catching dust varies between each
furnace at Port Talbot. BF4 has a cyclone and BF5 has a dust catcher. Both offer
challenges in terms of sampling material required for analysis and it is important to
understand both to ensure representative samples are obtained. The importance of

representative sampling was outlined in the work of Wing et al. discussed in section
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Figure 44 Blast furnace schematic[19]

The dust catcher, also known as the gravity separator, consists of large
chambers, designed to reduce the velocity of the air stream drastically to encourage
particles present, to drop vertically. The direction of the stream also changes from
horizontal to vertical with the use of a target plate. As the air slows and moves down,
gravity causes the large particles to drop out of the stream. There is an efficiency issue

here though since smaller particles will continue in the stream and exit the dust catcher
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and further processing via wet scrubbing is required to remove the finer particles from

the air stream. A diagram showing the dust catcher process is seen in Figure 45[67].
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Figure 45 Dust catcher / gravity fed system[67]

The cyclone, as present in BF4, relies on centrifugal force to remove the finer
particles, where inlet air is forced to spin and form a vortex. The change in direction
causes inertia on the particles, which causes the particles to continue in the original
direction, which is opposite to the air stream direction. As per Figure 46, two vortices
are formed, a larger one at the top to separate the larger particles. A smaller vortex is
formed at the bottom to collect the finer particles. Cyclones can handle high
temperatures; the abatements also reduce the load on primary collectors. It can be
difficult to predict the performance of a cyclone and cyclones require very consistent
inlet conditions to work effectively. Often cyclones are used to remove larger particles
before the stream continues to a second abatement such as a bag filter[67].
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Figure 46 Cyclone system fitted at BF4[67]

Based on this information, it is important to consider the source of the sample
and the bias in terms of particle size. A computational assessment of improved
abatement options was carried out and a paper was written by Winfield et al. outlining
the separation efficiency of the current abatements in situ[68]. The designs of each
abatement were modelled and post processing of data from the dust particle size
distribution generated the curves as per Figure 47, it can be assumed that the material
collected post-abatement at BF4 will consist of a large range of particle sizes. This
would indicate that almost all of the material could be captured before it goes to wet
scrubbing. Also, as per Figure 47, the efficiency of the dust catcher is displayed. The
data shows that there is good efficiency in collecting the larger size fractions, however,
a distinct lack of efficiency in separating the finer particles can be observed. The
separation efficiencies of BF4 and BF5 abatements are calculated to be 99.4% and
~68% respectively. Also, discussed in the paper by Winfield, is that the efficiency of
the abatement on BF5 can vary depending on the degree of fullness and flow rate of

the gas stream[68].

63



Efficiency Data for Siemens VAI Triple Inlet C'yclone vs. Resident

Dust-catcher vs. Patent Dust-catcher

100
95
90
85
S0
=3
"0
[
(K |
55
50
45
40
35
30
25
20
15
10
5
0

Fractional Efficiency %

0 10 20 30 40 50 60 7O 80 90 100 110 120 130 140 150 160 170 180
Particle Diameter (un)

= ias Separation Cyclone =—Resident Dust-catcher ———Patent Dust-catcher
Figure 47 Particle separation efficiency of flue dust abatements[68]

3.2.1 Flue Dust

The efficiency of the BF4 cyclone technology indicated in this study gives confidence
that the material obtained from BF4 is representative of the material in the downcomer.
However, there are challenges when obtaining a sample from the abatement. The
design of the cyclone considers the primary purpose, which is to separate dust from
the gas stream. Due to increased dust stripping efficiency, ~32% more dust is collected
per tonne of hot metal than BF5. This means that the dust is collected more frequently
from BF4 to ensure that the mass of dust in the cyclone is maintained at a minimum

level.

Every few hours, a lorry parks under the valve to be filled with flue dust for
transport to the stockyards. The valve is opened until the lorry is full and is closed
again. The sample is required to be taken from the overspill generated during this
process. This makes the stockpile sampling difficult, due to the mass of material
available. Despite the limitations when obtaining the material, the sample itself is
representative of the material available for sampling. To obtain this sample, the best

practice that could be implemented was to take any overspill totally.

BF5 by design is different, as there is less dust generated, and ultimately less
has to be moved to the stockyards. The material is dropped underneath the abatement,
and this is scooped up a loaded onto the lorry for transport. This material was less

representative of the dust in the downcomer than BF4, but a more representative
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sample could be taken from a small stockpile. The gas stream following this abatement
moves through a wet scrubber as per Figure 48 for further cleaning of the finer particles
from the gas stream.

Blast
Fumace

Wet
Scrubber

Dust-catcher

‘?
TATA STEEL =

Figure 48 BF5 abatement schematic

3.2.2 Flume Sample

It is clear from the studies carried out in the research by Winfield et al., that some of
the material from the furnaces was not available in these stockpiles. Hence, there was
a requirement to capture the remaining material that passes through the dust catcher in
the gas stream. Following dry abatement, on both furnaces, the gas is passed through
a wet scrubbing abatement. The water used for washing, which contains the dust from
the gas stream is transferred to a pond designed for separation called a weir. This is
the large circular pond as seen in Figure 49. In the weir, there is a large paddle to
agitate the water, this pushes the material that sinks to the bottom of the pond into the
middle of the weir. The excess water flows over the side of the weir and should be
clear of BF dust. This concentrated water at the bottom of the weir forms a sludge,
which is pumped directly to the stockyards and is labelled as betsi. It can be assumed
that betsi due to the nature of the abatements before it, is biased towards the finer less
dense particles. It is thought that these particles contain more ferrous based particles
as opposed to the more carbon based particles that would be captured in the dry
abatement. To obtain the most representative sample and to avoid obtaining the legacy
pond sample, the sample was taken from the flume running into the pond. The material
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in the pond already may have been resident for hours or even days, therefore is

unrepresentative of the material collected from the dust catcher or cyclone.

To collect the material, a plastic vessel was submerged in the middle of the
stream. The stream has a depth of 50cm, the opening of the vessel was 50mm and the
sample container held 500ml of water. Once submerged for 5 seconds, the vessel was
removed from the stream and a lid was placed on for transportation. The same vessel
was used for both BF4 and BF5 and was washed between samples to improve the
repeatability of the sampling technique. The residence time of the vessel and the
submerged depth were controlled to improve repeatability.

The sample was agitated by shaking for 10 seconds, before being filtered using
a vacuum filtration system. The filter being used was a Glass Fibre Circle (GFC) filter
with a pore size of 0.7um, sufficient to capture the fine particles from the water sample.
The material remaining on the filter was dried in an oven at 105°C, in an air atmosphere
until a constant mass was obtained. This was kept in a desiccator for analysis. The
material that remained embedded on the filter was retained until an appropriate

analysis technique was optimised.

Figure 49 BF5 at Port Talbot with weir

3.2.3 Bulk Density

The bulk density of the material was a critical measure for determining the steps
required to obtain the manual sample. This measure was also used to quantify the
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presence of more dense particulates in the work to compare dust from different
abatements. A further use for bulk density values were that they could be used as a
direct comparison to the outputs from alternative carbon type differentiation
techniques, to determine its suitability as a replacement for the techniques outlined in
section 2.10.3. Bulk density forms part of the equation to calculate the total mass of
the sample to be taken to ensure it is representative. The bulk density analysis was
carried out in accordance with 1ISO 11272:2017[69]. Here, a steel open-topped vessel
of known dimensions and mass was filled to the top with the chosen material, in this
case, the material was flue dust. The material was levelled off at the top to ensure it
was flat and weighed. The mass of the vessel was subtracted from the total combined
mass and this value was divided by the volume of the vessel to give a bulk density.
This is the loose bulk density which differs from tap density, which is when the vessel
is tapped against a solid surface during filling to fill any voids in the material. This
gives an increased bulk density figure, which is why it is important to note which
density is used. Either can be used depending on the application. In this application the
material is stacked underneath the abatement in a loose form, hence loose density is
required. The calculated bulk density of the flue dust material was 890 kg/m®. The
calculation was as follows in equation 3.1.

_ (Mt — Mv)

BD
Vv

3.1
Where

BD = Bulk Density (kg/m3)
Mt = Total mass (kg)

= Mass of Material (kg) + Mass of Vessel (kg)
= 2.5845

Mv = Mass of Vessel (kg) = 1.25

Vv = Volume of Vessel (m3) = 0.0015

pp o (25845 -128)
-7 00015 g/m
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3.2.4 Particle Size Distribution for Sampling Sublots

Another key value for determining the size of the sample required to ensure
representativeness is particle size distribution (PSD). The maximum particle size is
important as this has a direct effect on the particle count required in the sample sublot.
The values for PSD were also used to compare the morphology of the particles
collected from the dry abatement against the particles from the wet abatement. Based
on the work by Di Zhao outlined in section 2.10.3, coal-originating carbon contributed
to changes in particle size distribution in the dust, hence the data from the mastersizer
was compared against LOC within blast furnace dust as a potential replacement for the
current techniques of quantifying LOC. PSD samples were dispersed in 100%
methanol for maximum dispersion and analysed using a Malvern Panalytical
Mastersizer 3000. The Mastersizer 3000 employs a laser diffraction method for
determining the size and size distribution of particles within a suspension. It does so
by assessing the strength of light scattered as a laser beam passes through a dispersed
particulate sample. The system then analyses this information to determine the size of
the particles that caused the scattering pattern. The instrument is capable of measuring
particles within the range of 0.01um to 3500um which is suitable for blast furnace dust
material where the top size appears to be around 800 micron. The instrument
calibration is checked once every 7 days using CRMO0016 the expected values were as
per Table 8. The acceptance criteria for the dispersion units are set at £ 2.5% for the
Dv50, +3% for the Dv10 and +4% Dv90. Magnetic stirring was used to ensure
homogeneity and the instrument was completely cleaned between samples to prevent
any cross-contamination. The maximum particle size of this sample appeared to be
751 micron according to Figure 50. This value was used in the measurements for the

representativeness of the sampling technique.
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Figure 50 Particle size distribution of blast furnace dust

Table 8 Upper and lower control limits for CRM0016

Dv10/ Dv50 / Dv90/

um pm pm
Lower Limit 35.597 60.054 85.928
Target Value 36.698 61.594 89.508
Upper Limit 37.799 63.134 93.088

3.2.5 Stockpile Sampling

When sampling any type of aggregate, it is important to follow recognised standards
to ensure the process is repeatable and the results produced are credible. The method
of obtaining a sample will vary depending on the infrastructure available and key
critical material properties such as the mass of the sample, maximum grain size and
the loose bulk density of the material. Equation 3.2, for determining the sampling
increment has been devised from experience with sampling similar aggregates. All the
information required to representatively take a sample from a stockpile can be found
in the British standard BS EN932-1:1997.
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M = Mass of the sample, in kg
D = Maximum particle size in mm
pb = Loose bulk density in Mg (Megagrams)

The bulk density of the material was measured to be 890kg/m? or the equivalent
of 0.89Mg/m?3, and the average dump size under BF5 was 52 tonnes based on the
process data for T/day flue dust output. The maximum particle size was 0.75mm as
determined using the Malvern Mastersizer 3000. Therefore, the required sample size

was 4.01kg, to ensure a representative sublot was taken for analysis.

According to the standard, these sample increments should be taken across
specific regions of the stockpile itself. Figure 51 depicts the regions from where the
sample increments should be taken, this takes into account the natural flow of the
material and distribution as it is deposited onto the ground. Generally speaking, the
larger size fractions will be concentrated towards the bottom of the pile, whereas the
smaller, finer material will concentrate towards the peak of the stockpile. The mass of
the sample required to be taken at each increment from the top, middle and bottom of
the pile, was 0.1602kg, 1.041kg and 2.804kg respectively. It is certainly not practical
in the field to measure these increments out accurately. To compensate for the
practicality, a 500g scoop was used. Ensuring to leave equal space between sample
sites, scoops were taken from the surface of each layer of the pile. 1 scoop was taken
from the top third of the pile. 2 scoops were taken equally spaced around the middle
third of the pile. Finally, 5 scoops were taken from the bottom third of the
stockpile[70].
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Figure 51 Sampling regions of a round-based aggregate stockpile[70]

3.2.6 Splitting Down Sublots

In total 8 scoops, each containing 500g of material were sampled from each pile of
material. This equates to roughly 4kg of material. This was far too much material for
storage, as very little was required for analysis. For this reason, the sample was reduced
to a more manageable size for storage and analysis. There are many ways to do this,
but a recognised method was followed to ensure the sample remains unbiased. The
sample was mixed thoroughly to ensure homogeneity throughout the sample. The
technique used in this case was cone and quartering, other techniques include riffle
boxes where the material is fed into a hopper and drops onto dividing fingers which
alters the direction of a weighted portion of the material. And spinning splitters, where
jars rotate around a chute and are filled in order around the chute. The cone and
quartering method was adopted, the material was piled onto a flat steel mixing plate.
It was shovelled completely to form a new pile. This process was repeated a minimum
of 4 times to ensure the sample was mixed sufficiently. Once mixed the pile was
flattened into a circle as per Figure 52, and the circle was divided into 4 equal quarters.

2 quarters were discarded and 2 formed the sample. In this case, the whole process was
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repeated until 500g of the sample remained. This meant mixing and splitting the
sample twice until roughly 500g of the sample remained. This technique gave
confidence in the sample ensuring that it was homogeneous for any subsequent

analysis.

i
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Figure 52 Cone and quartering technique for sample splitting[70]

3.2.7 Catalogue of Blast Furnace Dust

Dust

Dust samples were obtained from the dry and wet abatements as per sections 3.2.5 and
3.2.6. 45 samples of dust from each abatement were considered in the thesis. These
were from a period spanning 9 months to allow for enough variation in the process
conditions and raw material types, for a good representation of natural variation within
the process. The dust from the dry and wet abatements was taken within 15 minutes of
each other to allow for representativeness and a reasonable comparison allowed to be
drawn between the material types. A catalogue of 90 samples was sampled in total,
selected using process data, to determine when the furnace was operating “normally.”
This catalogue of samples has been analysed throughout the thesis particularly when
comparing the dusts to process parameters. Samples from the days where injection
rates of <100 kg/tHM were not considered among these samples because these are

indicative of operational problems or periods of reduced production[65].
Float Material

During a large dust release event at Tata Steel Port Talbot, excess dust was deposited
into the wet cleaning system, leaving material at the surface of the clarifying pond.
This material was collected into a 51 vessel. 11 of water containing float material was
dried until constant mass at 105°C. The resultant material was characterised to

determine the root cause of the incident.
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Slurry

45 samples of slurry in the water flow from the water tower of the second gas cleaning
abatement were taken coincidentally with the dust samples, for suspended solid
instrument validation and characterisation of the blast furnace dust. The samples were
filtered using Glass Fibre Circle’s (GFC’s) and the remaining dust samples were
retained for analysis.[65]

3.2.8 Blast Furnace Raw Materials

To determine which material constituents are present within the dust and therefore
contribute to its generation, samples for comparison were obtained from the stock
house of BF4 of each raw material, following the principles in the British standard for
sampling outlined in section 3.2.5[70]. Samples of limestone, iron ore pellet, sinter and

iron ore lump were obtained and prepared for analysis as discussed in section 3.2.6.

3.2.9 Coke

Coke was obtained from the Morfa Coke Ovens at Port Talbot for the use of
normalisation and synthetic char doping trials for the validation of the CET method. 1
sublot was obtained following the procedure outlined in section 3.2.6 of this thesis.
The coke was dried and sieved to remove any under-carbonised material, before being
crushed ina BJD Crushers jaw crusher. The small lumps were pulverised using a swing

mill for 20 seconds to reduce the thermal effects on the carbon.

3.2.10Coal Char

Synthetic char was obtained collaboratively, to mix with coke to make synthetic doped
coke samples[71]. A sample of coal was combusted using the DTF. Normally the DTF
is used to analyse the burnout of coals, but in this case, the char was retained for
analysis. Coal particles were fed into the top of the tube furnace at a feed rate of 30
g/h at 1100°C. The particles were entrained in a 20 I/min laminar airflow and the ash
was collected at the bottom using a cyclone collector. The particle residence time was
set to 35ms by altering the distance of the mobile water-cooled collection probe from
the water-cooled inlet feeder. The coal used to produce the char was low-volatile

injection coal, the properties are outlined in Table 9.
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Table 9 Proximate analysis of coal used for char produced in the DTF

Ash (%) Volatile Matter (%) Fixed Carbon (%0)

Synthetic Char 7.7 13.2 79.1

The synthetic char and coke blends for CET validation were blended by
weight% using a balance to measure out quantities of char and coke as per Table 10.

The resultant mixes were agitated in a centrifuge tube to ensure homogeneity.

Table 10 Blends of synthetic chars with coke for CET validation

Char (wt%o) Coke (Wt%0)
1 100 0
2 80 20
3 60 40
4 40 60
5 20 80
6 0 100

3.2.11Coal

A stock of coal was required to reproduce the blends in operation on each of the days
that dust samples, were collected from the silos as described in section 3.2.8. The coals
were collected pre-crushing therefore were required to be granulated using a BJD
crusher’s hammer mill. The coals were reduced to 95% <lmm and blended by the
mass fractions outlined in Table 11. For homogeneity, blends of 5kg were produced

and each analysis portion was used from this sublot subsequently.

The blends of coals and individual coals that were used were analysed for their
chemical properties. Often coal blends are selected based on cost and availability, but
for stable operation, it is common to make incremental changes to blends as opposed
to macro changes[72]. Coal B was low-volatile bituminous coal and was a component

of all the blends. The availability of this coal and coal E was good, hence the blends
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appear to be based on these coals. Blends tend not to change often and therefore present
problems with data resolution which should be considered when analysing the data.

Table 11 Coal blend per mass fraction of coal

Coal A Coal B Coal C Coal D Coal E

% % % % %
Blend 1 11 11 - - 78
Blend 2 17 17 - - 66
Blend 3 12 23 - - 65
Blend 4 - 50 - 50
Blend 5 - 33 17 50
Blend 6 - 66 - - 34
Blend 7 - 33 - - 67
Blend 8 125 375 - 50
Blend 9 - 40 - 60
Blend 10 - 1 - - 99
Blend 11 - 25 - - 75
Blend 12 - 40 - - 60
Blend 13 7 36 - - 57

3.3 Characterisation Methods

3.3.1 Scanning Electron Microscopy

SEM and energy dispersive spectroscopy (EDS) analysis was conducted on the
material for characterisation of each of the raw material constituents. It was also used
as supporting analysis for each stage of the alternative combustion technique outlined
later in this thesis in section 3.4.3 to check the morphology of the material and the
corresponding chemical composition. It was also used to explain the differences
between the effect each stage of the technique had on the dust material. Samples of
float material we also characterised using the SEM and EDS to compare the
morphology with a typical BF dust and compare analysis from the EDS to determine

the cause of the dust on the clarifying pond incident outlined in section 3.2.7.

Samples were mounted using pin stubs with carbon stickers to promote
conductivity. The selected samples were dried at 105°C for 4 hours to ensure total
dryness. The pin stub with the carbon sticker was introduced to the dry material so that
a single layer of particles adhered to the surface. Any loose particles were removed
with a jet of compressed air, to prevent any problems in the vacuum of the chamber in
the SEM. The SEM used was a Zeiss Evo LS25. The stubs with the material were
mounted onto the carousel of the instrument for analysis. For investigation purposes,
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the samples were observed under magnifications of 25x, 50x and 150x of each setting.
Backscatter was used to help with contrast, as the material contained elements mainly
of a lower atomic mass, resulting in charging under secondary electron. The
backscatter was also the justification for using SEM coincidentally with optical
microscopy, the contrast between material of different atomic weights helps inform
the origin of each of the particles. The current was set to 300pa, and the voltage (EHT)
was set to 20kV. SEM was a good technique to use for the general investigation of the
sample and for detecting the presence of charcoal. EDS was also carried out on the
samples to give an overall chemistry of the material. The EDS was relatively
subjective, therefore absolute chemistries should not be determined, but it gave a
qualitative analysis and elemental distribution and reinforced the chemistries derived

using other methods.

3.3.2 Optical Microscopy

To ascertain the presence of char cenospheres in the blast furnace dust samples and
generate images suitable for ImageJ manipulation for carbon particle counting,
samples were hot mounted in polyvinyl formal resin. This resin best suited this dust
material due to enhanced contrast colour to the sample as opposed to phenol
formaldehyde resin, which is dark in colour. Polyvinyl formal also has a superior
ability to hold on to dust during grinding and polishing, because the material shrinks
during cooling. The polished specimens were imaged using a Zeiss Primotech light
microscope. Different degrees of light polarisation were used to achieve the best-
quality image. This was particularly useful when using software such as ImageJ or Zen

Intellisis to differentiate between material types within samples.

3.3.3 Proximate Analysis

Proximate analysis was used to characterise coal and coal blends used throughout the
thesis, proximate analysis was also used to quantify the degree of highly reactive
particulates that remain within the dust along with LOI as described in 3.3.9. The
analysis from this combination of techniques was aimed at identifying the sources of
the particulates within the dust and determining the degree of variation between the

samples and sample types.

Proximate analyses were carried out manually per the publication of the British

standard for the proximate analysis of coal[53]. Moisture analysis was carried out using
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a Memmert UN30 drying oven at 105°C until constant mass to ensure dryness. 10g of
the sample was weighed into a metal drying tray. The mass loss was divided by the
total mass to calculate the moisture portion of the material.

Volatile Matter Content (VM) was carried out in air, in a volatile crucible with
a lid inside a muffle furnace set at 900°C for 7 minutes. The sample was weighed
before and after and the VM was determined as the mass-lost portion of the sample.

A swelling test was carried out in a specialist Carbolite swelling number
furnace. The test was carried out in a swelling crucible at 900°C for between 3 and 5
minutes in an air atmosphere. The resultant swelling button was compared to a
standard reference chart as per Figure 53[73]. The result was a number relating to the
degree of swelling and was relative to the carbonisation properties of the coal.
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Figure 53 Chart of swelling buttons for comparison[73]

Ash analysis was carried out in an ashing furnace at 815°C for 1 hour in an air
atmosphere, the mass remaining per the total mass is relative to the ash constituents of
the sample including alkali and refractory compounds that remain after the combustion

of coal.

3.3.4 Carbon and Sulphur

To normalise the carbon types derived from the carbon type analysis chapter, an Eltra
CS500 C/S analyser was used to quantitatively measure carbon and sulphur in the BF

dust. The carbon measurement was also used to validate the carbon type differentiation
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technique to ensure the total carbon determined by the alternative technique was equal
to the total carbon of the sample. Al,O3 combustion boats with 200 mg of powdered
material were precisely weighed and charged into the analyser's horizontal tube
furnace. The furnace was preheated to 1450°C and purged with a 4 I/min O purge to

allow for the oxidation of carbon and sulphur into CO2 and SO respectively.

3.3.5 Ultimate Analysis

A Costech elemental combustion system was used to determine the oxygen, nitrogen
and hydrogen content of the coal samples. This analysis was important in determining
the amount of coal than can replace coke within a blast furnace. This has been outlined
in section 0. Between 1.8 and 2.2mg of sample was weighed into a tin capsule with 5-
6mg of vanadium pentoxide for combustion acceleration. The capsule was loaded into
the instrument and combusted under pure oxygen. The off gas was transported to gas
chromatography for separation using helium inert carrier gas. Followed by off-gas

detection by thermal conductivity.

3.3.6 Powder X-Ray Diffraction

XRD was utilised coincidentally with the SEM to check remaining constituents post-
digestion and combustion, during the digestion and combustion trials outlined in
section 3.4.3. It was also used to measure the changing morphology of the amorphous
carbon peak to determine the impact of the acid on it. Phase identification techniques
using the XRD were used to investigate the key differences between the float material
outlined in section 3.2.7 and typical BF dust phases. The shape of the amorphous
carbon peak was used to identify the dominant carbon layering and degree of

graphitisation as an attempt to differentiate between carbon types in blast furnace dust.

XRD analysis was used to determine carbon stacking parameters and mineral
identification. It was performed using a Panalytical Empyrean S3 (Co-Kal A =1.78901
A, 10-120°,s=0.066 °, t =20 s). A rotating stage was used to improve the data and
bias from the preferred grain orientation[74]. The diffraction patterns were interpreted

using Bruker Diffrac Eva software with access to the crystallographic open database.

3.3.7 X-ray Fluorescence

To determine any carbon to ash constituent relationships, X-Ray Fluorescence (XRF)

analysis was carried out on the blast furnace dusts. XRF analysis was also used to
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characterise the coal and the subsequent blends as ash content is thought to influence
coal burnout as outlined in the literature review. 20g of material was ashed in an ashing
furnace at 815°C for 10 hours. On removal from the furnace, the ash was stirred to
ensure the whole sample had turned to ash. Around 0.3g of ashed sample was mixed
with Fluore-x 65 Flux in a ratio of 1:17. The mix was transferred to a platinum crucible

for fusion into a glass bead using a phoenix bead maker.

The cooled bead was suitable for measurement using a Panalytical Axios Fast
WDXRF Spectrometer. Standard reference material of sinter, iron ore and BF dust was
used to develop the calibration required for the analysis of metal oxides. This technique

was used to quantify the refractory elements present within blast furnace dusts.

3.3.8 Inductively Coupled Plasma — Optical Emissions Spectroscopy
(ICP-OEYS)
Inductively Coupled Plasma — Optical Emissions Spectroscopy (ICP-OES) was used
to determine the difference in metals analysis between typical BF dust samples and the
event material described in section 3.2.7, The difference in metals was aimed at
determining the root cause of the float material incident and the material properties of
the constituents of the material. The ICP-OES was also used to quantify the degree of
metallic element removal when trialling various acids for the modification of the
digestion and combustion techniques as detailed in section 3.4.3. To determine the
metals and alkali content of the blast furnace dust, samples were digested in 13cm®
aqua regia for 180 minutes using the DigiPREP jr. block digester at 120°C. A watch
glass was added to the top to allow for reflux. The refluxed samples were made up to
50cm? with deionised water before being centrifuged and analysed using an Agilent
5100 ICP-OES with an SPS 4 autosampler, Plasma gas flow set at 12.0 I/min, Plasma
Gas was Argon, Nebuliser flow rate was set to 0.7 I/min, Sample up take was for 30s
with the pump at 12 rpm and the RF Voltage used was 1.2 kW 240 V. Multi-element
standards were created with a calibration range between 0.5-100ppm with the same
matrix as the samples. The regression of the calibration curve exceeded 0.9990 which

was deemed to be in the acceptable range for accuracy.

Preparing a sample for ICP requires the dust to be digested into an aqua regia
solution consisting of 10cm®HCI and 3cm® HNOs. This extra step can potentially lead
to loss of material particularly if the metals required to be analysed do not go into

solution readily. To ensure this was not an issue for this particular type of sample, a
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calibration standard was used consisting of furnace dust[75]. Certified Reference
Material (CRM) 884-1 was used because it was the closest matching material to the
dust materials used for analysis. The expected values for the CRM can be seen in Table
12.

Table 12 Certified reference material 884-1, expected analysis versus recovery

Certified Certified C(95) Error Actual Composition  Recovery (%) Standard
Analyte Composition (Wt%0) (W1t%0) Deviation (%0)
Fe 31.67 0.13 31.42 99.21 0.50

Zn 175 0.07 17.42 99.54 0.25

Cr 1.86 0.04 1.81 97.31 0.12

K 0.979 0.014 0.952 97.24 0.08

Pb 0.442 0.006 0.433 97.96 0.05

Ni 0.197 0.006 0.190 96.44 0.02

Cu 0.156 0.002 0.149 95.51 0.02

Ba* * * 0.081 * 0.01

\% 0.0303 0.0013 0.029 95.70 0.01

Na 0.585 0.015 0.587 100.34 0.06

* Not certified but detected and determined

All the measured recoveries of each of the analytes were above 95% and the
technique for digestion was determined suitable for this particular dust[76]. The
potential sources for error can include measurement errors from the glassware and the
balance. The material itself will have a degree of uncertainty hence the presence of
C(95) values. It is clear from the data that Iron is the most uncertain measurement but

is still within a reasonable degree of uncertainty.

3.3.9 Loss On Ignition (LOI)

Similar to the VM from the proximate analysis section 3.3.3, loss on ignition (LOI)
analysis was carried out in an ashing furnace at 1000°C for 3 hours in an air
atmosphere, the mass loss per the initial mass is a measure of combustible materials

and the degree of loss on ignition of the sample. The values for LOI are important to
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compare against the carbon values in blast furnace dust, this will determine if there is

a relationship between the combustibility and carbon type of each dust.

3.4 Carbon Type Differentiation Methods

Where carbon type differentiation of blast furnace dust was explored, the following
techniques were utilised following a similar methodology for all blast furnace dust and

sludge samples.

3.4.1 Thermogravimetric Analysis - CET

TA Instruments SDT Q600 was the analyser used to recreate the CET outlined in
section 2.10.3 and subsequent TGA techniques. The CET was used to quantify the
presence of LOC within the blast furnace dust which is indicative of the presence of
coal char, as explained in section 2.10.2. 20 mg £0.5 mg of the sample was weighed
into Al,O3 crucibles. 100ml/min of compressed air was used as a reaction gas to
promote oxidation of the carbon within the dust. The program for testing included
1°C/min ramps between a 30 minute isotherm at 175°C, 390 minute isotherm at 475°C,
330 minute isotherm at 600°C and a 30 minute isotherm at 1000°C. As outlined by
Wing et al., two isothermal holds were introduced at 475°C and 600°C to allow for the
LOC and HOC to respectively oxidise and the ramp rate was fixed at 1°C/min. The
length of the holds was defined to minimise the overlap in oxidation between these
two carbon types[55]. According to Wing et al., the suitability of this method for
industrial samples has been established using synthetically doped coke and chars
[55,61].

Repeatability

Some of the analysis was carried out at the Materials Processing Institute (MPI) using
the Netzsch STA 409 PC Luxx. The data from the MPI instrument was compared to
the TA Instruments SDT Q600. Challenges of equipment availability were overcome
by carrying out the repeat and check analysis using the TGA at MPI. To remove any
doubt from any potential errors caused by using different analysers a repeatability
study was completed on 10 samples. The previous CET work assessed blast furnaces
that use only PCI systems as opposed to GCI systems. The difference between the two
was predominately size fraction. PCI aims for 60% of the material to be less than 65

micron, as opposed to GCI which was coarse, measuring up to 2-3mm[36,77]. A larger
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PSD was therefore attributed to GCI which was thought to result in a greater variation
in combustion as per the effects of PSD reviewed in section 2.8.3. It was therefore
important to analyse if the CET was suitable for dust samples from GCI systems. An
initial programme of ten repeatability tests was conducted on dust apportioned from
Sample 1 to ensure that the variation in PSD did not result in significant test variability
during TGA and that the data was within the 66 range. The variation within the sample
remained within the control limits for all the calculated constituents including LOC,
HOC, soot, ash and moisture as per Figure 54. With satisfactory repeatability as all
datapoints fell within the upper and lower control limits of the 6c chart, TGA was

subsequently conducted on all of the BF dust samples.
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Figure 54 Control charts for the repeatability of BF dust samples a) low order carbon b) high

order carbon c) ash d) moisture €) soot

To confirm the work of Wing et al. and investigate the suitability of the coke
from this trial and the char developed by the DTF[61]. A char in coke doping trial was
completed as described in section 3.2.10. The resultant Thermogravimetric (TG) and
Differential Thermogravimetric (DTG) curves can be seen in Figure 55, where the char
peak was strongly pronounced in the top left graph of 100% char. The char peak
diminishes with the increasing coke peak as the samples evolve from a to f of Figure
55. It was clear to see the effect of the LOC and HOC in the data, hence the CET was

suitable for detecting and quantifying char in dust samples.
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The regression chart was analysed as per Figure 56, where the relationship
between the %LOC detected using the CET was plotted against the actual %char in
the coke and likewise for the %HOC and the %char in the coke. The R? was 0.98 and
0.99 respectively demonstrating the ability of the test to accurately determine char

quantity in samples from Port Talbot.
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Figure 56 Regression graphs for the char doping trial a) LOC% versus %char in the coke b)
HOC% versus %char in the coke

Normalisation

The CET produces resultant peaks such as in Figure 57a when analysing BF dust. In
Figure 57a, the left peak refers to the concentration of LOC and the area beneath the
right-hand peak was a reference to the concentration of HOC in the sample. Despite

the lengthened isothermal hold at 475°C to allow for complete oxidation of the LOC,
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the DTG in Figure 57a doesn’t return to zero, indicating some overlap in carbon types.
According to the procedure outlined in the literature review section 2.10.3, sieving the
materials with a 150-micron sieve to remove HOC contamination should minimise this
issue. To remove this factor an attempt was made to normalise the HOC data to remove
this effect. By subtracting the coke HOC peak Figure 57b, which was analysed
separately, from the DTG of the sample. The resultant DTG was given in Figure 57c.
The LOC and HOC from the resultant peak are therefore the normalised analysis
without the influence of coke HOC. This work aims to remove the overlap of the

carbon types within the dust samples to improve the CET and the values for LOC.

- - -Temperature (°C) | 100

— DTG o

—— DTG (%min) " (b)
o L 8o 8004

- - -Temperature (°C) | 100
— DTG e
—— DTG (%/min) ,*

@

DTG (%min)
Temperature (°C)

T T T T T T
0 500 1000 1500 0 500 1000 1500
Time (Mins) Time (Mins)

- - -Temperature (°C) |- 100
—— DTG e
—— DTG (%/min) ,~

(©)

DTG (%/min)

U T
0 500 1000 1500
Time (Mins)

Figure 57 DTG Graphs a) raw dust sample b) raw coke sample c) raw coke DTG subtracted

from raw dust

Low Order to High Order Carbon Ratio

The low-order to high-order ratio (LO:HO) was an technique used to determine the
amount of LOC, normalised to the total carbon within the sample, thus removing the
influence of ash constituents within the dust on the LOC. This ratio was calculated as
per equation 3.3, by dividing the LOC determined by the test, by the HOC.
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. % Low order carbon
LO:HO Ratio =

YT
% High order carbon (33)

Cross Instrument Comparison

Due to the impact of Covid-19 and equipment availability in Swansea University some
of the TGA testing was carried out at the Materials Processing Institute (MPI). Raw
data files from the instrument were collected and a cross comparison carried out. The
results of the comparison between instruments at Swansea University and MPI, can be
seen in Figure 58 and Table 13. For each of the tests, the regression was good,
including the LOC and HOC for which the R? values remain above 0.98. The moisture
calculation of the test was not compared as it was irrelevant to the overall analysis

using the CET and moisture was inevitably lost or gained during the transport and
storage of the samples.
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Table 13 R? values for round-robin validation between Swansea University and MPI

%LOC %HOC %Soot %Ash

R? 0.983138 0.989358 0.999272 0.994239

3.4.2 Modified CET

The current CET profile takes more than 1600 minutes to analyse a single sample,
meaning it was not possible to analyse coal combustion daily, and therefore no
capability to respond to any change in furnace condition on plant. The first technique
attempted was to modify the thermal profile for the CET. The aim here was to therefore
suggest a new thermal profile for TGA, to reduce the overall testing time to allow rapid
response carbon type differentiation, enabling at least one sample to be characterised
per day. Following optimisation trials of the thermal profile, the final modified CET
condition comprised of increasing the ramp rate from 1°C/min to 20°C/min, while the
isotherms were held at similar temperatures and durations as per the CET to minimise
the overlap between the carbon types. The overall duration of the test was
approximately half that of the original CET at around 16 hours meaning at least one

test could be carried out daily.

3.4.3 Combustion and Digestion

Research conducted by Winkler in 1984, outlined a technique for quantifying charcoal
in soil sediment samples, which consisted of nitric acid digestion and ignition to
measure the relative frequency of charcoal in lake and bog sediment. It was discovered
that the technique returned similar values of charcoal to when charcoal particles were
manually counted under a microscope and the analysis was completed in less than half
the time[78]. Soil can be relatively complex, soil and blast furnace dust are chemically
different substances. Soil is a natural mixture of minerals, organic matter, water, and
air, and typically contains a variety of elements such as silicon, aluminium, iron,
calcium, potassium, magnesium, and others in varying amounts, depending on the type
of soil and its location[79,80]. Blast furnace dust, on the other hand, is a by-product of
the steel-making process, composed of fine particles of iron oxides, primarily Fe.O3
and Fes3Os, as well as smaller amounts of other metals such as zinc, lead, and
cadmium[81]. It also contains carbon, which is a component of the coke used in the

blast furnace. Overall, the chemical composition of soil and blast furnace dust is very
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different due to their distinct origins and properties. Both have very different
constituents which would react differently to nitric acid digestion. The work by
Schwalbe described in the literature review section 2.10.3 helped direct which acids
would be used. This aspect of the experimental methodology aimed to assess the
applicability of the Winkler method for carbon type differentiation, a novel concept
which has not yet been trialled. An investigation was undertaken to assess the
suitability of alternative acid digestions to replace the chemical oxidation stage and
evaluate the effectiveness of the acid, for removing elements without impacting the
carbon remaining, similar to the work of Schwalbe. The acid solutions used for
investigation were iterations of aqua regia as per Table 14.

Table 14 Iterations of aqua regia for replacement of digestion stage

HNO; HCL H.0 H.0,
(cm?) (cmd) (cm?) (cm®)
Acid 1 13 0 0 0
Acid 2 10 3 0 0
Acid 3 5 15 6.5 0
Acid 4 3 10 0 0
Acid 5 15 5 6.5 0
Acid 6 3 7 0 Dropwise until

residual organic

matter digested

The aim of this technique was to enable batch processing of samples to reduce the time

for analysis significantly.

3.4.4 X-Ray Diffraction Carbon Parameters

The morphology of the amorphous carbon peak in the XRD spectra was compared
with the data from the CET to highlight an opportunity to replace the CET with a fast
XRD technique. XRD was a useful tool for identifying crystallite phases, particularly
in complex materials such as furnace dust. One of the limitations when analysing BF
dust is an amorphous region of carbon present between 25° and 33°[82]. This can often
hide peaks such as graphite and Fe>Oz. This broad region can be used to identify some
key parameters and characteristics of the carbon itself. Similar to the work of Di Zhao

discussed in section 2.10.3. By deconvoluting two gaussian peaks around 28° and 31°
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named alpha (a) and beta (p) respectively, the following parameters can be calculated

using iterations of Scherrer’s equation as per equation 3.4[83].

Car
(Car + Cal)

Aromaticity = fa =
Rank = IB/Ix
Crystallite Lateral Size (nm) = La = 1.84A/Ba Cos@a

Degree of Crystallinity = Lc = 0.892A/Bf3 Cosof3 .
Where

Car = Area under a peak

Cal = Area under B peak

lo = Intensity of apeak

IB = Intensity of 3 peak

A =X — Ray Wavelength

Ba = FWHM of apeak

BB = FWHM of B peak

pa = Bragg Angle of apeak

@B = Bragg Angle of B peak

Bragg’s law can be used to calculate interlayer spacing as per equation 3.5[84].

_ ni
28 in(pB)
Where

DB

DB = Interlayer Spacin

B yer Spacing 35)
n = order of dif fraction
A =X — Ray Wavelength

@B = Bragg Angle of B peak
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3.4.5 Kinetics

Common iso-conversional techniques for calculating kinetic variables, especially
activation energy (Ea), include the Friedman approach[85], the Flynn-Wall-Ozawa
method (FWO)[86], and the Kissenger Akahira Sunose method (KAS)[87]. The paper
written by Sima-Ella outlined in section 2.9 of the literature review used Coats
Redfern, as a technique for characterising char in dust, but this was a model-based
technique which is simplified and relies on curve fitting techniques to determine the
activation energy, hence alternative kinetic parameters were sought. It has been
demonstrated that the reaction energy for the oxidation of carbon compounds varies
significantly with the conversion degree[88]. The FWO and KAS methods are derived
from systems whose activation energy does not change with reaction progress, hence
the Friedman approach was chosen as a replacement, as changes in the mechanism can
be factored into the model-free method used. To compare the reactivity of each of the
blast furnace dusts against the LOC value derived using the CET, kinetic analysis was
applied to the blast furnace dust samples. It is thought that with increasing LOC the
activation energy will decrease due to the increase in reactivity of LOC.

Equation 3.6 gives the generalised kinetic expression for decomposition gas-
solid reactions, where t is time, k(T) is the temperature-dependent kinetic constant,
f(or) is the expression of the reaction model, do/dt is the rate of conversion with respect
to time and a is the conversion degree. Equation 3.7 gives the generalised kinetic
expression for conversion degrees, where m0 is the initial mass of the sample before
reaction initiation, mt is the mass of the sample at time t and mf is the final mass of the

sample.
da (3.6)
& = k(Mf(@)
m0 — mt
o= —-
m0 — mf (3.7)

By substituting the Arrhenius equation into Equation 3.6, a general expression
to calculate kinetic factors Ea and A is given in Equation 3.8, where A is the
preexponential factor (min), Ea is the activation energy of the conversion (kJmol™)

and T is the absolute temperature (K).
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da (3.8)

(o)A Ea
— = (@A exp(~ =)

The expression as proposed by Friedman involves taking the natural logarithm
of Equation 3.8 to yield Equation 3.9[85].

da Ea (3.9)
In (E) — In[Af(a)] — —

RT
The slope of each iso-conversional line from the plots of In(da/dt) versus
1000/T at a particular conversion value for several experiments varying the heating

rate B (°C/min) each time, can be used to obtain -Ea/R.

3.4.6 BET Surface Area

The Brunauer Emmett Teller (BET) analysis technique was used for determining the
surface area of solids from the nitrogen sorption isotherm at liquid nitrogen
temperatures[89]. Based on the work of Pohlmann et al. and the Charfoco report
outlined in section 2.9 of the literature review, surface area is a key driver for char
burnout. Hence there should be a relationship between the surface area of char and
other constituent materials. The analysis was carried out using a Nova 2000E analyser,
where a known mass of blast furnace dust was degassed to ensure total dryness and
evacuation of pore moisture. The gas sorption data from the reintroduction of nitrogen
to the vessel can be analysed and converted into data such as pore size and specific
surface area. Samples were degassed for 4 hours at 130°C to avoid physical alteration
of the material. The test was run to totality and the volume adsorbed and relative

pressure was plotted by the instrument.

3.4.7 Imaged

To process and automate images for char cenosphere identification similar to the work
of Pohlmann et al. outlined in section 2.9, who explained the source of cenospheres in
BF dust, thresholding techniques were adopted using software called Imagel. The
optical micrographs of dust samples were thresholded to isolate the cenospheres from
the background and flux materials. The subsequent information attained using the
processing software such as the surface area of cenospheres and a count of the number

of cenosphere particles was carried out on the processed images as a method of
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quantifying the carbon type within the micrograph for comparison against the LOC
derived by the CET.

Cenosphere particles were thresholded using the software and particle counting
was carried out using resultant images. The aim of this was to automate the char
cenosphere counting technique previously carried out by Nyanin[12]. To successfully
threshold an image for the quantification technique, the following steps were
undertaken. The image was calibrated using the scale bar which allows the software to
reference the correct size for pixel quantification. The image was converted to 8-bit to
allow for greyscale thresholding across 225 grey levels. This allowed for the

background to be negated from the image as per Figure 59.

Figure 59 a) Raw dust optical image b) greyscale thresholding for background removal

The cenosphere type could be further thresholded out as per Figure 60, by
increasing the threshold limit.

91



Figure 60 Dust imaged threshold for only cenosphere particles

Salt and pepper noise, as described by Zhang et al., was removed by
despeckling, replacing each pixel with the median value in a 3x3 neighbourhood[90].
The resultant image was filtered for particles over 10 pixels in size to remove false
data from the salt and pepper noise remaining. All particle circularities were counted
including holes to ensure all remaining thresholded cenosphere particles were counted.
The results were deduced from the images, as shown in Figure 61, where the total
cenosphere particle count was calculated to compare against the data from the CET.
The value used to compare against the CET was the number of counted cenospheres
over the total particle count as a percentage of cenospheres per total particles. This
value was thought to be relative to the LOC value derived from the CET.

Figure 61 a) particle count all particles considered b) particle count all cenosphere particles

considered

3.4.8 Raman Spectroscopy

To compare the Raman spectra of blast furnace dust against the LOC quantified by the

CET with the aim to use it as a replacement methodology, the Renishaw inVia confocal
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Raman microscope using a backscattering configuration was used. 50x magnification
was used to collect Raman spectra from randomized points across the dust sample. All
measurements were conducted under a nitrogen inert atmosphere. The laser spot size
used was ~10 micron and the spectra were collected at wavelengths (457, 488, and 514
nm) using an argon ion laser. Acquisition times and laser powers were optimised as
described later in the text in results chapter 4.2. Calibration was conducted using a
silicon reference sample, and background photoluminescence was subtracted using a
polynomial fit. The spectra from random points in the sample were used to determine

the degree of low-order and high-order carbon types in the dust.

Each of the peaks from the Raman spectra can be referenced to different
characteristics of the carbon type in the material. It was hypothesised that samples
exhibiting low-order forms of Raman spectra will naturally contain more LOC when
comparing the data to the CET. The “G” peak refers to the peak around 1582cm™ on
the spectra which was indicative of the sp2 C-C type bonding[91]. Increased intensity
of this peak indicates the increased ordering of the carbon type. The “D” Peak around
1350cm was indicative of impurities in the carbon stacking structure, higher values
for this indicate less order in the carbon structure[92]. Hence the D/G ratio was
calculated based on the heights of the peaks to determine the degree of carbon order.
Lower values for D/G indicate more ordered carbon and therefore it was appropriate
to consider using Raman as an alternative technique to the CET as lower order within
the carbon type may return lower values for LOC from the CET[93].

3.4.9 Micro Computed Tomography

Micro Computed Tomography (Micro CT) was used to provide 3-d images of the dust
for char counting. It is thought that the amount of char particles found can be compared
to the LOC from the CET to improve upon it. Samples were mounted into plastic
straws to prevent excessive movement interference with the final images. The mounted
samples were scanned using an Xradia Zeiss 520 Versa X-Ray microscope. The data
was reconstructed with XMReconstructor software, and the images were used for

identifying char presence within the samples.

The aim of this work was to produce a 3D representation and dataset for char
or cenosphere counting. The main limitation of microscopic techniques was the

objective size and representativeness of a batch of material. This technique aims to
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provide increased image surface area and increase the visualisation aspect of each

particle available in slices.

3.4.10 XPS

To determine surface chemistry, XPS was carried out to compare differences in the
C1S and O1S spectra of the dust samples to the results from the CET[94]. The focus
was on these specific peaks because these peaks best describe the bonding between
carbon types. The XPS analysis was selected based on the research by Steer et al. in
section 2.8.3 who identified changes in surface chemistry within coal and char
depending on the thermal history. This technique was selected to highlight changes
between dust samples to tie back to the changing thermal history of the carbon within
the dust.

To identify carbon bonds and types within the dust samples a Kratos Axis
Supra XPS was used. The instrument used a monochromatic Al Ka X-ray source at
225W and a 15mA emission current. Multiple wide scans at pass energy of 160 eV
across the range of binding energies 1200-0eV were used on each sample to identify
all the bonds and elements present. A step size of 1eV was used for this. For the high-
resolution spectra, a pass energy of 40eV with a step size of 0.01eV and a multi-sweep
dwell time of 2000ms was used to reduce noise ratios. The binding energy was charge
correct to the C-C component of the carbon peak at 248.8eV. Gauss-Lorentz peak
models and Shirley backgrounds were used to quantify the peaks using Casa XPS

software with a Kratos sensitivity factor library to quantify the data.

3.4.11 Petrography

Samples were analysed using a novel automated petrography technique in a
collaborative programme of work with Nottingham University[95]. The work looked
to identify links between optical analysis and the CET. The technique focused on
identifying the different carbon types and using computer-based thresholding to
automate the identification and particle counts.

Mounted samples were polished to maximise the resolution of the structures
within the sample. A Zeiss Image M1 microscope was used with a 50x oil immersion
objective and a 10x lens amounting to 500x magnification. An automated stage was
used to generate a 20x20 mosaic totalling 400 images across the surface. Thresholding
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was applied to the images to separate the different carbon types, including, coke, green

coke, coal and mineral matter.

Manual analysis was used to identify the relevant macerals such as vitrinite,

liptinite and inertinite to identify which parts of the image to threshold into each carbon
type[96].

3.5 Coal Combustibility Analysis
3.5.1 TG Parameters

To identify the thermal properties of each coal used and their subsequent blends, the
SDT Q600 was used to create TG and DTG profiles. The aim of this work was to
ascertain which of the coals and the coal blends would be most likely to burnout in the
raceway of the blast furnace. 20 mg £0.5 mg of coal or blend was weighed into an
Al>O3 crucible and heated in 200ml/min of flowing air to 1000°C at a rate of 10°C/min.
The resultant TG and DTG profiles were used to compare burnout characteristics and
TG parameters. According to Wang et al., Initiation Temperature (Ti) was the
temperature where the DTG elevates to > 0.1%/min, indicating the start of the
oxidation process. Peak temperature (Tmax) was the highest point of the DTG curve,
indicating the temperature with the maximum rate of oxidation. T-half (T0.5)
according to the TG curve was the point at which half of the material has oxidised.
Burnout temperature (Tb) relates to the temperature where the DTG falls to < 0.1%
min, an indication of the end of the coal burnout stage. The combustibility index (s)
describes the effect of oxygen concentration on the combustion characteristics of the
coal, this was calculated as per equation 3.10 and ensures that both ignition and
burnout temperatures are considered in the same index[97]. Figure 62 best describes

the location of each of the parameters on the DTG and TG curves respectively.
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o (%—‘gj)max(%—vtv)mean
Combustibility Index (S) = Ti2Th (3.10)
Where
Dw

Dr - The rate of change in Weight and Temperature

3.6 Plant Analysis Methods

3.6.1 Process Data

Many of the process parameters for blast furnace ironmaking have been optimised for
iron quality and production maximisation. Parameters such as blast pressure,
temperature, volume, oxygen enrichment, fuel rates and steam are used to maintain the
environment within the blast furnace to ensure the stable manufacture of iron[98].
These conditions are suspected to influence the dust generated by the blast furnace. In
this work, each parameter was investigated to understand their influence. Whilst macro
changes in process parameters may be detrimental to the manufacture of iron, an
understanding of the leading influences on coal combustion can help drive data-driven

decision-making, with a focus on the reduction of dust generation.

Process information (PI) data was obtained from sensors placed strategically
around the blast furnace to monitor conditions and processes. The aim of this work
was to compare the process parameters against the LOC in the dust, for any given time,
in an attempt to ascertain which parameters should be the focus for diagnosing the

presence of coal char in the raceway. The information was stored on a central system
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named PIWeb. The information retrieved was in 30-second intervals, averages have
been calculated for each process parameter spanning 12 hours before the samples were
obtained. Each set of process parameters has been checked to ensure no major process
deviations occurred within the 24-hour period leading up to sampling and only natural

variation was observed.

Vast quantities of information can be observed using the sensors alone. But to
gain a deeper understanding of the complex nature and combined effects of process
parameters, the following parameters have been calculated. Raceway adiabatic flame
temperature (RAFT), total oxygen enrichment, oxygen mass flow, permeability, moles

of carbon per moles of oxygen ratio (CPO), coal mass per oxygen mass and coal flow.

RAFT was a theoretical combination of heat supplied from the blast and heat
generated by coke and coal combustion in the raceway. This allows the temperature to
rise above the melting point of the burden. In the raceway coal reacts with oxygen to
produce carbon monoxide and water is converted to hydrogen in the presence of
carbon. The RAFT is the temperature in the raceway as soon as the gas has fully
converted to CO and Hzrespectively. The RAFT can be calculated as per equation 3.11
and is dependent on hot blast temperature, oxygen enrichment, blast oxygen and
changes in reductant rates[99]. A criticism of this calculation is that it doesn’t account
for the moisture in the coal. This can have a large impact on the RAFT and the
conditions wouldn’t be known to the operator as this is a theoretical value. Large parts
of the equation are redundant in many blast furnaces that don’t inject tar, oil or natural
gas. The calculation shows a heavy reliance on natural gas and oil injection as these

would be the most energy intensive influences on it.
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RAFT

= 1489 + 0.82BT - 5.705BM

18.1Coal 43.010il 27.9Tar 50.66NG
+ 52.778(0E) - - -

100wc 100wc 100WwC  100WC
Where
BT = Blast Temperature in °C
BM = Blast Moisture in gr/m? STP dry blast
OE = Oxygen enrichment (% 02 - 21)
Oil = Dry Oil injection rate in kg /tHM

kg
tHM

Tar = Dry Tar injection rate in

Coal = Dry Coal injection rate in kg /tHM
NG = Natural gas injection rate in kg /tHM

WC = Wind consumption in m3/tHM

(3.12)

Permeability was calculated to combine the volume of the blast furnace with

the pressure from the bottom and the top of the furnace. The known volume, blast

volume and changing pressure provide an index for determining permeability provided

by the descending burden. Higher values for permeability suggest increased channels

and pores within the burden for gas to ascend the furnace. The permeability index was

calculated as per equation 3.12. The limitation of using formulas such as these is that

they are derived collaboratively. All blast furnaces are different and hence the shape

of the furnace as opposed to the working volume and height may be more influential

than this calculation accounts for. The pressure is considered here but there is a large

reliance on the furnace height.
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FH'S x 1000BV
WV x (BP — HTP)'S x (BP + HTP + 2)036

Permeability =
(3.12)

Where

FH = Furnace Height (m)

BV = Blast Volume (k—m3)
hr

WV = Working Volume (m?)

BP = Blast Pressure (Bar)

HTP = High Top Pressure (Bar)

Oxygen volume was a parameter focused on oxygen enrichment in the
raceway. To account for the oxygen present within the blast air, equation 3.13 was
derived. Oxygen mass flow was also derived as per equation 3.14. This was to convert

the oxygen volume into a mass flow for later conversion into coal parameters.

3

m
Total Oxygen Enrichment (TOE) <

—|=(B .21
hr) (BV x 0.21) + 0oV

(3.13)

k
Oxygen Mass Flow (h—'z) =TOE x 0.385 (3.14)

Where

m3
BV = Blast Volume (ﬁ)

m3
OV = Oxygen Volume (ﬁ)

The carbon present within the raceway can be quantified using the coal rate
and coke rate from the Pl data. However, to further identify the conditions within the
furnace, coal flow was a direct measure of coal flowing in kg/hr into the furnace as
opposed to the coal rate which was dependent on the production rate of the blast
furnace, coal flow can be calculated as per equation 3.15. With depleted oxygen
conditions in the raceway, combustion is less favourable[100]. Coal per oxygen mass
flow (CPM) derived in equation 3.16, was calculated based on the mass of oxygen and
coal flowing into the furnace at any given time. Similar to the CPM, the moles of coal

99



per unit oxygen CPO as per equation 3.17, was a good indication of the abundance of
coal in comparison to oxygen on a molecular level in the raceway. These calculations
were based on improved calculations for O/C outlined in the work by Schwalbe in

section 2.11 of the literature review.

k
Coal Flow (CF) (h—‘z) = PR X CR

(3.15)
Coal per Oxygen Mass Flow (CPM) = OMF (3.16)
Moles of Coal Per Moles of Oxygen (CPO) (3.17)

(O.BCF) ( OMF )
CBCF - OMF~/ TOBCE - OMF
(ot + 319988) (201 + 3109)

Where

t
PR = Production Rate (E)

CR = Coal Rat kg
= Coa ae(th)

OMF = Derived in Equation 4.2

To determine which operating parameters and variables had the largest
influence on dust generation, the data from the process itself was required. Blast
furnace P1 was used to determine the parameters at the time of sampling and before
the sample. The data helps visualize changes in process conditions that led to a sample
containing more or less LOC. The data types used are outlined in Table 15.

Table 15 Process parameters from PIWEB

Parameter Unit Descriptor

Total Suspended Solid gl Dust concentration in the water from the wet abatement
Dust Output gls Dust mass flow from the wet abatement

Water Flow m3/hr Flow of water used for gas cleaning out of the wet abatement
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O, Setpoint % Operator-controlled parameter to increase oxygen enrichment

O, Volume mé/hr Output of the change in Oxygen setpoint. This is the flow of oxygen into the
blast furnace

Total Oxygen m3/hr Oxygen enrichment including the oxygen from the blast air. This is the flow of
oxygen into the blast furnace inclusive of the oxygen in the blast air.

Oxygen Mass Flow kgf/hr Molecular oxygen flowing into the furnace
Steam t/hr Process used to control the temperature of the flame has a cooling effect
Raceway Adiabatic Flame °C Calculated temperature at the tip of the tuyere

Temperature (RAFT)

Blast Volume km¥hr  Volumetric flow of hot air blasted into the furnace.

Blast Pressure Bar Pressure of hot air blasted into the furnace

Blast Temperature °C Temperature of the air blasted into the furnace

Delta Pressure Bar Change in pressure from the top and bottom of the furnace
Production Rate thr Rate of manufacture of iron

Hot Metal SiO, % Related to the composition of material produced

Mole Carbon Per Mole % Calculated based on molecular oxygen and coal in the furnace at any given time
Oxygen

Coal per Oxygen kg/hr Flow of coal per unit oxygen at any given time

Coal Flow Rate kg/hr Flow of coal based on the original production rate of the furnace
Coal Rate kg/tHM  Mass of coal used per tonne of hot metal produced

Coke Rate kg/tHM  Mass of coal used per tonne of hot metal produced
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Max Differential Pressure Bar Difference between the top and bottom pressures in the furnace, related to

permeability
High Top Pressure Bar Pressure of gas exiting the furnace
Top Temperature °C Temperature of the gas exiting the furnace
co % Concentration of CO in the top gas at the first analyser
CO, % Concentration of CO; in the top gas at the first analyser
H, % Concentration of H,in the top gas at the first analyser
[\ % Concentration of N, in the top gas at the first analyser, the difference between

the other measured gases

COb % Concentration of CO in the top gas at the second analyser downstream

CO;b % Concentration of CO; in the top gas at the second analyser downstream

H,;b % Concentration of H,in the top gas at the second analyser downstream

N, b % Concentration of N, in the top gas at the second analyser downstream, the

difference between the other measured gases

Gas Efficiency Co,/(Co+Co;) % Calculated based on the output from the top gas analysers

Permeability Index Indices based on blast volume, working volume and changes in pressure across

the furnace

3.6.2 Replacement Ratio

To combine several coal properties into a single figure for comparison to the LOC in
the dust output at any given time, the replacement ratio was considered. It is widely
accepted that coal is used to substitute coke as a fuel in blast furnace iron making. The
ratio of how much coal can be used to offset coke is highly dependent on the
morphology, surface area, phases present and chemistry of it. The analysis to satisfy

the equation for replacement ratio was carried out, according to the ultimate analyser
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and proximate analysis procedures outlined in section 3.3.3. The formula for
calculating the replacement ratio of a particular coal or coal blend was as per equation
3.18[99]. This formula considers the energy required to crack the coal structure
including C-H bonds, evaporating the moisture within the particle, and minimising the
ash levels within the furnace to determine a suitable ratio to inject the coal offsetting
coke as a fuel. The output of this calculation was a value indicating the amount of coke
in kg/tHM each 1kg/tHM of coal blend or coal can replace. A replacement ratio of 0.98
would essentially mean that 1kg/tHM of coal will offset 0.98 kg/tHM of coke. The
coal goes through a drying stage on the plant, hence the moisture was assumed to be
1.5% due to moisture pick up from the GCI plant to the furnace tuyeres. In terms of
coal combustion. A higher value for replacement ratio means that more carbon is
available for the boudouard reaction and more hydrogen is available in the furnace.

This will decrease the energy demand of the furnace.
RR = 2C%(Coal) + 2.5 X H%(Coal) — 2 X Moisture%(Coal) — 86
+ 0.9 X ash%(Coal) (3.18)
Where
RR = Replacement Ratio
C%(Coal) = Determined by Ultimate Analysis
H%(Coal) = Determined by Ultimate Analysis
Moisture%(Coal) = 1.5%

Ash%(Coal) = Determined by Proximate Analysis

3.7 Dust Output Monitoring

Manual Probe

To generate a data set for dust output, for comparison against process data, the dust
output was monitored using a Royce Technologies suspended solids meter seen in
Figure 63. This measures light transmittance across the bridge as per Figure 64, and
converts it into grams per litre solids in water measurement[106]. The flow of water
from the wet abatement was used to convert the value into a mass flow in kg/s. This
value was used to compare directly with the process parameters of the blast furnace to

determine which parameters have the largest influence on the dust output. The
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handheld manual probe was used to validate the hypothesis that the dust output could

be monitored and to justify the procurement of a fixed monitor.

Figure 63 Royce Technologies total suspended solids probe

Flow of Water

viith Suspended

APERTURE
TRANSMITTED

LENS LIGHT DETECTOR

Figure 64 Working principle of the probe (Image adapted from Fondriest learning
services)[106]

Sampling location was important for monitoring output, it was important to
capture the most particles to ensure the sampling remains representative of the process.
However, steelmaking is inherently fraught with hazards due to the nature of the
process. A balance between representativeness and suitability was drawn to select the
sampling point as per Figure 65. This was in the stream of water after the wet
abatement before it enters the clarifying pond. Here the water was cool enough to
protect the instrument, access was suitably safe, and the water flow was less turbulent
here for the accuracy of the measurement.
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Figure 65 Google maps representation of sampling point on BF5 in TATA Steel Strip UK Port
Talbot

3.7.1 Dust Monitor Validation

To calibrate the monitoring equipment and validate the technique, 1000cm?® of process
water was sampled from the centre of the stream to ensure representativeness. 100cm?®
of agitated water was filtered using a dried and weighed GFC. The filter containing
the dust was dried until constant mass at 105°C in a Memmert UN30 drying oven. The
mass of dried residue and the filter were used to calculate the suspended solids
concentration (TSS) of the water as per equation 3.19.

TSS = %

Where
(3.19)

TSS = TotalSuspendedSolid (mg/1)

WIf = Mass of dried filtered material and filter paper (mg)

§ = Mass of dried blank filter paper (mg)

Vw = Volume of water (1)

The Royce Technologies instrument was sensitive to different solid morphologies

and reflectance properties of the particles suspended in the water[107]. For this reason,
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the instrument was calibrated using a sample taken from the source. The laboratory
TSS technique was carried out on a sample of slurry water, this value was used to drift
correct the instrument to ensure the accuracy of measurement. A series of comparisons
were made on samples from different days and times to prevent condition bias. The
comparison between measurements made using the probe versus the measurements of
the samples taken and filtered in the laboratory was as per Figure 66. The R? for this
technique was 0.86186. This was a good regression for comparing two techniques with
the inherent sources of error, the measurement uncertainty for the laboratory technique
alone is +20%[108]. The uncertainty for the probe was +5%, hence the R? was good
for these processes[109]. Reverse validation was considered but the dust was partially
soluble in the water hence a difference in the data would be observed and reverse

validation was not possible with BF dust.

Probe Measurement (g/l)

Laboratory Measurement (g/l)

Figure 66 Regression data for validating the probe against the laboratory-accredited suspended

solids technique
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4 Results and Discussion

4.1 Understanding Blast Furnace Dust Formation

4.1.1 Introduction

To optimise the process of iron making for dust reduction, a comprehensive review of
the material was required to understand how the dust was formed and which
constituents can be reduced to minimise the overall volume of dust generated by the
process. The quality and mechanical strength of the raw materials have a large
influence on dust generation[101]. Coke, sinter, limestone and iron ore are the raw
materials that are fed into the top of the blast furnace in layers, on route to the top of
the furnace the materials are stacked in huge storage bunkers, dropped between
conveyor belts and dropped into charge cars. The mechanical degradation of the raw
materials was inevitable. The mechanically degraded raw material, when introduced
to the pressure of top gas flow from the top of the blast furnace, any loose material
fines will be dislodged from the surface of the macro particles and enter the gas
stream[81].

Dust generation in a conversion process such as this will also be inevitable.
Typically, 80 tonnes of dust is generated daily per furnace, as per Figure 67. Although
this value is rather variable due to the measurement technique. Lorries containing dust
are measured using a weighbridge and the value is totalled for the daily output. The
accuracy of this measurement was only sensitive to the resolution of the weighbridge,
to the nearest tonne. Prior to this investigation, the only benefit of the measurement
was to calculate the growth rate of a legacy stockpile of material and to ensure the use
remains greater than the generation. But as per Figure 67, the output of the furnace is
very variable, if this variability can be reduced through a tighter control of the blast

furnace process conditions then the focus can be to reduce the daily dust output.
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Figure 67 Daily BF dust output in tonnes per day

The scope of this work meant the dust from the dry and wet abatements was
analysed from different days, spanning 9 months to allow for a good variety of process
conditions and dust types to be represented. The aim of this work was to first identify
the materials present in the dust and discuss the potential origins, using analyses from
each of the raw materials for blast furnace ironmaking. The second was to determine
the key differences between the samples from the wet and dry abatements to determine
which sample type is most representative of the dust as a whole, the third was to
identify the degree of variation in analytes between dust samples and slurry samples,
finally to identify any relationships between the carbon in the material with the other

analytes.

4.1.2 Constituents of Blast Furnace Dust

The SEM image in Figure 68, shows the presence of multiple particle types within the
dust itself. The presence of each of the raw material constituents was expected based
on the work of Schwalbe from the literature review, who said that flue dust is made up
of both carbon and non-carbon-bearing materials such as gangue and fluxes, but within
this particular sample, examples of each raw material present can be seen, the source
of each is not definitive based on this SEM image but these are the most likely source
of each. The likely presence of each material was confirmed using EDS, which

quantifies areas of element concentration and allows for accurate particle
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identification. Limestone was identified due to the bright colour using the backscatter
detector (BSD) and the globular morphology. The EDS data in Table 16 shows these
particular particles to be high in calcium, indicative of CaO known as lime[124]. With
EDS analysis consideration to accuracy should be made. The values are relative
analyses and should be treated as an indication only. Iron ore was also clearly present,
these iron-rich particles glow much brighter under backscatter due to the density
difference of iron to the carbon circle background. The Fe.Oz appears globular in
morphology but was differentiated between CaO using the data from the EDS[125].
Sinter identification was more difficult because the iron content around 56% was lower
but similar to that of iron ore at around 65%, the BSD shows colours that are similar
between the materials. The shape of the particle was a good indicator that the particle
was sinter, sinter was a synthetic product of the agglomeration of waste materials
around the site. The process of manufacture through sintering means that the product
morphology was more angular than the naturally occurring iron ore which was more
globular in nature[126]. The coke can be characterised by a large flake-like
morphology, the backscatter gives a darker colour to this particulate because it is
predominately carbon and is less atomically dense than iron bearing materials, the
angular morphology differentiates it from other carbon sources within the dust[127].
The presence of coal or coal char as seen in Figure 68, was the most interesting. The
coal is initially injected into the bottom of the blast furnace and for this reason, it
travels through the hottest and most oxygen-rich zones of the furnace before exiting
the furnace. Coal should be fully gasified, before leaving the raceway[99], however
the presence of char in the dust means that it is not fully gasifying. Char in the dust
can be identified in globular particles with pores also known as cenospheres as
identified by Pohlmann et al. in the literature review section 2.9. The black colour was

indicative of the atomic density in comparison to the other materials present[12].
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Figure 68 SEM micrograph showing the presence of each of the raw materials within the dust.
From top left and in clockwise order these include, iron ore, limestone, coke, coal char and

sinter

Table 16 EDS analysis of each of the particles identified in the SEM image in Figure 70

. . . . Coal Char . .
Iron Ore Particle Lime Particle Coke Particle . Sinter Particle
Particle
C
3.7 12.6 88.2 51.2 45
Rel. wt%
Fe
65.2 - 14 0.8 41.3
Rel. wt%
Ca
11 22.8 1.8 8.4 33.7
Rel. wt%
Mg
0.1 20.1 - 2.2 1.8
Rel. wt%
Si
51 - 3.9 9.2 12.2
Rel. wt%
o
24.8 44.5 4.7 28.2 6.5
Rel. wt%
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XRD was used to identify the phases present within BF dust. Figure 69 shows
the presence of magnetite, haematite, wustite and metallic iron. The presence of these
phases was a strong indication of the presence of iron ore and sinter material. There
appears to be a presence of calcite dolomite and silica in the form of quartz, indicating
the presence of fluxes in the dust[128]. The presence of graphite phases and a large
amorphous region between 25° and 33° indicates the presence of different carbon

sources, likely to be from the coal and coke-originating carbon present in the SEM

images[63].
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Figure 69 Powder XRD patterns for Sample 1. H = Hematite (Fe2Os — COD# 9000139), M =
Magnetite (FesOs -COD# 1011084), W = Wiistite (FeO — COD# 9008636), C = Calcite (CCaOs —
COD# 9016200), Si = Quartz High (O2Si — COD# 1011200), G = Graphite (C — COD#9011577),

D = Dolomite (CaMg(C0Oz)2 — COD# 9000885), Fe = Iron (Fe — COD# 4113941)

The typical size distribution of n=3 samples can be seen in Figure 70. The
distribution was skewed towards the sub-400-micron average particle size, indicating
that the vast majority of the dust was less than 1mm in size. Because the bottom size
of each of the raw materials was >1mm, this data indicates that the dust was generated
through mechanical degradation as opposed to prime macro particles of raw material
being lost into the gas stream. Sample 3 appears to have 2 phases of material present,
due to the presence of the second peak. Further chemical analysis showed an increase

in CaO and MgO in sample 3, as opposed to the other samples. This second phase
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could indicate that a particularly low-strength CaO was used as a flux on the day, as
more of this broke down and entered the gas stream compared to the other samples.
The mean value for each of the dust samples remained consistent indicating a relatively
stable dust generation. This was beneficial to the process of optimisation as allows for
a relatively good degree of predictability. The average particle size parameters and
bulk density for dust can be seen in Table 17. This bulk density was between the bulk
density of coke and iron at ~400 kg/m? and ~1200 kg/m? respectively, which indicates
that the dust was a mixture of particulates and the value for bulk density was sensitive

to changes in particle type.
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Figure 70 Histograms of the particle size distribution for samples 1, 2 and 3

Table 17 BF dust physical parameters

Average of Average of Average of Average of Dx  Average of Dx Bulk Density
Dx (10) Dx (50) Dx (90) (99) (Micron) (100) (Micron) kg/m?®
(Micron) (Micron) (Micron)
BF dust 31.12 87.91 154.00 204.50 236.80 860.18

Table 18 shows the typical metals composition of BF dust. Metallic iron was
the highest fraction at 20.61%. The presence of potassium, zinc and sodium was
detrimental to blast furnace refractories and was tightly controlled in the raw materials
to prevent the introduction of alkali metals into the furnace[129]. Zinc and potassium
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are somewhat higher than sodium, mainly because zinc will concentrate in the dust as
the iron within the sinter and iron ore are reduced. Some zinc will reduce with the
carbon present in the furnace, but this reaction occurs much further down the process
with higher temperatures, the zinc here was in the form of zinc oxides expelled from
the top of the burden[130].

Table 18 Metals composition of BF dust as derived by ICP

Fe Zn Cr K Pb Ni Cu Ba \Y Na
% % % % % % % % % %
BF dust 20.61 0.09 0.00 0.09 0.00 0.01 0.00 0.09 0.03 0.01

Table 19 shows the typical XRF analysis of BF dust and each of the raw
materials present in the dust. The values for the XRF are the concentrations of each
analyte within the ash portion of the sample, ashing of the dust was carried out to
protect the platinum crucibles during the preparation of the glass bead procedure in the
XRF. The SiO> in the dust appears to originate from carbon-based raw materials, as
does Al20s3, TiO2, phosphorous and manganese. The CaO was clearly from the
limestone with some potential contribution from the sinter, however, the sinter was
more mechanically stable compared to limestone therefore was less likely to contribute
to the dust. The iron-bearing analytes are contributed from the iron ores and sinter,

except for FeO which may be contributed to by coke.

Table 19 XRF analysis of the dust and raw materials present within the dust itself

SiO: Al0s TiO: Cao MgOo Fe Fe:03 FeO P Mn
% in % in % in % in % in % in % in % in % in % in
Ash Ash Ash Ash Ash Ash Ash Ash Ash Ash
Flue Dust 13.51 6.65 0.28 6.47 1.20 8.00 48.22 9.00 0.86 0.78
Coal 50.80 29.65 0.99 2.22 1.08 6.35 - - 0.44 0.12
Coke 13.06 7.48 0.15 7.69 2.24 8.62 47.29 8.80 0.52 1.04
Iron Ore 2.83 0.58 0.15 0.54 0.41 66.78 95.00 0.45 0.012 0.04
Pellet
Iron Ore 4.50 0.99 0.059 0.18 0 65.37 92.51 0.87 0.044 0.025
Lump
Sinter 5.73 1.17 0.15 10.53 1.59 56.48 71.88 7.97 0.037 0.40
Limestone 1.33 0.01 0 50.94 0.89 0 0.12 0 0 0

The alkali metals depicted in Table 20, as determined by ICP confirm the
presence of coal or char in the dust, due to the high K>O concentration. Na2O was
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present both in coke and coal therefore it would be difficult to ascertain the
contribution made by each to the dust. But it was clear that alkali metals originate from

carbon-based materials, as opposed to ferrous-based materials.

Table 20 ICP analysis of alkali metals within the dust and the raw materials

Na20 K20

% %
Flue Dust 0.61 1.60
Coal 0.61 1.88
Coke 0.68 0.18
Iron Ore Pellet 0.072 0.06
Iron Ore Lump 0.041 0.131
Sinter 0.060 0.065
Limestone 0.031 0.051

The carbon and proximate analysis in Table 21, was indicative of the presence
of coal and coke, the carbon-based raw materials. The presence of coal here could be
misleading, and it is important to note that under-carbonised material, which was
inevitably present in coke was more likely to be present in the dust than raw coal itself.
Prime quality coke typically has a volatile matter content of ~1%, therefore it is
indicative that the material present in the dust was more reactive than coke because
there was more volatile matter present in the dust itself.

Table 21 Carbon and proximate analysis of BF dust and ironmaking raw materials

Carbon Sulphur VM ASH LOI
% % % % %
Flue Dust 64.26 0.52 4.78 35.21 53.43
Coal 84.26 1.050 14.32 9.00 -
Coke 90.47 0.6 111 58.4 42.49
Iron Ore Pellet - 0.011 - - 0.06
Iron Ore Lump - 0.016 - - 0.63
Sinter - 0.025 - - 0.38
Limestone 12.09 0.001 - - 42.98

Another influencing factor for the degree of dust generation was the moisture
content of the material and weather conditions. Limestone is hygroscopic, meaning
that it will naturally draw moisture from the atmosphere, which can be problematic for

material handling and usage. On the contrary though, in terms of dust generation, a
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theory could be that with increased moisture, particles will be more likely to adhere to
the surface of the macro particle and less likely to exit the furnace in the form of dust.
The counter effect of this though, is that increased moisture draws on the heat reserves
of the blast furnace and requires increased energy use to process the raw materials into
liquid iron. The moisture content of the materials was not considered in this study, as
the moisture content of the dust itself was irrelevant, due to it being influenced on
collection, water was present in the area round the dust catcher when the area was
being cleaned and therefore would contaminate the moisture test. Also, obtaining
samples of each raw material on a routine basis from the stock house was not

practicable due to the safety constraints and the inherent process hazards.

Temperature conditions within the furnace work in collaboration with the
moisture content of the material. Higher temperatures towards the top of the blast
furnace will allow the materials to dry rapidly and discharge the surface particulates
that were adhered to the macro particle, into the gas stream. Temperature conditions
also influence the material utilisation towards the bottom of the furnace. The material
that remains adhered to the macro particle descends to the bottom of the furnace, where
conditions become more favourable for combustion and utilisation, due to increasing
temperature and gaseous conditions. The material that is fed into the bottom of the
blast furnace including injected reductants such as coal, is most likely to combust in
the raceway at the point of entry to the furnace. But with conditions becoming less
favourable for combustion towards the top of the furnace, the ascending coal is less

likely to combust or gasify and will exit into the dust mainly in the form of char.

4.1.3 Comparing Samples from the Dry Abatement with Samples from
the Wet Abatement
To determine whether the complexities and limitations of obtaining a sample from the
wet abatement outlined in section 3.2.2, was necessary for the representativeness of
the sample of the process, a comparative study was completed, to demonstrate the
differences between the sample types and if the same information can be ascertained
by analysing the material from the dry abatement only, it can be determined that this
was representative of the process. The work of Wing et al. in the literature review
section 2.10.3, states that the heavy coarser particles drop out during dry cleaning and
the lighter finer particles are captured by wet scrubbing. The particle size distribution
of the two materials can be compared in Figure 71. The average particle size of the
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slurry was much lower than the dust. It is clear that the larger but less dense particles
were separated in the dry abatement before reaching the wet abatement. The bulk
density of the slurry was higher on average at ~900 kg/m? indicating that some of the

less dense, likely carbon-based material was separated before the gas reached the wet

abatement.
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Figure 71 Particle size distribution of dust from the dry abatement and slurry from the wet

abatement

The XRD spectra in Figure 72, also demonstrate an increased relative
concentration of the iron-bearing constituents in the slurry as opposed to the dust. The
amorphous carbon region remains present in the slurry which indicates some of the
carbon-based material was still getting through to the wet abatement. However, the
relative intensity of graphite present in the slurry was less than that of the iron oxides
and metallic iron. There appears to be an increased presence of calcite and dolomite
phases in the slurry, indicating the presence of the fluxes. The data from the XRD was
relative to concentrations of each analyte within the dust, the volume of dust
discharged into the wet abatement was not able to be quantified at this stage of the
thesis. This data would provide insight into the mass of each constituent present in

each dust type.
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Figure 72 Powder XRD patterns for dust and slurry. H = Hematite (Fe2Os — COD# 9000139), M
= Magnetite (FesOs -COD# 1011084), W = Waustite (FeO — COD# 9008636), C = Calcite (CCaOs

— COD# 9016200), Si = Quartz High (O2Si — COD# 1011200), G = Graphite (C — COD#9011577),
D = Dolomite (CaMg(C0Oz)2 — COD# 9000885), Fe = Iron (Fe — COD# 4113941)

The XRD parameters of the amorphous region of carbon between 25 and 33°
were determined using the calculations outlined in section 3.4.4. Asymmetry within
the amorphous region can be seen clearly in Figure 72, which was why there must be
at least two bands of material within the same peak. The right-hand gaussian peak
refers to aliphatic structures attached to the carbon crystal structure, but the left-hand
peak can be attributed to the spacing of the aromatic ring layer. Graphite was also

clearly present with a large peak present at 31°[131].

Lc is the degree of crystallinity and is the measure of stacking height in nm of
the carbon layer structure within the dust sample. With samples containing more coal-
originating carbon, it can be expected to see lower values for stacking because the
carbon present is more crystalline[82]. La refers to the average crystallite lateral size
in nm. This is the lateral size from the left gaussian peak, referring to the aromatic
carbon rings. For this reason, it is expected that lower values for lateral size will
demonstrate more coke-originating carbon, because of lower aromaticity. Rank is
simply a comparison between the intensities of the aromatic and aliphatic peaks of a

and B. This is a crude measure for this type of sample due to sample complexity, the
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many forms and sources of carbon present within the dust make the application of this
technique challenging, rank is more suited to coal analysis with less variety in the
carbon-based constituents[132]. It can be said that with increasing rank the intensity
of the B peak is growing or the intensity of the a is shrinking, which would lend itself
to increased crystallinity therefore a higher value for rank would be expected to
represent more coke-originating carbon present in the sample. The interlayer spacing
(Doo2) can be considered a measure of the stacking quality, more perfected stacking
structures are considered to be stacking towards a graphite structure, which would give
a lower interlayer spacing. There is a known link between Lc and interlayer spacing as
proven in the work of Manoj et al. With increasing stacking towards graphite, it is
acceptable to say the carbon present is more likely to originate from coke because the
interlayer spacing is decreasing. The aromaticity measure simply measures the area of
the aromatic o peak per total area of both a and B peaks. The increasing aromaticity
means a higher aromatic per aliphatic ratio, which would suggest decreased
crystallinity. For these reasons it could be expected that with increased aromaticity,

the carbon within the sample is more likely to originate from coal[133].

The range of aromaticity in the dust and slurry was compared in Figure 73. The
mean aromaticity was lower in slurry than that of dust, indicating that less aromatic
carbon was present in the slurry, hence coal and char-originating carbon was likely to
dominate the dust. Similar observations are made for each of the parameters, however,
the range of the La values appears smaller in the slurry. It was not clear that there was
a significant change in the carbon types between the dust types but the larger range in

La, demonstrates that more variety of material would be captured in the dry abatement.
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Figure 73 Box plots of XRD parameters of dust versus slurry a) All the XRD parameters of the
dust b) aromaticity parameter the range was too small for the first graph c) the interlayer

spacing range

The graphs in Figure 74, compare the differences in physical and chemical
properties between the dust and slurry samples. Iron-bearing analytes in the top left
graph of Figure 74 are higher in concentration in the slurry as are the metals from the

ICP analysis. This confirms the observations from the XRD spectra comparison. The
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LOI was increased in the slurry, meaning that the slurry contains more low-order
reactive material than the dust, this could, however, be due to the particle size, smaller
particles combust better during the LOI test due to the increase in surface area to
volume ratio[134]. Ash was higher in the dust which indicates a higher presence of the
refractory elements present within the flux raw materials. The carbon, volatile matter
and alkali metals are all higher in the dust confirming that more carbon materials in
general are scrubbed out of the gas, more than the iron-based materials at the dry
abatement. For the subsequent chapters of the thesis, the focus on carbon-based

materials requires this justification for the analysis of dust samples before slurries.
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Figure 74 Bar graphs comparing average dust versus slurry analytes a) XRF data b)
combustion-based analytes c) ICP derived analytes where the Fe has been normalised to 1% to

bring in line with scale d) PSD comparison

4.1.4 Variation in the Dust and Slurries

Minimal process variation is a target of blast furnace ironmaking, a stable production
rate allows for the predictable operation of downstream units. Oversupply of iron to
the steel plant can be wasteful hence the drive for stability greatly outweighs the

demand for increased production as the steel manufacturing process is designed to
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operate at capacity. Despite the best efforts for stability, process variation and material
variation is inevitable, however. The XRD spectra in Figure 75, show 5 different dust
samples from samples taken on different days. The relative intensities of the various
analytes can change drastically between samples, indicating variation in
concentrations of the different analytes. The shape of the amorphous region varies also
between the samples as can be seen in sample 13, with no graphite peak present, the
overall amorphous region between 25 and 33° dwarfs the peaks of the other phases
present within the spectra. There was variation between the silica and calcium silicate
phases as observed with increases in these specific peaks in sample 5 compared to the
other dust samples. In sample 24 the intensities of the silica quartz peaks are less
prominent, but the presence of magnetite was more prominent in this particular sample
indicating more dust from iron-rich materials. Sample 25 was unique with the presence
of Wollastonite, a calcium silicate peak present at around 15° that does not appear in
any of the other samples. This was coupled with a small amorphous carbon region,
demonstrating this particular sample was lower in carbon-based phases. The degree of
variation between the samples was clear to see and further justifies the focus on the
dust samples from the dry abatement as there was ample variation to determine

changes in the process.
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Figure 75 Powder X-Ray diffraction of 5 dust samples. H = Hematite (Fe2O3 — COD# 9000139),
M = Magnetite (FesO4 -COD# 1011084), W = Waustite (FeO — COD# 9008636), C = Calcite
(CCa0s — COD# 9016200), Si = Quartz High (O2Si — COD# 1011200), G = Graphite (C -
COD#9011577), D = Dolomite (CaMg(COs3)2 — COD# 9000885), Fe = Iron (Fe — COD# 4113941),
CaSi = Wollastonite (CaszOsSi— COD# 1011227)

Figure 76, shows the ranges for the combustion-based parameters of dust
samples are larger than that of the slurries. The carbon and ash ranges are significantly
lower in the slurry, indicating that the type of ash constituent and carbon constituent
passing through the dry abatement and being scrubbed in the wet abatement was more
consistent than the dust. The volatile matter range was also smaller in the slurry, but
because this test was only 7 minutes long under combustion conditions, the size of the
particle may impact the output of this value[134]. Although the opposite of the
observation seen in Figure 76 would be expected. The slurry was smaller in size
comparison and therefore should combust more readily during the test. The range was
smaller in the volatile matter of the slurry indicating that if only the observations from
the slurry were made, much of the information of the sample would be missing because
the variation was captured in the dust sample. The ranges indicate the importance of

the dust sample in comparison to the slurry sample for carbon-type analysis.
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Similar observations are made in the ranges in the XRF chemistry of the dust
versus the slurry as per Figure 77. The largest change between the sample types was
observed in the Fe>O3, and a large increase in range and average was observed in the
slurry. This indicates that the iron-bearing portion of the material was getting through
the dry abatement more than the carbon-based materials. Another observation to note
was the decrease in FeO between the dust and slurry samples, which was the inverse
of the changes in the other iron-based constituents. The FeO portion of the dust was a
result of coke ash or sinter present in the dust, as opposed to iron ore as per previous
observations in the constituents of blast furnace dust section 4.1.2. This indicates that
the coke was being captured in the dry abatement more effectively than the iron ore

which bares the iron and Fe>Os fractions of the dust.
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The ICP analysis for metals and alkali metals was consistent between dust and
slurry as per Figure 78. The observations to note are the increasing range of Fe in the
slurry. This technique measures the iron in the sample as a whole and not just the ash
concentration, this follows the observations in the XRF data with increasing iron
present in the slurry. The other observations to follow this trend are vanadium and
chromium. The range in copper was minuscule and therefore a reliable comparison
was not possible. The change in vanadium and chromium could be due to the increased

density similar to the Fe materials compared to the carbon-based analytes.
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Figure 78 ICP box plots of dust versus slurry a) mid-range analytes b) high range Fe c) ultra-

low range analytes

The range in physical properties appears in Figure 79, as expected it varies
between the dust and the slurry. The majority of particles are stripped from the gas in

the first abatement according to the work of Winfield et al.[68]. The decrease in the
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range between the physical properties of slurry indicates just this. It can be observed
that the material getting through to the wet abatement was much more consistent than
the dust due to the decrease in range. This increase in range would indicate that
material more representative to the process would be captured within the dry
abatement. If only the wet abatement was sampled, many of the variable particles will
have been filtered out already and would therefore be less representative. For this
reason and ease of sampling of the dry abatement, the focus on dust for carbon-based

analysis in the subsequent chapters was justified.
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4.1.5 Determining Carbon Relationships

To determine relationships between the carbon constituents and the other analytes of
the materials, simple Pearson's correlations were drawn as per Table 22. None of the
correlations observed were strong enough to determine any relationship, to confirm
this the scatters can be observed in appendices 1-8 in section 7.1. In dust samples, there
appear to be positive weak relationships between carbon and LOI, Mn, Pb, S and Dx
(100). The carbon and LOI relationship can be explained because the two tests are
combustion-based analyses therefore similarities are expected. Inverse relationships
include Fe2Os, volatile matter, ash and bulk density. The bulk density relationship
helps demonstrate that increasing carbon-based constituents will decrease the overall
density of the material because carbon is less dense than iron. The same relationships
are not necessarily observed in the slurry data with Fe, Dx (50) and Dx (90)
demonstrating positive relationships with carbon. Cu, Dx (10) and Dx (99) have weak
inverse relationships with carbon, with decreasing particle size as observed in
increasing Dx (10) with increasing carbon confirms the work of Wing et al. in section
2.10.3 of the literature review because the finer particles are reaching the wet scrubber.
Because of the lack of correlations it can be said that carbon is independent of the other
analytes. There is a small improvement in correlation in the dust samples which may
indicate the representativeness of the dust over slurry, but any potential relationships
appear simply circumstantial or randomly scattered and it cannot be determined that
correlation or causation is true in this case. With this information it can be determined
that the focus on carbon analysis in the subsequent chapters is independent of any of

the other analytes.
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Table 22 Pearson's correlation and R? values for carbon versus alternative analytes in dust and

slurries

Flue Dust Carbon  Pearson’s Correlation R? Slurry Carbon Pearson’s R?

Correlation
LOI 0.32 0.10 LOI 0.19 0.04
SiO, 0.15 0.02 SiO, 0.14 0.02
Al;,Os 0.09 0.01 Al,O3 -0.16 0.03
TiO, 0.07 0.00 TiO; 0.00 0.00
CaO 0.05 0.00 CaO 0.03 0.00
MgO 0.16 0.02 MgO 0.12 0.02
Fe -0.19 0.04 Fe 0.27 0.07
Fe,0s -0.24 0.06 Fe,03 -0.10 0.01
FeO 0.10 0.01 FeO -0.10 0.01
P -0.07 0.00 P -0.13 0.02
Mn 0.23 0.05 Mn 0.16 0.03
Na20 0.02 0.00 Na20 -0.03 0.00
K20 -0.05 0.00 K20 -0.04 0.00
Fe 0.04 0.00 Fe -0.13 0.02
Zn 0.17 0.03 Zn -0.14 0.02
Cr 0.02 0.00 Cr 0.02 0.00
K -0.08 0.01 K 0.13 0.02
Pb 0.21 0.04 Pb -0.03 0.02
Ni -0.03 0.00 Ni -0.19 0.04
Cu -0.16 0.03 Cu -0.24 0.06
Ba -0.01 0.00 Ba -0.20 0.04
\% 0.13 0.02 \% -0.09 0.01
Na 0.15 0.02 Na -0.08 0.01
S 0.30 0.09 S 0.05 0.00
V.M -0.30 0.09 V.M 0.00 0.00
Ash -0.34 0.11 Ash -0.06 0.00
Dx (10) Micron 0.12 0.01 Dx (10) Micron -0.29 0.09
Dx (50) Micron -0.01 0.00 Dx (50) Micron 0.24 0.06
Dx (90) Micron -0.09 0.00 Dx (90) Micron 0.28 0.08
Dx (99) Micron 0.10 0.01 Dx (99) Micron -0.32 0.10
Dx (100) Micron 0.24 0.06 Dx (100) Micron -0.18 0.03
Bulk Density -0.47 0.22 Bulk Density 0.00 0.00

4.1.6 Summary

The scope of this chapter was to characterise the dust from blast furnace ironmaking,
to understand the constituents of the dust and where the particulates may originate
from. It was clear from the SEM micrographs that each of the raw materials used for
ironmaking will inevitably contribute to dust formation. This was confirmed by the
phases of each raw material being identified in the XRD spectra of the dust. The
particle size distribution was a good indicator that the material in the dust originated
from the degradation of the raw materials. The chemical analysis shows where most

of the constituents were likely to originate from in the dust. There appears to be a good
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representation of each of the raw materials contributing to the dust itself as outlined in
the various analysis of each of the raw materials. The quantifiable presence of each of
the constituents allows for changes to be detected in the dust through time, thus
allowing for the diagnosis of combustion conditions in the blast furnace. This work
showed that the hypothesis presented in section 1.2 was correct, ‘The raw materials
that feed the blast furnace are expelled into the gas stream and all influence the blast

furnace dust.’

When comparing the different types of BF dust, it appeared that the dry
abatement was capturing the majority of dust particulates. A clear representation of
the process variation can be obtained from this particular sample type in comparison
to the slurry data. Some of the key differences observed can be related to the type of
material that was carried over being carbon-based or iron-based, this appears to
influence where the material was scrubbed from the gas. Much of the constituents
within the dust from the iron ore can be found more concentrated in the slurry than the
dust, the inverse can be observed with the carbon-based constituents. The dry
abatement appears to be more efficient at removing the carbon-based materials as
observed when comparing the chemistry and ranges of each analyte in both the dust
and the slurry. The only iron-based compound not increased in the slurry was FeO, the
source of which appears to be coke or sinter which would support the observations in
segregation.

Data on dust variation and drawing comparisons with the slurry variation show
that the analytes are more variable in the dust than in the slurry. This indicates that a
more representative material of the overall dust output was being collected by the dry
abatement. This was another indication that dry abatements are effective at removing
dust from the gas stream. The consistency of the slurry indicates that much of the
process variation was absorbed in the dust extracted in the dry abatement and provides
justification for the samples used in subsequent chapters to be taken from the dry
abatement. The efficiency of the abatements has only ever been modelled previously

and hence this work is a step towards representing efficiency using live data.

When identifying relationships between the carbon and the other analytes of the
dust and slurries, only weak correlations could be observed and most scatters appear
circumstantial even randomly scattered. The relationships noted in the dust samples

were weak but were stronger than the carbon-to-analyte relationships in the slurries.
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The increased presence of relationships albeit minute, between the dust carbon versus
the slurry carbon could provide further justification for the focus on dust in the
subsequent chapters. The lack of relationships between carbon and the other analytes
indicates the independence of carbon compared to the other analytes and was yet
another justification for the focus on carbon analysis for diagnosing coal gasification
issues. The carbon analysed in this chapter was based on the total carbon of the dust
itself, further analysis into the sources of carbon was justified due to the clear presence
of both coke-originating and coal-originating carbon present in the SEM micrograph
and the subsequent chemical analyses. In terms of dust output reduction, the presence
of carbon from coal and coke means there was an opportunity to reduce the output of
carbon-based dust through the optimisation of the utilisation of these materials.
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4.2 Carbon Type Differentiation in Blast Furnace

4.2.1 Introduction

Complete combustion of coal in the raceway of a blast furnace, due to the low
residence time and fast-paced reaction zone, is highly unlikely. The depleting
temperatures and evolving gaseous conditions throughout the furnace means that coal
char will inevitably be present within the flue dust. Optical and scanning electron
microscopy techniques have been used to confirm the presence of coal char in the form
of cenospheres in the dust[12], but quantifying the char has been a challenge. Due to
the multiple constituents and carbon types present within the dust, there is a degree of

overlap and uncertainty when quantifying LOC.

To assess coal combustion effects within the blast furnace, in the laboratory,
studies have been completed on the off-gas dust to quantify the sources of carbon
present within the dust itself, as a method of diagnosing issues with coal gasification
in the raceway in terms of the degree of coal burnout. A carbon-type differentiation
technique outlined by Schwalbe et al. included deconvoluting the ion current peaks
from a mass spectrometer coupled with a thermoanalyser[63]. The peaks present from
the off gas created by increasing the temperature in the thermoanalyser with a BF dust,
could be integrated into carbon from coal, coke and soot respectively. Further peroxide
and mineral acid digestion of the sample was carried out to calculate the graphite
portion of the sample using X-Ray Diffraction[63]. An alternative technique,
developed by Wing et al., known as the CanmetEnergy Technique (CET), makes use
of a specifically designed temperature profile using a thermogravimetric analyser to
quantify moisture, LOC, HOC, soot and ash content of BF dust samples. The technique
has been validated using char and coke mixes of known quantities and the technique
returns the correct LOC portion in each case. The LOC in this context refers to
predominately coal-originating carbon as per section 2.10.2, but due to the complex
nature of BF dust, there will inevitably be an overlap in the temperature of ignition of
LOC and HOC in the material[55,61]. The work of The Charfoco report in section 2.9
of the literature review says that the technique had taken into account the higher
reactivity of coal char, compared to coke making it useful for carbon type
differentiation. The fact that this technique has been validated using synthetic mixes,
makes it attractive for use as an industrial diagnostic tool. It was hypothesised that an
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increase in LOC indicates an increase of coal char present in the dust itself, and

therefore less combusted coal in the raceway.

While the CET was successful in terms of result output, the requirement to
conduct rapid assessments in response to the ever-fluctuating conditions of the blast
furnace remains a challenge. Similarly, this technique has not been validated for dusts
from blast furnaces that use GCI as opposed to PCI. Moreover, as environmental
considerations are increasingly prioritised, it was important to be able to identify
critical process and raw material variables that may result in incomplete coal
combustion and unwanted particle matter in blast furnace off-gas. This chapter aims
to assess the applicability of existing techniques to understand coal combustion before
exploring alternative methods to conduct rapid response carbon type differentiation.
Advanced characterisation will be utilised alongside quantification methodologies to
provide additional qualitative information and validation of the experimental methods
trialled. Image processing technologies have been utilised to attempt to automate the
counting of char particles and thermal analysis techniques, to exploit the thermal
properties of different carbon types to quantify the differences within this chapter. The
power of X-Ray analysis has been explored alongside simple analytical techniques
such as particle size distribution and bulk density. All of these techniques are aimed at
discovering the best available technique, with the accuracy of the CET, but with a
smaller analysis time to allow for rapid analysis in line with ever-changing blast
furnace conditions. To assess the suitability of each carbon type differentiation
analysis technique, 18 samples of BF dust, 9 from each furnace were used from the
catalogue of samples discussed in section 3.2.7. Samples from the high, medium and
low events of production rate, oxygen conditions and coal rate were used to ensure a

wide variety of LOC was likely.

4.2.2 ldentifying Coal Originating Carbon in Blast Furnace Dust

Optical and SEM characterisation was conducted on the BF dust samples for baseline
analysis, examples of which are shown in Figure 80. Figure 80 a and b provide optical
microscopy cross-sections of the dust, highlighting the presence of cenospheres[56].
The presence of cenospheres in BF dust was therefore indicative of coal-char particles,
and thus suggests incomplete combustion of the coal[12,56]. Figure 80 ¢ and d show
examples of typical SEM micrographs obtained from the dust samples. The SEM

micrographs highlight the presence of char which appear as dark particles with visible
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surface pores. These differ from metallurgical coke particles, which appear flaky and

lighter in colour[135].
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Figure 80 a) and b) optical micrographs of BF dust mounted in Polyvinyl Formal resin. ¢) and d)

SEM micrographs showing the presence of coal char cenospheres

4.2.3 CanmetEnergy Technique

TGA analysis of the dust samples was carried out as set out by the CET. The thermal
profile utilised, described in section 3.4.1, was shown in Figure 81, alongside the DTG
curve for Sample 1. Each section of the curve represents a different stage in the
gasification of the samples. Initially, moisture losses are calculated as the mass lost
from the beginning of the test to the end of the 175°C isotherm. The area under the
DTG curve, between the minimum points before and after the respective isotherms,
was relative to the quantity of LOC and HOC as validated in section 3.4.1. The small
peak at ~1400 minutes refers to the soot portion of the carbon in the sample and ash
can be calculated from the mass lost after carbon. The differences between the
reactivity of the carbon types were discussed in the literature review section 2.10.3,
where it was stated that cenospheres form within the particle which will not only

combust readily but provide extra surface area for oxidation reactions. When coal
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volatile decreases, exinite and liptinite levels within coal decrease, and the remaining
vitrinite will convert into a coke-like structure rather than forming cenospheres. These

coke structures are less combustible than cenospheres, based on the surface area[55].
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Figure 81 Thermogravimetric analysis of a BF dust (sample 1). DTG and temperature plotted

against time.

Normalised versus Non-Normalised LOC

The final values for CET versus normalised CET are seen when comparing the data in
Figure 82. When looking at each sample it was clear that the CET and normalised CET
values are similar. There appears to be a large difference in sample 35 compared to the
others inferring that higher values for LOC are more susceptible to carbon type
overlap. The combustion stage will inherently take longer if there was more LOC to
combust and hence the overlap will be greater. Sample 62 had the same values for
normalised and non-normalised LOC, this indicates a high value for LOC present as
the overlap for LOC and HOC will be significantly reduced with a larger difference

between carbon types.
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Figure 82 Bar chart comparing LOC and normalised LOC values

When comparing the values for LOC and LOC normalised in a line graph, it
can be observed that the normalised LOC was always lower than LOC. The values
track each other very well, but the spread can be observed more clearly in Figure 83,
particularly around sample 32 which was the point with the largest difference.

Indicating a large overlap in carbon type in that particular sample.
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Figure 83 Line graph comparing the values for LOC and normalised LOC

The box plots in Figure 84 show the increase in the range of data from the LOC
compared to the normalised LOC of 50.38% and 44.91% respectively. This with the
increased standard deviation of the LOC of 8.39% versus the 8.17% from the
normalised dataset, indicates the degree of variation increased without the
normalisation stage. It was decided that the normalisation stage should be excluded
from the data analysis, because of the lack of range, the normalised dataset was not a
true representation of the actual data. Since comparisons were needed against process
data in later chapters of this thesis, variation in each variable was essential for the true
representation of relationships between the LOC and the blast furnace parameters. The
extra normalisation step would also compromise any potential relationships drawn
between analysis techniques for carbon type differentiation that are explored in this

chapter.
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Figure 84 Box plot of the range of data comparing LOC and normalised LOC

Comparison with Eltra Carbon

The TGA CET method was used to calculate the total carbon within each sample by
simply determining the sum of LOC and HOC for each test. The data calculated from
the sum of LOC and HOC was compared to the total carbon data obtained from the
Eltra C/S 500 and shows a good tie up, with less than 3% variation between TGA-
calculated and measured carbon, as shown in Figure 85. Table 23 shows the error
statistics for the carbon types, the low error values support the comparison. This data
comparison provides additional confidence and validation that the TGA method
provides a good representation of the total carbon types within the BF dust samples
and that the method was a suitable comparison and diagnostic tool.
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Figure 85 a) Total carbon from Eltra C/S 500 versus total carbon calculated from CET b)

prediction error histogram

Table 23 Error of carbon from Eltra C/S500 versus total carbon calculated from CET

Mean Error (%) 1.25
Mean Squared Error 2.35
Max Error (%) 2.66
Root Mean Squared Error 1.53

4.2.4 Raw Coal in the Dust

Evidence of LOC in the BF dust was indicative of coal char leaving the raceway and
exiting the furnace as a solid as opposed to a gas. When analysing the TGA graphs of
the dust samples there was evidence of coal as well as coal char, also reaching the dust.
The small hump in the TG and DTG graph around 500 minutes was indicative of the
oxygen adsorption step outlined by Niroj et al. and Avila et al. where the temperature
of 272°C was the onset of this stage of coal combustion[136,137]. The temperature of
the hump in the TG curve in Figure 86 was around 270°C, indicative of this oxygen
adsorption stage and the presence of raw coal in the dust[138].
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Figure 86 DTG and TGA graph of BF dust containing coal presence

Further evidence of coal in the dust can be found in the SEM micrograph of
BF dust in Figure 87. The darker particles are atomically lighter due to the use of
backscatter detection[139]. Coal particles such as those circled in Figure 87, mean that
some coal injected in the bottom of the furnace moves through the raceway before it
has the chance to combust. These coal particles are like those found in the work of
Asif et al.[140]. It is important to note that some under-carbonised material was
possibly ejected from the surface of coke due to the inefficiencies of coke
manufacturing, however this would appear a different density in the BSD.
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Figure 87 SEM micrograph of BF dust highlighting coal particles

To further determine the presence of coal in the flue dust, the amorphous
carbon region on the XRD spectra was examined. The results shown in Figure 88,
demonstrate the inverse relationship between coal La and dust La. This relationship
shows that the carbon morphology changes with heating. Higher degrees of La in the
coal leads to lower degrees of La in the dust. This means the morphology of the carbon
peak becomes more ordered in the dust as the lateral crystallite size decreases[115].
Many factors could influence the shape of the amorphous peak, but the increased
aromaticity in the Dust Fa relating to the Coal Fa shows that some coal or aromatic
carbon, was getting through to the dust. Appendix 9 shows the strength of the
relationships, the La was the strongest at -0.38 and this was considered weak along
with the R? that was relatively low at 0.14. The aromaticity (Fa) shows no relationship,

but visually a relationship appears more strongly in higher levels of dust aromaticity.
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Figure 88 Scatter graphs of LOC versus XRD parameters of coal blend and the dust samples,
top left to bottom right, dust Fa and coal Fa, dust rank and coal rank, dust La and coal La, dust

Lc and coal Lc, dust interlayer spacing and coal interlayer spacing

With depleting oxygen and lower temperatures on the ascent to the top of the
furnace, it was unlikely that coals will further combust once the coal has left the
raceway. BF dust samples from blends 1 and 9 displayed signs of coal present in the
dust, caused by lack of combustion or process conditions. Gasification studies have
been completed by various people using a TGA with CO2as a reaction gas such as Liu
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et al.[141]. The work of Pohlmann et al. was discussed in section 2.9, where he
attempted to quantify the degree of stack burnout of char or coal that leaves the
raceway. Although this was experimentally representative of coal gasification, it was
not truly representative of blast furnace gas. As a recommendation, the blast furnace
gas compositions outlined in chapter 6, are based on the work by Hou et al. and
Grammelis et al. and should be used to determine true coal gasification higher in the
blast furnace[142,143]. The impact of controlling the raceway combustion and
combustion throughout the whole furnace would provide better information on coal

selection for maximum combustion performance.

4.2.5 Modified Techniques

Canmet Fast

Following optimisation trials of the thermal profile outlined in section 3.4.2, the final
modified CET condition comprised of increasing the ramp rate to 20°C/min, while the
isotherms were held at similar temperatures and durations as per the CET to minimise
the overlap between LOC and HOC. The overall duration of the test was approximately
half that of the original CET as per Figure 89.
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Figure 89 Modified CET profile with 20°C/min ramp rate and total test time of ~800 mins. DTG

for sample 1 is shown.

Each of the constituents including LOC, HOC, soot, ash and moisture were
calculated in the same way as the original technique, adjusting the minimum points to
the beginning and end of the new isotherms. Tests were completed on all 18 samples

and Figure 89 shows an example DTG produced for Sample 1, which was typical of
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all the tests. Despite decreasing the overall time to complete the test, the degree of

overlap remains minimised, and the peaks are relative to the original technique.

Figure 90 shows the values for LOC produced by the faster technique, which
correlates very well with the original and the coefficient of determination shows that
the data fits the regression well. The other constituent comparisons appear to correlate
to a lesser extent, with moisture correlating lowest of all according to Appendix 10,
the error data also shows a close relationship between the actual values from the CET
and the modified CET. The rapid heating and short isotherm time here appear to be
too short for moisture determination and would require an extended hold at 175°C to
ensure complete moisture removal for improved accuracy. The soot portion appears to
be a weak correlation, however, the value for soot was <1% in all cases, which was
likely to be influenced by the resolution of the equipment. According to Figure 90, the
results for each sample appear to correlate well with the original CET. This technique
could be used in the context of comparing daily LOC quantities with a relatively high
degree of confidence and this test can be completed in just 16 hours, hence

accomplishing the requirement of testing one sample per day.
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Figure 90 a) Correlation of LOC for modified TGA and original CET (b) %LOC for both

techniques per sample c) histogram of error for modified TGA and original CET
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XRD Parameters

The XRD spectra for sample 1 can be seen in Figure 91. One of the limitations when
analysing the BF dust was that an amorphous region of carbon exists between 25° and
33°[82]. This can often hide peaks such as graphite and Fe2Os. This broad region, as
per Figure 91, can be used to identify some key parameters and characteristics of the
carbon itself, by deconvoluting two gaussian peaks around 28° and 31° named alpha

(o) and beta (B) respectively.
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Figure 91 X-ray diffraction pattern for sample 1 BF dust

Asymmetry within the amorphous region has been discussed to deem that two
peaks are present within the peak in section 3.4.4[131]. Higher values for Lc are
hypothesised to contain less LOC due to the increased crystallinity discussed
previously[82]. It was expected that lower values for lateral size (La) will give higher
values for LOC, because of higher aromaticity. Rank was less likely to correlate
because it is more suitable for coal products as opposed to complex dust samples[132].
Although it was hypothesised that higher values for rank are more crystalline hence
lower LOC was expected in higher-rank dust samples. With increased interlayer
stacking, a more perfect stacking structure was expected, therefore lower values for
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LOC are expected. With increasing aromaticity, there was hypothesised an increase in
LOC[82,117,131,133].

The XRD results were correlated against the original CET, shown in

Appendix 12. The correlation between XRD parameters and LOC measured using the

CET shows a very weak relationship and one that appears circumstantial, which was

observed in the data, although this was hardly surprising because of the highly

amorphous nature of the carbon present and the difficulty of XRD to quantify

amorphous phases. An improvement was seen for the interlayer spacing and LOC also

witnessed in the data, although the relationship doesn’t appear to be linear hence the low

va

lue for R?, as per

Appendix 12. Despite the improved inference of correlation, the sensitivity of

the interlayer spacing was high, with the entire span being just 0.05A, and was

therefore unable to track well with the CET LOC measurements, as per Figure 92.

While XRD would be a fast technique, with samples being analysed in 25 minutes, the

data shows too little correlation to be comparable.
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Figure 92 a) Correlation of LOC for XRD interlayer spacing and original CET b) %L OC for
both techniques (XRD and CET) per sample

The relationships were randomly scattered, with the other carbon parameters and the

LOC as seen in Appendix 11, this shows that only the interlayer spacing was

potentially related supporting the findings in Appendix 12. This confirms that the XRD

could not be used as a replacement for the CET.
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Digestion and Combustion Technique Winkler

The following calculations in equation 4.1 were used to calculate the charcoal and
organic constituents of the dust following the digestion and combustion steps, as per
the Winkler Method outlined in section 3.4.3 of this thesis.
(NW —IW) x 100
DW

(DW — NW) x 100
DW

% Charcoal =

4.1)

% Organic Matter =

Where
NW = weight after digestion
IW = weight after ignition

DW = weight after drying

The linear fit from the %Charcoal versus CET LOC was used to generate
values for predicting the LOC using the ‘Winkler Method’, from initial inspection
there appeared to be a moderate correlation. A correlation coefficient of 0.7946 was
observed with an R? of 0.6313 as per Figure 93. The values appear to resemble the
original CET well which shows that the difference in LOC between samples was more

important than the absolute values when comparing samples.
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Figure 93 a) Correlation of predicted LOC obtained through Winkler Method and Original
CET b) %LOC for both techniques (Winkler and CET) per sample c) Prediction Error
Histogram

The values of total carbon obtained from the Eltra C/S500 have been used to
normalise the carbon value into a %charcoal per carbon value. Figure 93 shows both
the coefficient of correlation and determination have improved, with a tighter fit of the
data evident at 0.88282 and 0.76558 respectively. This technique removes the effect

of changing ash values which can influence the predicted LOC.
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Except for sample 3, the results appear to trend with each other across the 18
samples. It appears from this data alone, that using this technique could be a suitable
tool for monitoring the changes in LOC within the BF dust. This test appears to be
time-consuming, with a digestion step that takes 3 hours and a combustion step that
takes 12 hours. This analysis, however, can be run in batches, limited by the size of
the digestion block and the furnace size. In this case, 24 samples can be analysed in

the same time frame as 1 sample per the original CET.

Figure 95 highlights how the ash was broken down into respective constituents
following the application of the Winkler Method. The total ash from the CET would
be different because the digestion stage was not in place before the combustion.
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Figure 95 Breakdown of ash constituents per the derivation of ash

Further investigation into each of the stages, applying the new technique, was
carried out to ensure the hypothesis was correct. To confirm if the nitric acid stage was
indeed removing the organic material, the samples were investigated using XRD.
Samples were analysed before and after digestion. XRD was also completed on the
ash after ignition to understand what changes can be observed at each stage. As can be
seen in Figure 96, the acid has a significant effect on haematite, magnetite, silica,
metallic iron, calcite and dolomite. The acid was not effective enough to strip it
completely of the organic materials and some materials remain. After combustion,
these spectra show that the organic matter has become more concentrated in the ash,
therefore much of what remained initially has not been impacted by the ignition cycle.

This shows that it was likely the carbon was selectively combusted.
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Figure 96 Powder XRD patterns for sample 1 — raw, sample 1 — after chemical oxidation and
sample 1 — after combustion. H = Hematite (Fe203 — COD# 9000139), M = Magnetite (Fe304 -
COD# 1011084), W = Wustite (FeO — COD# 9008636), C = Calcite (CCaO3 — COD# 9016200),

Si = Quartz High (O2Si — COD# 1011200), G = Graphite (C — COD#9011577), D = Dolomite

(CaMg(CO0O3)2 — COD# 9000885), Fe = Iron (Fe — COD# 4113941)

The SEM/EDS images in Figure 97 also show the changes in chemistry and
morphology between each stages as did the XRD data. EDS analysis highlights that
following digestion, when the samples are oxidised, the concentration of Fe was
reduced and the carbon appears to be more concentrated. Carbon remains present in
the post-combustion sample also but was slightly less concentrated due to the
combustion of LOC at 475°C. The remaining ash constituents include HOC, observed
as grey flakes in the SEM image, SiO2, Al20s and MgO, which are all more
concentrated in the ash, supporting the theory that the carbon was selectively
combusted.
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Figure 97 SEM/EDS analysis of sample 1 in the as-received (pre-tested) condition, the post-
digested condition and the post-combusted condition. SEM micrograph, full EDS map and C, Fe
and O spectra highlighted.

Improving the Method

By trialling various acid solutions on samples 1-3, the ICP-OES analysis in Figure 98
suggests that Acid 4 was the most effective at removing Fe. However, Acids 1 and 6
had the best overall effect when removing all of the metals, particularly Acid 6, with
the addition of peroxide. Low-level elements such as Zn, Cr, Ni and Na were stripped
relatively easily to below the levels of detection for the instrument in all cases,
however, the nitric acid alone appeared to be gentle in removing elements, particularly
Cr and Ba which were not digested at all. Potassium appeared to not reduce well with

the acids in question, but this appeared to be a similar case for nitric acid.
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Figure 98 ICP-OES analysis of raw BF dusts compared to dust samples digested in various
mineral acids outlined in Table 24 a) Fe b) Zn c) Cr d) Ke) Pb f) Nig) V h) Bai) Na

One of the key considerations when digesting materials for selective carbon
combustion was the effect of the acid on the carbon. It was important to minimise the
number of residual elements before combustion, to avoid any contamination during
the ignition stage, but it was equally important not to physically alter the carbon, which
was possible when different acids in varying degrees of strength are used for digestion.
Figure 99 has been developed to show the changes in XRD parameters with the various
acids. When examining the aromaticity and rank parameters, all of the acids have
altered the aromaticity from the raw sample. But it appears Acid 6 has had the least
effect over the 3 samples. In terms of La and Lc, Acid 2 has the least effect on carbon.
The interlayer spacing was relatively consistent with all acids. Overall either Acids 2
and 6 perform better in terms of digestion as these have the lowest aggregated effect

on the carbon during the reaction. It was clear though that the effect on the XRD
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parameters was within a minuscule scale. Therefore, the impact of all of the acids was

minimal.
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Figure 99 Graphs to show evolving XRD parameters with varying digestion acids as per Table

24 a) aromaticity b) rank ¢) La d) Lc e) interlayer spacing

The XRD spectra in Figure 100 show that all acids have reduced the residual
elements, but Acids 1 and 5 appear to be most effective because the peaks diminish
after the large amorphous carbon peak referenced in the section 3.4.4. It also shows
the change in the amorphous carbon peak that the parameters are referring to. It can be
seen that dust digested in Acid 1 retains a similar peak shape, only losing the haematite
and graphite spikes, whereas the other acids have either elongated or altered the overall
shape of the carbon peak. The observations thus far, suggest Acid 2 and Acid 6 appear
to be the best performing overall, for both element reduction and the lowest effect on
the carbon itself. Acid 4 performed best in terms of the removal of residual elements

but had more of an effect on the carbon peak.
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Figure 100 XRD spectra showing sample 1 after chemical digestion with acids outlined in Table
24

Each of the digested samples from the experiment was subsequently subjected
to the same combustion stage as the ‘Winkler Method’; 12 hours of combustion at
475°C to assess the techniques' correlation with the original CET method. The values
for low-ordered carbon from the technique were calculated using the linear fit for each
of the acid trials against the LOC value from the original CET, the correlation can be
seen in Appendix 13. At this stage, the sample digested in nitric acid (Acid 1) appears
to be most effective despite having inferior metal digestion properties and carbon
influence. Acid 2 also performed well with a good correlation to the CET, but Acid 6
performed relatively poorly with the peroxide addition, according to the XRD spectra
in Figure 100, which was likely due to the digestion of some of the aromatic carbon,

leaving the remaining carbon more crystallised and more graphitic in structure.

It was clear from Figure 101 that acid 1 still tracks the original TGA CET well.
This was supported by the error data. Both acid 1 and acid 2 could be used within a
reasonable degree of confidence however as can be seen in Figure 101, acid 2 tracks

the CET well with a reasonable degree of correlation.
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Figure 101 a) Line graph showing the results for each sample from the CET versus acid 1 versus

acid 2 b) prediction error histogram acid 1 c) prediction error histogram acid 2

Eltra Carbon

Carbon analysis was initially completed to check that the values for total carbon
derived by the original CET were correct. However, the instrument was also capable
of measuring sulphur in the dust. Although sulphur was not necessarily an area of
interest for this research, if a good correlation was proven, this analysis would be
complete in less than 5 minutes per sample and would therefore be a good alternative
measure for the changing LOC. This was not the case and the sulphur was found not

to be relative to the carbon based material.

According to Figure 102, the results for the carbon from the Eltra versus the
LOC carbon from the original technique show a moderate correlation at 0.78633.
However, the coefficient of determination was low at 0.59445. It cannot be determined
with sufficient confidence using the carbon value from this instrument could replace
the CET, even though the results from each sample appear to track each other in the

second graph, the changes are not relative. The error data can be seen in Appendix 14.
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Figure 102 Graphs of Eltra carbon versus LOC using the CET a) Scatter Graph b) Line Graph

Particle Size Distribution
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The particle size distribution of the material can help characterise the material itself
but as work by Trinkel shows, there appears to be a correlation with dust samples
bearing higher iron contents appearing smaller in the particle size range and carbon-
bearing materials more abundant in larger size fractions[144]. LOC or carbon in the
form of char was also smaller in size because as the coal particle was combusted, the
volatile matter leaves the particle[61]. Iron and carbon are the main constituents of BF
dust, hence the work with particle size was trying to prove a correlation between LOC
and the particle size parameters D10, which was a measure of fines in the material,
D50 and D90, which refer to the bulk of the distribution curve and was a crude measure

of average size, also D99 which was more sensitive to the oversize particles[145].

The histogram in Figure 103, of distribution between the samples, remains
consistent for the first 3 samples with relatively small changes considering the large
changes in LOC witnessed from the CET between these samples. It explains somewhat
why the values for correlation and r-squared are very low for all the constituents. In
order, D90 which was the maximum relative size of 90% of the particles from smallest
to largest was sample 3, 2 and 1 respectively. It could be anticipated that the LOC
would follow the same trend if a larger particle size referred to less LOC. However, it
can be seen that this was not the case as per Appendix 15 and Appendix 16. This was
primarily because of the complexity of the dust in question. The presence of fluxes and
ashes, whose particles would be of a similar size to the carbon present would cloud the
presence of LOC due to the relative concentration. Hence there is no correlation

between particle size distribution and LOC as graphed in Appendix 15.
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Figure 103 Histograms of the particle size distribution for samples 1, 2 and 3
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Bulk Density

The bulk density of a material is relative to particle size, shape and density. In terms
of loose bulk density, it was a measure of stacking density and was a good indicator of
the constituents of the material[146]. If the dust contains more iron-bearing particles,
the bulk density would increase, as the same volume of iron would be higher in mass
than the same volume of carbon. The trend in Figure 104 shows a negative correlation
which describes the inverse relationship as expected, increasing LOC leads to
decreasing bulk density, however, the coefficient of correlation was relatively weak at
-0.69778, with a low coefficient of determination at 0.45483 as shown in Appendix
17. The impact of this can be seen in the normalised values in Figure 104, where each
sample appears to track the CET results but not with enough relativity to each other to
warrant replacing the original technique with a measure of bulk density. Although it
would be an improvement in testing time as the bulk density measure could take less

than 5 minutes.
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Figure 104 Graphs of bulk density versus LOC using the CET a) line graph b) scatter graph

BET

Pohlmann et al. used BET to analyse the surface area of pores within chars as
explained in section 2.9, to follow on from this work BET was used to analyse the
surface area of dust. The more porous nature of chars will increase the overall surface
area of the dust. Hence the dust samples containing more char should also increase in
surface area. Due to the nature of devolatilisation and combustion of coal, pore
development increases. Particularly with partially burnt chars, the surface area was
increased due to the increased number of pores developed. Studies by Chen et al. have
shown that materials with increased volatile matter produce chars with higher surface

area[147]. Char will have a higher surface area than coke and coal as per the work of
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Yang et al. and it was therefore hypothesised that dust samples containing more char
or LOC will have a higher surface area than those containing more HOC[148]. As can
be seen in Figure 105 and Appendix 18, there was a correlation and a definite
relationship between the two tests, however, the relationship was weak. It was
certainly implied that with increasing LOC there was an increase in N2 adsorption and
therefore more pore structures in the dust. But there must be other material influence
in the surface area, possibly from the limestone and iron ore. The complex structure of
carbon types, in particular char, are subjective due to fragmentation as outlined in the
literature review section 2.8.3, meaning that this technique should be applied with
caution. The time improvement benefit was not reached with BET also, as for
degassing there was a 12-hour stage and for testing was a 6-hour stage. With only 3
samples available per instrument at each time, even if this technique had a stronger
correlation than the combustion and digestion technique, this technique would be less

preferable.
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Figure 105 Graphs of BET surface area versus LOC using the CET a) line graph b) scatter
graph

ImageJ

The use of ImageJ for counting particles was selected as a technique as it offers a
practicable approach and fast turnaround time of analysis and ability to run samples in
bulk. Once the samples were mounted and imaged, the analysis took less than 10
minutes per sample, a vast improvement on the CET. As can be seen in Figure 106 and
Appendix 19, the amount of carbon counted using ImageJ was negatively correlated
to the LOC using the CET. The difference between the data tracking in the line graph
was significant and therefore the data was not reliable. Some of the limitations of this
technique could help explain the differences in the data. Only the top surface of the
image was analysed from a single image. This limits the sample size to an area not
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representative of the whole sublot. Due to the nature of grinding and polishing, new
pores in the material may have been opened, leading to the increased appearance of
char particles. To improve this technique, multiple sites should be analysed and using
machine learning techniques, a better threshold of the pore structure in char can be
obtained for a more accurate count. Also, a more capable software package such as
Zeiss Zen Intellisis could be used, which as per Figure 107, can be used to threshold
the image based on colour matching. Machine learning was required on multiple
samples but it was recommended in future work to pursue this and improve the

algorithm to test the hypothesis.
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Figure 106 Graphs of ImageJ particle identification versus LOC using the CET a) line graph b)

scatter graph
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Figure 107 Image of a BF dust processed by Intellisis softwarea) raw SEM image b) segmented
using Intellissis. Yellow is coal char, purple is coke, red is ash constituents, and blue is carbon

background

Kinetics
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The plot of a versus T and da/dt versus T can be seen in Figure 108. The difference in
conversion and reaction rate with air was clear between the different heating rates.
Work by Al-Qayim et al., Dadyburjor et al. and Ling Du et al. shows that char was
more reactive than coal, and coal was more reactive than coke in terms of activation
energy[149-151]. It can be hypothesised using this information that dust samples with
lower activation energy (Ea), were higher in LOC. This was analysed by comparing
the Ea of the dust with the LOC from the CET.
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Figure 108 Plots of a) a and b) da/dt against T (°C) for different heating rates for sample 1 BF
dust

Friedman plots of In(do/dt) against 1000/T at iso-conversions of a = 0.1-0.9
and calculated activation energy at each o based on the iso-conversional line slopes
can be seen in Figure 109. The range of Ea was quite small at each degree of a, in
particular where o = 0.9. There appears to be a step up in activation energy between o
= 0.2 and a = 0.3, indicating a shift in the reaction mechanism. This indicates the

presence of two carbon sources present in the dust.
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Figure 109 a) Friedman plots b) calculated activation energy (Ea) against o for all samples of BF
dust

The results for average Ea versus LOC in the dust are shown in Figure 110, the
apparent relationship fails to support the hypothesis that increased char in the dust
leads to the increased activation energy. However there appears to be a relationship,
according to Appendix 20, the correlation of 0.72 with a low R? of 0.52 means that
this technique cannot be used to replace the CET. Also, the time to analyse including
cooling time would be 30 hours, hence it would not be a good replacement for the
CET.
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Figure 110 Graphs of calculated Ea versus LOC using the CET a) line graph b) scatter graph

Best Available Technique

As per Table 24, it was clear to see the original technique would not return one sample
per day. The Eltra carbon technique was a good technique for comparing the carbon
values but does not differentiate between LOC and HOC. The Modified technique was
a good representation of the original CET with a high regression coefficient and low

errors; however, the time was still excessive to test one sample. The digestion and
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combustion techniques proved successful in quantifying the LOC portion of the
carbon, the time to complete 1 sample applies when running the samples in batches.
There was a good correlation and low root mean squared for both acids 1 and 2 which
would be a good choice for a monitoring technique for LOC. When comparing the
physical properties of the samples such as XRD parameters, particle size distribution,
bulk density, and BET surface area, all the correlations were too weak to consider the
techniques as a replacement for the CET, as was the activation energy as determined
by Friedman's model free kinetics. Image segmentation and thresholding through
ImagelJ or other software show potential and it has been recommended to investigate
machine learning and unlock the potential of image analysis to replace the CET and
the subjectiveness of char counting.

Table 24 Pearson’s correlation, coefficient of determination, mean error, mean squared error,
max error, root mean squared error and time to test per sample for each of the analysed

alternative carbon type differentiation techniques

Pearson’s R? Mean Mean Max Root Time to
Correlation Error Squared Error Mean Complete
(%) Error (%) Squared 1 sample
Error (hr)

CanmetENERGY 1 1 0 0 0 0 30
Technique
Modified CET 0.97 0.94 2.14 6.88 6.43 2.62 16
Aromaticity <0.10 <0.10 25.98 743.94 42.90 27.28 2

" Rank 0.13 <0.10 24.91 687.95 42.06 26.23 2

ks

[<5)

£ La (nm) <0.10 <0.10 18.86 440.89 37.99 21.00 2

g

E Lc (nm) 0.21 <0.10 21.21 516.55 37.77 22.73 2

X
Interlayer 0.69 0.44 23.07 600.38 39.83 24.50 2
Spacing
BET 0.69 0.48 7.79 92.65 23.73 9.62 48
Bulk Density -0.70 0.49 853.96 7574744  1169.91 870.33 0.5
Carbon 0.79 0.61 33.57 1154.96 47.92 33.98 0.5
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Sulphur 0.14 0.02 26.01 745.03 42.84 27.29 0.5

D10 0.68 0.46 22.77 750.06 53.92 27.39 1
D50 0.65 0.43 116.16 14931.05 184.88 122.19 1
g
& D90 0.17 0.03 326.10 131730.7 718.56 362.94 1
D99 0.45 0.20 553.94 391448.3 989.06 625.66 1
Image J -0.58 0.34 38.52 1653.88 62.38 40.67 10
Kinetics 0.72 0.52 50.51 2604.51 65.01 51.03 30
Acid 1 0.88 0.77 3.17 15.06 8.26 3.88 1
s Acid 2 0.83 0.69 3.50 18.88 9.29 4.35 1
2
g Acid 3 0.65 0.42 5.03 37.11 12.60 6.09 1
O
°
G Acid 4 0.59 0.35 5.12 41.36 14.12 6.43 1
s
g"’,», Acid 5 0.50 0.25 5.84 49.44 15.15 7.03 1
2
Acid 6 0.28 0.07 457 28.58 10.82 5.35 1

4.2.6 Potential Technologies

Raman Spectroscopy

Raman spectroscopy of particles within blast furnace dust was analysed, to determine
the degree of carbon order and relate this to the LOC in the sample. The more ordered
the carbon was, the less LOC was hypothesised to be present. 3 samples of dust, low,
medium and high in LOC were used for the analysis. By analysing the D/G Ratio and
looking at the spectra, it can be determined to what degree the carbon identified was

ordered.

The spectra in Figure 111, show the ranging spectra from the different laser
powers used on the same spot size. With increased laser power the spectra starts to
change, this indicates the point at which the laser power is too great for the particle
that the laser is focussed on. The increased height of the D peak in comparison to the
G peak infers that the sample was less ordered and therefore more LOC. This was
contradictory to the material though as there should be less LOC in the dust. However,
this was a limitation of the analysis. Only a single particle was analysed in all cases
due to the time limitations of the test. It relies on manually selecting particles and

analysing each particle.
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Figure 111 Raman spectra of low dust sample with different power lasers a) 0.5mW b), 1ImW c),
5mW d) and 10mW

The spectra from the medium LOC in the dust sample are shown in Figure 112.

The carbon layering was much less stacked here as can be seen in the laser power 5

spectra. The lack of a 2d peak indicates that the carbon type or laser power was not

appropriate for the particular sample[152]. The D peak shows that the carbon particle

identified in this sample was less ordered than graphitised in the G peak.
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The spectra for the high LOC sample in Figure 113 show a significant 2d peak,
that was not witnessed in Figure 111 or Figure 112. The carbon layers appear much
thicker here due to the ability to use 10mW of laser power to obtain the spectra. The
D peak was much lower than the G peak hence the material was more ordered here.
This sample was particularly high in LOC in comparison to the low LOC sample which
was contradictory to the Raman spectra. This was because the spectra are limited to
one spot within the sample and this particular spot may have been considerably less

ordered than the rest. Therefore, this specific technique gave LOC values that were not
representative of the whole material.
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Table 25 shows a comparison between the D/G ratio which indicates the degree
of carbon order and LOC as determined by the CET. The lack of variation between the
low and medium dust in the D/G ratio and the apparent inverse relationship between
the D/G ratio and LOC indicates that this technique was not suitable. Raman
spectroscopy was far more capable than this example shows though. There is potential
with increased spot sampling and averaging that ratios could start to correlate with
LOC. Another technique with potential, is Raman mapping. An automated process
where multiple points of a sample are analysed and a map of carbon order is

produced[153,154]. This information is potentially far more valuable and should be

T T
1500 2000

Wavenumber (cm)

explored in future work.

Table 25 Comparing D/G ratio with LOC per sample type
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D/G Ratio LOC
Laser Power 0.5mw 1mw 5mwW 10 mW %
Low LOC Dust 0.8 0.9 13 0 10.19
Medium LOC Dust 0.8 0.8 0.7 0.4 23.40
High LOC Dust 12 12 0.9 0.9 43.26
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XPS

The resultant spectra from the surface chemistry, analysed by XPS are depicted in
Figure 114. Each of the peaks was labelled on the top graph of spectra, however, the
peaks of interest include the C1S and the O1S peaks which can be attributed to carbon
types and bonding within the material. The C1S peak around 300eV can be seen to
change depending on the sample. This peak was small in sample 1 in comparison to
sample 3. The O1S peak at around 540 eV was however larger in sample 1 versus
sample 3. The difference in peak height intensities was related to concentration but the
whole spectra should be considered to accurately determine if the changes are relevant
in terms of changing carbon type. Other peaks identified within the spectra do change
but to a lesser extent. Another area of interest was the CI2p peak at around 190eV, this
was only prominent in samples 3, 5, 8, and 9. This could indicate the presence of iron-
bearing constituents within the dust as opposed to the carbon-based LOC that was to
be identified using this technique. The XPS technique was fast to analyse at around 30
minutes per sample. However, analysis of the data takes longer and was very sensitive
to changing surface chemistry, because the surface of the particles was being analysed,
sample storage and transport should be considered. Plastic bags have been known to
transfer polydimethylsiloxane to the surface of the particles and impact the spectra

generated for the sample[155].
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Figure 114 XPS spectra for each sample. a) samples 1-3 with the main peaks labelled b) samples
4-6 c) samples 7-9

The O1S and C1S peaks were deconvoluted as per Figure 115, to identify the
concentrations of the bonds that are found within the overall peak. The concentrations
of each deconvoluted peak can be used to compare with the analysis of LOC using the
CET, to determine if the technique can be replaced. Each of the bonding types can be
attributed to varying carbon types. The C-O and C-O-C bonds are indicative of LOC.
The C1s carbonate bonds are indicative of fluxes such as CaCOs. The C-C bonding
can be attributed to HOC such as coke. The sensitivity of the analysis can be seen in
Figure 115. The C1S peak was particularly narrow and contains lots of deconvoluted
peaks, any deviation in this peak due to contamination could influence the result

significantly.
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Figure 115 Deconvoluted peaks from the XPS spectra indicating the difference between bonds
within the peaks a) O1S peak b) C1S peaks

Table 26 shows the correlation between each deconvoluted peak and the
LOC% of each sample determined by the CET. The C1S carbonate has the strongest
relationship with LOC, but this was still relatively weak. The inverse relationship with
the C=0 peak found in the O1S peak supports the hypothesis that more ordered carbon
bonds present in the spectra correspond with less LOC in the dust as found by the CET.
Despite these findings, all the correlations were too weak to consider the XPS a
suitable replacement for the CET. Only 9 samples were analysed in this case, but

further analysis of the C1s relationship may be more apparent with increased testing.

Table 26 Pearson’s correlation and coefficient of determination for results from XPS peak

deconvolution versus CET

Mg Mg
O1s Cls Cls Ci1s K2p
Ols O1ls C1s K 2p KLL KLL C1ls
Me- O- C-O- Me- KCI
c=0 C-O C-C KCI Mg Mg  Carbonate
Ox C=0 C C 172
Metal Ox

Pearson’s 040 -040 020 021 015 -032 -034 -0.09 002 -018 -041 0.3

correlation

R? 016  0.16 0.04 004 0.02 010 012 0.01 0.00 0.03 0.17 0.39

Petrographic analysis

Green coke and coal were identified and thresholded out of the dust samples using the
techniques outlined in section 3.4.11. Petrographic analysis has been used to confirm
the source of carbonaceous materials in dust samples previously, as outlined in the

literature review works by Di Zhao in section 2.10.3. The histograms and particles of
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green coke and coal can be seen in Figure 116 and Figure 117 respectively. The
greyscale histograms show a large concentration of green coke in sample 4 as
compared to the others. Sample 1 contained more coal particles than the others. The
wide range in greyscale value for the green coke in sample 4 was a reference to the
different topography seen in the material in each particle. Green coke topography was
not consistent when compared to coal, hence the wider greyscale bands.
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Figure 116 a) Histogram of colour thresholding b) image of green coke using oil objective in BF
dust
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Figure 117 a) Histogram of colour thresholding b) image of coal using oil objective in BF dust

Figure 118 and Table 27 show any potential relationships between LOC and
the identified petrographic constituents. The samples don’t tend to track well in Figure
118 with each other, the variation in the LOC from the CET was far more significant
than the petrography data. In Table 27, the strongest relationship was between LOC
and the mineral matter identified in the dust. This was purely coincidental as the data
set was only based on 5 samples. It was hypothesised that with increased data size,
petrography could be a good replacement for the CET. Historically, petrographic
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analysis has been time-consuming and very subjective. New techniques for automating
analysis can lead to faster turnaround times and accurate representation of each carbon
type[156]. Similar to the use of Intellisis as discussed previously. With machine
learning the power of microscopy should be investigated further as the potential for
carbon type differentiation is huge, once the subjectiveness and time constraints are

removed.
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Figure 118 line graphs of petrography parameters versus LOC% from the CET. a) coal

particles b) green coke c) petrography parameters combined

Table 27 Pearson's correlation and coefficient of determination for results from petrographic

analysis versus CET

Green Mineral
Coke Coal Char Resin Combined
Coke Matter
Pearson’s 25 0.42 0.22 0.64 0.84 -0.22 0.39
Correlation
R? 0.06 0.18 0.05 041 0.71 0.05 0.15
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MicroCT

The applications of MicroCT are growing, from medical applications to the research
of ancient Egypt. Samples of dust were imaged using the MicroCT and the results can
be seen in Figure 119 and Figure 120. Char cenosphere counting has historically been
limited to counting on a 2-dimensional plane. The images below are slices from a 3-
Dimensional scan of the material. Without the requirement to mount and grind
materials, the analysis time can be reduced to 30 minutes per scan. The char particles
circled in Figure 120 are easily identified and due to the contrast in brightness between
the char and the pores, this allows these materials to be thresholded relatively easily.
A thorough scan of a large cross reference of material can be carried out and the
resultant slices analysed for char count. This could give a much better representation
of the material than 2-dimensional methods that have been a limiting factor. With
increased capability now available and improved image analysis, this technique should
be further explored. Multiple images containing multiple slices can be used to train the
image analysis software and develop an Artificial Intelligence (Al) system capable of
counting the particles in a large volume of images. The increased magnification can
be used to identify individual particles, however, the resolution available at 10x

magnification appears to be enough. If this was increased to 25x magnification, sample

identification and pore-to-char colour differentiation would be improved.

Figure 119 Sample 1 MicroCT scan a) image at 10x magnification b) image at 100x

magnification
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Figure 120 Sample 2 MicroCT scan a) image at 10x magnification b) image at 100x

magnification

4.2.7 Summary

The evidence of coal char in furnace dust means that coal was not being fully
combusted in the raceway, with residence times often less than 70ms, this was
expected. Evidence indicates that coal as well as coal char was reaching the dust. The
TGA spectra indicate a small peak at 270°C indicative of the oxygen adsorption peak
commonly found in the literature of coal TGA and the TGA spectra in section 4.2.4.
Coal particles were identified in the SEM micrograph of BF dust. Further evidence
was found in the relationship between the dust La and Coal La. There were also
similarities recognised in the dust samples with high levels of aromaticity. The
similarities in the parameters of the XRD amorphous carbon peak indicate the presence

of coal within the dust samples.

Following a comprehensive study where the application of several techniques
were trialled and the outputs compared against the values produced with the CET, it
was found that the CET shortened approach, appeared to give the best correlation with
the original technique with a correlation coefficient of 0.9713. As a replacement for
the CET this could be used with a reasonable degree of certainty. This also came with
a vast improvement in time to test reducing the test time by >50%. This informed the
hypothesis that ‘Thermal techniques can be used to differentiate carbon sources in dust

generated in blast furnaces that use granulated coal injection.’
The analytical techniques including carbon and sulphur via Eltra C/S500, bulk

density and sizing were all relatively fast techniques to analyse the samples, but the

correlation to LOC was weak and would therefore not be a suitable replacement to the
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CET. In this context, these techniques don’t provide the information required, but can
be useful for determining carbon content overall. The BET analysis showed a moderate
to weak correlation but there were no time savings identified compared to the CET.
Similarly, the Friedman Kinetic model-free analysis showed a moderate correlation,
but the time taken to analyse 4 separate heating rates would exceed the time taken to
carry out the CET.

The XRD was a useful tool for analysing BF dust samples, the parameters are
useful in terms of characterising the material itself but bear little resemblance to the
CET. The XRD would return a result in less than 20 minutes, which was useful for
tracking phase changes, but the information can’t be used for quantifying the LOC in
this dust.

The acid digestion and ignition technique proved to be relatively successful in
predicting the LOC within BF dust. A simple technique that can be used to analyse
batches of samples. This has an advantage where 24 samples could be analysed each
time and results returned within 15 hours including drying. The acid stage appeared to
be effective in selectively oxidising the residual elements whilst ensuring the carbon
remained relatively unimpacted. Some of the refractory elements remained as could
be seen in the SEM-EDS data.

When investigating the use of alternative acids to replace the nitric acid
digestion in the original digestion and combustion technique, it was clear that all of
the acids were effective in removing residual elements. The XRD spectra showed that
the nitric acid had the least amount of impact on the carbon structure, despite being
not as effective in removing the metals. When each of the samples was combusted
from the acid trials. Both nitric and Acid 2 had good correlations with LOC from the
original Winkler technique. But the original Acid 1 from the Winkler technique was
superior and this formed the foundation for the new replacement test. Acid 6 appeared
to have performed the worst, from the XRD spectra the carbon structure was more
graphitised and therefore more ordered. This work had not been explored previously
using blast furnace dust, so the correlation had a marked impact on the body of

knowledge.
Image analyses such as Imagel, Petrography and MicroCT scanning show

large potential with new technologies for machine learning available. This should be

explored further as part of future work on similar projects. The limitations identified
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in the ImageJ and Petrography would be addressed with the use of Artificial

Intelligence and the increased imaging potential of MicroCT scanning.

The XPS analysis was subjective to sample storage and transport, the analysis
was limited to 9 samples, but a relationship was identified with the C1S Carbonate
deconvoluted peak. With further sampling and analysis, this may be a useful technique
to replace the CET, only further analysis is required to support any potential

relationship.

The Raman spectroscopy work initially appeared to fail to quantify each of the
carbon types. However, the limitations of this technique such as sample size and single
spot analysis were outlined. With improved Raman mapping, multiple points and
particles within the sample could be analysed and mapped. The concentration of each
carbon type can be mapped and quantified, unlocking the potential of Raman

spectroscopy.

Suitable replacements for the CET have been found in the form of the digestion
and combustion technique and the modified CET analysis. There was no short
turnaround in analysis, an alternative technique was found with the ability to batch
analyse multiple samples, using the combustion and digestion technique would allow
for increased sampling frequency, but with a 24-hour delay on the results. Despite this

delay the benefits to increasing testing capacity are significant.
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4.3 Impact of Process Conditions on Coal Char
Presence in Blast Furnace Dust

4.3.1 Introduction

With an established carbon type differentiation technique deemed suitable for the
evaluation of BF dust generated by GCI injection system blast furnaces determined.
The recognised LOC quantification technique has been used as a tool to identify
changes in LOC and to determine the process conditions that could have influenced
the dust generated. This technique was selected over the digestion and combustion
technique, to allow for future research into comparing dust samples from various steel
plants. The industrially recognised technique has been applied in other steel plants
according to Wing et al.[61]. Therefore, if dust samples can be compared in future
work, utilising this technique gives a larger data set. The aim of this work was to
identify which coal properties, process parameters and conditions relate to the LOC
generated. Each of the coal properties and process parameters were investigated to
determine the influence on LOC within the dust. As discussed previously, LOC
presence within the dust indicates the lack of coal gasification and conversion within
the process[61]. Hence the desired outcome was to maximise the coal utilised in the
furnace in place of prime fuel metallurgical coke but maintain the dust generation to a
minimal level. To evaluate the LOC, 63 dust and slurry samples were investigated
from the catalogue of samples outlined in section 3.2.7. The sample dates were
checked against the process parameters initially to ensure all the samples selected for
investigation, were from dates when the furnace was operational. Samples, where blast
volume was >100 km3/hr, were considered to ensure a wide variety of process

conditions could be observed.

4.3.2 Coal Blending for Consistency

Chemical analyses of the coals were carried out and compared to the LOC in the dust
to determine the contribution of each. The alkali metals, proximate analysis and
ultimate analysis for each coal and the blends are outlined in Table 28. The ash content
of the final blend of coal should be maintained between 7 and 9%. This was to prevent
issues with residue after combustion clogging the furnace, or the ash constituents
drawing on heat reserves of the furnace caused by high levels of ash content of the

coal[110]. Coals A and B are low in ash content and are blended with high ash coals,
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to lower the ash content of the blend with high ash coals such as Coal E, which was
above the limit for ash to be used in isolation. VVolatile matter was a balance between
high volatile coals which burnout better leaving less residue, but low volatile coals
which provide more heat but burnout slower and are more likely to be found in the flue
dust. The blend of coal was designed to produce a final volatile matter of 12-15%[111].
Sulphur and phosphorous should be minimised, as excess sulphur and phosphorous
increases the tramp elements in the hot metal. Iron requires desulphurisation before
the steel-making process as increase sulphur is detrimental to steel quality[112]. Alkali
metals and zinc found in injection coal, are harmful to the refractories of the furnace
and should therefore be maintained at a minimal level, the high levels of these residuals
in coal B restrict the use as a singular injectant[113]. Moisture and the ultimate
analytes, including carbon, hydrogen, nitrogen, and oxygen, are important
characteristics of the replacement ratio. High values for carbon and low moisture levels
allow for increased use of coal. Energy is required to crack the C-H bonds to combust
the coal[99]. Moisture in this case was measured before the material was dried for
injection, high moisture contents will require longer times for drying and slow the
process down, also when shipping the coals around the world, the valuable commodity
Is the coal, any water above an acceptable tolerance is deducted from the cost of the
cargo. As can be seen in Table 28, although there was considerable variation in the

individual coals, the difference between the blends was minimal for consistency.
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Table 28 ICP-OES, proximate and ultimate analysis of coals and blends

ICP - OES Proximate Analysis Ultimate Analysis
Na,O KO Zn P H,O Volatile Ash S C H N (0]
wt%  wt% wt%  wt% wit%o wt% wt%  wt% | wt% wt% wit%  wt%
Coal 085 210 001 0010 13.10 6.80 480 087 | 8794 348 144 144
A
Coal 093 230 002 0.046 10.80 14.60 640 113 | 8583 399 130 132
B
Coal 062 177 0.00 0.009 10.80 33.60 10.00 1.10 | 76.63 486 166 5.70
C
Coal 030 150 001 0.024 10.20 13.30 890 049 | 8259 387 181 230
D
Coal 078 137 001 0.049 8.20 13.50 990 032 | 83.03 326 203 194
E

Blend 0.61 1.88 0.02 0.031 10.79 12.98 745 078 | 8447 387 157 1.83

Blend 0.55 182 0.02 0.033 10.44 13.82 790 075 | 8389 392 161 191

Blend 0.78 138 0.01 0.049 8.23 13.51 9.87 033 | 83.06 327 202 194
Blgnd 082 160 001 0.048 8.85 13.78 9.03 052 | 8373 344 185 179
BI:nd 084 174 001 0.048 9.24 13.94 850 064 | 8415 355 174 169
Blgnd 084 176 001 0.045 9.48 13.43 828 065 | 8438 354 173 168
B|66nd 080 155 001 0.044 9.03 12.88 895 047 | 8388 336 188 1.82
BIan 082 165 001 0.042 9.48 12.55 844 055 | 8434 342 181 175
BISnd 082 167 001 0.044 9.39 12.95 8.48 057 | 8426 345 179 174
BISnd 062 190 0.02 0.035 10.50 13.95 765 081 | 8421 393 156 181
Bllet:]d 056 181 001 0.029 10.50 17.18 826 080 | 8265 4.08 162 256
Bllelnd 088 198 0.02 0.047 9.92 14.23 759 085 | 8488 374 155 153
Bl}zd 083 168 0.01 0.048 9.06 13.86 875 059 | 8395 350 179 174

Low ash is required to prevent issues with permeability, generally, ash consists
of refractory materials that will not be utilised within the furnace. The elements in the
ash are dissolved in the slag, the consideration here was that the slag should be basic
to protect the refractories within the furnace. High ash injection coal is undesirable as
there is a requirement to control the levels of Al,Oz and SiO> within the furnace to
allow for better slag tapping. CaO and MgO help control slag basicity, a more basic
slag will produce more slag, but is less corrosive on the refractories of the furnace that
are already basic[114]. As per Table 29, Coal B will produce slags of lower basicity
which was another justification for it to be blended with coals producing higher
basicity slags. Coal is not the only influence on basicity, but each component that was

fed into the blast furnace should be controlled with this consideration.
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Table 29 XRF chemistry of the ash analysis of coals and blends

SiO, Al,O3 TiO, CaO MgO Fe P Mn
% in Ash % inAsh % inAsh % inAsh %inAsh %inAsh % inAsh % in Ash
Coal A 4451 29.98 1.15 347 1.73 7.11 0.216 0.077
Coal B 44.16 33.27 0.95 2.38 131 6.76 0.720 0.045
Coal C 39.61 27.44 114 6.13 1.66 12.80 0.091 0.075
Coal D 57.35 26.85 0.97 1.78 0.74 5.86 0.290 0.180
Coal E 50.10 24.50 0.84 5.45 1.83 5.48 0.498 0.170
Blend 1 50.80 29.65 0.99 2.22 1.08 6.35 0.442 0.117
Blend 2 52.07 29.42 0.96 2.02 0.97 6.22 0.462 0.126
Blend 3 50.04 24.59 0.84 5.42 1.82 5.49 0.500 0.169
Blend 4 48.62 26.69 0.87 4.68 1.70 5.80 0.553 0.139
Blend 5 47.72 28.01 0.88 4.22 1.62 5.99 0.587 0.120
Blend 6 47.57 28.04 0.90 4.21 1.64 6.06 0.558 0.119
Blend 7 48.83 26.07 0.89 4.89 1.76 5.80 0.491 0.146
Blend 8 48.14 26.92 0.91 4.59 1.72 5.98 0.488 0.133
Blend 9 48.06 27.17 0.90 451 1.70 5.97 0.515 0.130
Blend 10 50.76 30.06 0.96 2.08 1.03 6.31 0.505 0.113
Blend 11 49.98 29.07 0.99 2.72 1.08 7.34 0.398 0.118
Blend 12 46.18 30.29 0.91 3.42 1.49 6.32 0.644 0.088
Blend 13 48.14 27.39 0.88 4.44 1.66 5.90 0.571 0.129

Each of the coals that produce the blends for injection, share common phases.
All contain phases of kaolinite, illite, quartz, muscovite, pyrite and siderite as found
previously in the work of Yang et al.[115,116]. Siderite appears only in coals D and E
according to Figure 121. According to Table 28, these two coals are similar which
explains why these coals would share phases. Coals D and E also display more intense
peaks for quartz, this reinforces the SiO> analysis from Table 29, as these particular
coals contain more SiO2 as analysed using the XRF. The changing morphology of the
amorphous carbon peak was investigated later in this thesis, but each of the shapes
indicates different degrees of aromaticity and the difference between the peaks was

clear in Figure 121.
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Figure 121 Powder XRD patterns for coal samples. KaO = Kaolinite (Al2Si2Os(OH)s — COD#

9014999), I = lllite (Al2H2KO12Sis -COD# 9013719), Q = Quartz (SiO2 — COD# 1536389), P =

Pyrite (FeS2 — COD# 9000594), M = Muscovite (AlsH2KO12Sis — COD# 1101029), S = Siderite
(CFeOs — COD# 9015534), Coal = Amorphous Region

The reduction in ash chemistry between Coal E and Coal D observed in Table
29, was also observed in the spectra for blends 4 and 5 in Figure 122, distinctly lacking
in kaolinite and muscovite peaks in comparison to the other blends that contain more
coal E. Blend 7 also displays a similar pattern, but there was an increase in Coal B in
this blend, to offset the use of Coal A here, differentiating blend 7 from blends 1, 2
and 3. The larger amorphous region in blend 5 confirms the higher volatile content of
Coal C as observed in Table 28, which was unique to this blend. According to Table
28 and Table 29 Coal C has a higher iron content, but this was not seen in the spectra
observed in blend 5, at 17%, the concentration of Coal C was relatively small
compared to the other coals, which explains why some of the features may not be

present in the spectra in Figure 122.
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Figure 122 Powder XRD patterns for coal blend samples 1-7. KaO = Kaolinite (Al2Si2Os5(OH)4—
COD# 9014999), | = lllite (Al2H2KO1:Sis -COD# 9013719), Q = Quartz (SiO2 — COD# 1536389),
P = Pyrite (FeS2 — COD# 9000594), M = Muscovite (AlsH2KO12Sis — COD# 1101029), S =
Siderite (CFeOs — COD# 9015534), Coal = Amorphous Region

Blends 8 and 13 contain Coal A at relatively low concentrations, 12.5% and
7% respectively, Coal A was low volatile and high carbon according to Table 28, but
this was not clear in the spectra of Figure 123, because the concentration within the
blend was low. Blend 10 was 99% Coal E, and the spectra are similar but not identical
to the Coal E spectra in Figure 121, due to the addition of Coal B. The quartz peaks
are less intense due to the difference in the shape of the amorphous coal peak[117].
This changing shape indicates a change in lattice layering and aromaticity of the carbon
within the coal. The difference between blends 9 and 12 was clear in Figure 123, the
change of Coal D to Coal E appears to influence the presence of kaolinite in the

blended properties.
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Figure 123 Powder XRD patterns for coal blend samples 8-13. KaO = Kaolinite (Al2Si2Os(OH)4
— COD# 9014999), I = Illite (Al2H2KO12Sis -COD# 9013719), Q = Quartz (SiO2 — COD#
1536389), P = Pyrite (FeSz — COD# 9000594), M = Muscovite (AlsH2KO12Sis — COD# 1101029), S
= Siderite (CFeOs — COD# 9015534), Coal = Amorphous Region

It was clear from the XRD spectra and the characterisation of the coal types
and subsequent blends, that the aim of coal blending for blast furnace ironmaking was
consistency. Although changes in the XRD spectra have been discussed, the degree of
difference was relatively small. Similarly, the chemistries of the blends remain
consistent throughout the different blends with little variation. It was important to
consider the natural variation within coal seams, influencing the individual coals. Coal
A for example will change in chemistry depending on the exact seam and location of
the material. This explains any differences observed between the expected blend
chemistries and raw coals. When blending coals, parameters such as volatile matter
should be predictable based on linear weighting of each component. However, this is
often influenced by the natural variation in the coal across the bulk of the material.
According to the work by Steer et al. and Hong et al. phases can influence the
combustion of coal and subsequent char, the presence of illite has been known to

promote combustion in the raceway as discussed in the literature review in section
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2.8.3[54]. The mechanism for this though is hotly debated in the literature. Works by
Hong et al. suggest that increased mineral matter has a clogging effect on the pore
structure of char, but Mendez et al. suggest that minerals facilitate the formation of
wide channel pores[118,119]. The increased porosity of coal and the subsequent char
will determine whether it burns out in the raceway and hence exits the furnace in the

form of dust.

4.3.3 Combustibility of Coals

The recognised technique for determining coal burnout was discussed in section 2.8.3,
the use of a DTF helps recreate the conditions of a raceway which are high
temperatures and very short residence times. Using CO2 as a reaction gas will
determine the degree of coal gasification and using O or air as a reaction gas will
determine oxidation and burnout. TGA can be used for determining coal reactivity.
The experimental techniques including heating profiles for the coal analysis were
following the procedure outlined in section 3.5.1. Each of the coals selected were
blended according to section 3.2.11 and were subjected to the same temperature and
gas conditions. In Figure 124, the key stages for combustion as discussed in section
2.7 of the literature review, can be observed in the TGA data. According to Niroj et
al., the stages begin with a mass loss at 100°C which indicates the evaporation of
moisture, followed by a mass increase for oxygen adsorption starting at 270°C. The
large decrease in mass starting around 500°C was related to coal combustion, followed
by a flattening of the curve which was the slow burnout of the remaining char in simple
terms[136,157]. The effects of coal blending have been discussed by Shan Wen Du et
al. outlined in section 2.8.1, of the literature review. Blending can improve burnout
and reduce the costs associated with coal injection. The differences between the blends
and coals can be seen in Figure 124, coals with higher moisture contents have a larger
initial mass loss. More reactive coals such as Coal C, begin to lose mass before the rest
of the coals. The difference in gradient between blends 11, 12 and 13 when compared
to 8, 9 and 10 was clear in this example in Figure 124. This determines the speed at
which coal will combust, the steeper gradient starting at 500°C means coals will
burnout faster. Hence blends 11, 12 and 13 should burnout faster in the blast furnace
than the other blends in similar conditions. The balance between carbon and burnout
here is important to note, despite blend 11 combusting well, it has a lower carbon

concentration, providing less carbon for the Boudouard reactions which will be an
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important coal selection consideration. The final mass remaining after the heating
profile was indicative of the ash residue remaining after combustion. After reaction in
all cases, according to Figure 124, all the final residues are within a confined area of
the graph which was reflective of the ash chemistries in Table 29 as these have a fine
spread. The lower ash residue and faster burnout coals such as blends 11, 12 and 13
would allow for an increased injection rate, offsetting more coke as a fuel than blends
7 and 9. There is another balance between burnout and replacement ratio when
selecting coals for injection because the amount of hydrogen required for the correct
reduction conditions for iron production is important to be maintained as well as
carbon[99].
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Figure 124 TG Graphs for coals and blends a) individual coals b) blends 1-7 c) blends 8-13

Figure 125 shows the DTG plots for each of the coals and the respective blends.
The small peak around 100°C in each of the plots indicates the presence of moisture
in the samples. The onset line determines when the combustion stage starts and ends,
this was set at 0.1 %/min. The height of the DTG curve indicates the rate of reaction,
higher rates have higher peaks. The breadth of the peak was indicative of reaction time,
narrow bands indicate short reaction times[158]. The interesting observations in the
blends here are 7 and 9, the double peak in the DTG indicates the 2 stages of
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combustion, normally the first with reference to a smouldering reaction followed
shortly by ignition which was the highest peak[136]. A wide peak with multiple stages
was indicative of multiple phases in the material, blends 7 and 9 appear to combust
less readily than the other blends, similar to the observations in Figure 124. Blend 5
was the only blend containing Coal C which has the lowest ignition temperature,
despite low concentrations in the blend, the effect on the height of the DTG in blend 5
can be seen, this blend has a high reaction rate change. Blend 1 also has a wide reaction
range in the DTG and would not be as reactive as blends 11, 12 and 13. This would
mean it was less likely to be chosen as an injection blend. Hence it was only used on

one occasion as can be observed further into the chapter.

Blend 1
(b) Blend 2
——Blend 3
Blend 4
———Blend 5
Blend 6
Blend 7
- = - Onset

Deriv. Weight (%/min)
Iy o
L 1
w & o o o~
! 1 ! 1 N

~
|
Deriv. Weight (%/min)

N
L

y

T T T T ¥ T T T T T T T T T T T - T - T
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
Temperature (°C) Temperature (°C)

~
1

——Blend 8
(c) ——Blend 9
——Blend 10
——Blend 11
Blend 12
Blend 13
- = - Onset

o o
L L

Deriv. Weight (%/min)
-
!

= N o
>“ >
) >

/& 4

}

T T : T T T T T T
100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Figure 125 DTG graphs for coals and blends a) the individual coals b) blends 1-7 c) blends 8-13

The TG parameters of the coal blends as outlined in section 3.5.1, were
analysed from the TG and DTG plots in Figure 124 and Figure 125 respectively and
can be observed in Table 30. The ignition temperature was relatively consistent

throughout the coals and because the range of chemistries throughout the blends was
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small, this was expected. Blends 7 and 9 have high values for T0.5, indicating that for
half of the coal to oxidise, the temperature was required to be higher. This means that
blends 7 and 9 should take longer to react than the others, this was reflected in the
burnout temperature Th, this temperature was also high for blends 7 and 9. The
combustibility index indicates that blends 5, 6 and 11 should combust more readily
than the other blends. The Tmax Of each of the blends was consistent with the
combustibility index, the Tmax Of blend 11 was low, hence the reaction occurs at lower
temperatures. Blend 11 appears to perform the best in terms of combustibility, as
opposed to blends 7 and 9 which are worse performing, according to the data in the
DTG and TG parameters.

Table 30 TG parameters of coals and subsequent blends

Ti Tmax TO0.5 Tb Combustibility
Index (x10%)

Coal A 446.33 569.68 614.85 742.76 20.52556
Coal B 367.85 539.89 592.24 743.41 30.6448
Coal C 307.7 503.92 531.83 671.45 51.46512
Coal D 368.43 544.69 587.91 720.44 27.81352
Coal E 385.78 538.43 573.10 699.09 20.08478
Blend 1 367.35 543.45 618.09 783.25 23.45931
Blend 2 360.77 538.51 609.96 760.84 25.25389
Blend 3 355.24 542.00 584.38 732.22 27.00592
Blend 4 357.42 541.68 596.47 746.18 24.62409
Blend 5 355.07 538.83 592.67 750.94 27.8206
Blend 6 353.05 539.40 596.88 757.22 27.59501
Blend 7 352.97 540.95 628.83 814.35 19.42474
Blend 8 360.43 543.14 607.30 774.58 22.40669
Blend 9 348.67 538.67 633.08 824.5 22.63575
Blend 10 361.43 538.51 613.53 774.25 24.02364
Blend 11 360.02 525.07 588.43 755.2 31.49283
Blend 12 378.93 531.75 559.04 726.92 26.05912
Blend 13 387.65 528.41 549.14 690.61 20.13573
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As previously stated, blend 11 had the best TGA combustion characteristics as
opposed to blends 7 and 9. Hence the thought was, that dust samples analysed on days
where coal blends injected had high combustibility parameters, should contain less
LOC. The values for each TG parameter were compared to its equivalent LOC value
for each sample according to Figure 126. Each coal was used on multiple occasions
throughout the sampling campaign and on the days where LOC was measured the
results were graphed. The degree of stratification in the data was clear, this was due to
the lack of diversity in the changing blends, in comparison to the variation in the dust
itself. There are no standout relationships between LOC and TG parameters, but it was
observed in the Ti versus LOC in dust relationship, that with increasing Ti of the coal
blend in use, the LOC in the dust increased, which would support this theory, but the
correlation is more likely to be coincidental as there is no clear relationship. The other
relationships are minimal or non-existent and the stratification is clear as per Figure
126.

- &20-]
"l w . —
TR

: @ ) ol (b) A (C) =+ ==

h
.
Tmax (°C)

5 10 15 20 25 30 35 40 45 50 55 &0 5 10 15 20 25 30 35 40 45 50 55 60 65 5 10 15 20 25 30 35 40 45 50 55 60 65
% Low Order Carbon % Low Order Carbon 9% Low Order Carbon

Ty o L@

Tb (°C)
8 (x 10°%)

8 B B &8 8

s,

660

640

5 10 15 20 25 30 35 40 45 S0 55 €0 5 10 15 20 25 30 35 40 45 50 55 &0
% Low Order Carbon % Low Order Carban

Figure 126 Scatter graphs showing TGA parameters versus LOC carbon in the dust. a) Ti b)
Tmax c) T0.5 d) Tb e) combustibility index

Table 31 outlines the relationships between the TGA parameters, the LOC and
the LO:HO ratio relationship in the dust samples from each of the abatements of the
blast furnace. All of the correlations are weak, including the strongest between Ti and
Dust LO:HO ratio at 0.187. The R? at 0.035, shows there was a high degree of
uncertainty in the relationship. This would indicate that there was no relationship in
any of the parameters at all. The limitation here was the lack of variation in the data,

due to the consistency in coal types and chemistries used. The inverse relationship with
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Tmax appears to indicate that with decreasing reactivity temperature there was more
LOC in the dust, which would contradict the theory. But the relationship was not strong
enough to understand the relationship fully here and it was more likely that the data
was random as opposed to ordered.

Table 31 Pearson's correlation and R? values for relationships between low-order carbon and

the TGA parameters of the coal blends

Dust LOC Dust LO:HO Slurry LOC Slurry LO:HO
Pearson’s R? Pearson’s R? Pearson’s R? Pearson’s R?
Correlation Correlation Correlation Correlation
Ti 0.1481 0.0219 0.187 0.035 0.0895 0.008 -0.0186 0.0003
Tmax -0.0443 0.002 -0.0928 0.0086 0.0436 0.0019 -0.1076 0.0116
T0.5 0.0215 0.0005 -0.0888 0.0079 0.0942 0.0089 -0.0462 0.0021
Th 0.0227 0.0005 -0.1077 0.0116 0.0973 0.0095 -0.0439 0.0019
S x10° 0.0405 0.0016 0.081 0.0066 -0.04 0.0016 0.083 0.0069

The relationship between each TG parameter, exclusive of the LOC in the dust
was used to identify the possibility of combined influences on the dust generation as
per Table 32. There are strong relationships between Ti and Tmax, T0.5 and Tb, which

would be anticipated, with an inverse relationship between T0.5 and the combustibility

index.
Table 32 Pearson's correlation between each TG parameter
Ti TMax T05 Th Combustibility Index (S x10°)
Ti 1.00
TMax 0.83 1.00
T0.5 0.31 0.70 1.00
Tb 0.04 0.50 0.96 1.00
Combustibility Index (S x10°) -0.38 -0.71 -0.87 -0.79 1.00

It was clear with the variation in the LOC levels in the dust, that more
parameters will influence this value as opposed to coal type alone. The coal in simple
terms doesn’t vary significantly, but the LOC in the dust does. The effects of process
conditions are analysed later in this thesis, but not just the coal properties have an
effect. The coal blend needs to be combustible and meet the desired characteristics
outlined in section 2.8.1, the variation between the blends was minimal to maintain

stable operations, which justifies the investigation of process parameters on the LOC.
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4.3.4 The Effect of Coal Chemistry on Top Gas Carbon

As observed previously, the influence of coal parameters on the LOC in the dust was
limited by the variation in the coal type. This effect can be seen in the stratification of
the scatter in Figure 127. Work by Thong et al. in section 2.8.3 of the literature review
made predictions for coal burnout based on blast furnace parameters, but this work
aimed to improve upon this and identify relationships with live data from the furnace.
There was no obvious correlation between the coal blend type and the LOC in the dust.
The box plot in Figure 127 shows that the average LOC content per blend would be
more or less representative, due to the size variation in the data set. Blends 1, 8, 9, 10
and 11 have only 1 observation, it was therefore not proficient to compare the average
dust output for these blends against blend 7 for example which has a much wider range
of analysis available. This indicates that there’s a requirement for more data to draw
more confident conclusions. Blend 11 was the most likely blend to burn out as
described in section 4.3.3. However as can be seen in Figure 127, the LOC presence

within the dust was equal to blends 7 and 9.
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Figure 127 Coal blend ID's versus low-order carbon output a) Scatter left b) box plots

Table 33 summarises the 2-dimensional relationships between each process
parameter and the LOC and LO:HO ratio in slurries and dust samples. It was observed
that the relationships with LOC and slurry parameters are similar to those with the dust
parameters and LOC. The LO:HO ratio appears to correlate more strongly than the
LOC in some parameters such as proximate analysis and ultimate analysis but less in
the process parameters, but these correlations are too weak to consider them
significant. The scatter graphs in appendices 19-21 in section 7.3.1 clearly show that
any of the values of correlation in Table 33 are completely circumstantial. There are

no clearly identifiable trends in the data which clearly shows a lack of resolution in the
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sampling. This indicates that the coal blending is so consistent that it creates a lack of
variation in the coal chemistry, this was a limiting factor for evaluating the effects of
coal parameters on LOC in the dust. The limitations of obtaining a representative
sample of the process dust should be considered when analysing the data, the best
available sample was taken.

Table 33 Pearson's correlation and R? values for coal chemistry versus LOC and LO:HO ratio

in the dust samples and slurry samples

Dust LOC Dust LO:HO Slurry LOC Slurry LO:HO
Ratio Ratio

Pearson’s R? Pearson’s R? Pearson’s R? Pearson’s R?

Correlation Correlation Correlation Correlation
Blend ID -0.15 0.02 0.06 0.00 Blend ID 0.01 0.00 0.03 0.00
Coal H,0O 0.16 0.03 0.28 0.08 Coal H,O 0.20 0.04 0.13 0.02
Coal Ash -0.06 0.00 -0.23 0.05 Coal Ash -0.09 0.01 -0.05 0.00
Coal 0.16 0.02 0.24 0.06 Coal 0.11 0.01 0.16 0.03
Volatile Volatile
Matter Matter
Coal S 0.10 0.01 0.29 0.08 Coal S 0.08 0.01 0.12 0.01
Coal P -0.22 0.05 -0.25 0.06 Coal P -0.26 0.07 -0.16 0.02
Coal Ash Fe 0.23 0.05 0.26 0.07 Coal Ash Fe 0.19 0.04 0.16 0.02
Coal Ash -0.05 0.00 -0.25 0.06 Coal Ash 0.01 0.00 -0.05 0.00
Mn Mn
Coal Ash P -0.25 0.06 -0.10 0.01 Coal AshP -0.29 0.09 -0.12 0.02
Coal Ash 0.07 0.00 0.18 0.03 Coal Ash 0.17 0.03 0.15 0.02
SlOZ S|02
Coal Ash 0.05 0.00 0.26 0.07 Coal Ash 0.06 0.00 0.10 0.01
A|203 AIZO3
Coal Ash 0.22 0.05 0.27 0.07 Coal Ash 0.24 0.06 0.15 0.02
TiO; TiO,
Coal Ash -0.08 0.01 -0.26 0.07 Coal Ash -0.12 0.01 -0.13 0.02
CaO CaO
Coal Ash -0.10 0.01 -0.27 0.07 Coal Ash -0.14 0.02 -0.15 0.02
MgO MgO
Coal Ash -0.15 0.02 -0.25 0.06 Coal Ash -0.20 0.04 -0.17 0.03
Na,O Na,O
Coal Ash 0.05 0.00 0.26 0.07 Coal Ash 0.04 0.00 0.08 0.01
K0 K0
Coal Ash Zn -0.07 0.01 0.18 0.03 Coal Ash Zn -0.04 0.00 0.05 0.00
Coal C -0.16 0.03 -0.14 0.02 CoalC -0.15 0.02 -0.16 0.03
Coal H 0.13 0.02 0.29 0.08 CoalH 0.14 0.02 0.16 0.02
Coal N -0.08 0.01 -0.27 0.07 CoalN -0.08 0.01 -0.11 0.01
Coal O 0.22 0.05 0.18 0.03 Coal O 0.21 0.04 0.16 0.03

Coal Process Parameters

Incremental changes are made to the coal blend to ensure consistency of blast furnace
performance. The process parameters though, change more regularly based on the
conditions within the furnace. As an example, when the coke availability and quality
are good, more coal can be used, reducing the running cost of the blast furnace. Coal
per unit oxygen appears to have the largest influence on the LOC in the dust according
to Table 34, however, all of the correlations are too small to be considered definitive
relationships. The scatter graphs in appendices 22-23 in section 7.3.2 show that the

data is more randomly scattered as opposed to ordered. The coal per unit oxygen which
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correlated the strongest albeit with a very weak correlation was used to inform the
work of chapter 4.4, this was a parameter to monitor with increased data. To improve
upon the work thus far, continuous sampling of the dust should be completed over the
campaign of the blast furnace to capture many more coal blend iterations and improve
the data set size. This will give a more detailed insight into the effect of coal type on
dust LOC.

Table 34 Pearson's correlation and R? values for each coal parameter versus LOC and LO:HO

ratio in the dust samples and slurry samples

Dust LOC Dust LO:HO Slurry LOC Slurry LO:HO
Ratio Ratio
Pearson’s R? Pearson’s R? Pearson’s R? Pearson’s R?
Correlation Correlation Correlation Correlation

Coal Rate 0.37 0.13 0.20 0.04 Coal Rate 0.26 0.07 0.17 0.03
Coal per 0.42 0.18 021 0.05 Coal per 0.30 0.09 0.19 0.03
Unit Oxygen Unit Oxygen
Molecular Molecular
Coal per 0.43 0.18 021 0.05 Coal per 0.30 0.09 0.19 0.03
Unit Oxygen Unit Oxygen
Mass Mass
Coal Flow 0.24 0.06 0.01 0.00 Coal Flow 0.13 0.02 0.03 0.00
Replacement -0.16 0.03 -0.07 0.01 Replacement -0.14 0.02 -0.13 0.02
Ratio Ratio
Gas 0.23 0.05 -0.08 001 Gas 0.14 0.02 -0.07 0.01
Composition Composition
Co @ Co (g
Gas 0.36 0.13 0.16 0.03 Gas 0.34 0.12 0.22 0.05
Composition Composition
COz COz
Gas 0.39 015 021 0.04 Gas 0.30 0.09 0.20 0.04
Composition Composition
Hy ) Ho ()
Gas 0.22 0.05 -0.18 0.03 Gas 0.15 0.02 -0.09 0.01
Composition Composition
Co Co
Gas 0.40 016 0.17 0.03 Gas 0.37 0.14 0.24 0.06
Composition Composition
COZ (b) COZ (b)
Gas 0.38 015 0.20 0.04 Gas 0.29 0.08 0.20 0.04
Composition Composition
H2 ) Ha )
Gas 0.15 0.02 029 0.08 Gas 0.22 0.05 031 0.09
Efficiency Efficiency

4.3.5 The Effect of Process Parameters on Top Gas Carbon

It was also important to consider non-coal-related operating parameters and observe
the effects on the LOC in the dust. The theoretical relationship with O2and LOC in the
dust was inverse because O2 promotes coal combustion and therefore, with increased
02 less unburnt char should be present in the dust based on the work of Tiwari et al.
and Thong et al. outlined in the literature review section 2.8.3, where the authors

outline the importance of increased oxygen to promote burnout. However, the
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observed relationship was positively correlated albeit a weak relationship that appears
to be circumstantial according to Table 35 and the scatters in appendices 24-27 in
section 7.3.3. The weak positive correlations, although they appear to be randomly
scattered, were used to inform the work of chapter 4.4 with increase data resolution
this information could be used to confirm any potential relationship. The 12-hour
averages in the data can hide a multitude of changes throughout the period, specifically
in the blast volume parameter. Parameters such as blast volume are more susceptible
to change during the 12 hour period, than coke rate or steam and therefore justify the
weak relationships identified in Table 35. The variability of the blast volume parameter
can be seen in Figure 128, the degree of variation would be masked by the 12 hour
average and helped inform the work in chapter 4.4 as a need for increased sampling

resolution is clear.

Table 35 Pearson's correlation and R? values for each process parameter versus LOC and

LO:HO ratio in the dust samples and slurry samples

Dust LOC Dust LO:HO Ratio Slurry LOC Slurry LO:HO Ratio
Pearson’s R? Pearson’s R? Pearson’s R? Pearson’s R?
Correlation Correlation Correlation Correlation

O, Setpoint 0.26 0.07 0.19 0.04 O, Setpoint 0.25 0.06 0.23 0.05
0O, Volume 0.18 0.03 0.01 0.00 O,Volume 0.12 0.01 0.07 0.00
Total Oxygen -0.04 0.00 -0.14 0.02  Total Oxygen -0.08 0.01 -0.10 0.01
Oxygen Flow -0.04 0.00 -0.14 0.02  Oxygen Flow -0.08 0.01 -0.10 0.01
Steam -0.20 0.04 0.01 0.00 Steam -0.18 0.03 0.07 0.01
Flame Flame
Temperature 0.31 0.10 0.03 0.00 Temperature 0.25 0.06 0.02 0.00
Blast Volume -0.20 0.04 -0.22 0.05 Blast Volume -0.22 0.05 -0.20 0.04
Blast Pressure 0.05 0.00 -0.05 0.00  Blast Pressure 0.00 0.00 -0.10 0.01
Blast 0.30 0.09 0.30 009 Blast 0.20 0.04 0.19 0.04
Temperature Temperature
Delta P 0.33 0.11 0.24 0.06 DeltaP 0.30 0.09 0.20 0.04
Production Production
Rate 0.07 0.01 -0.12 0.01 Rate 0.01 0.00 -0.07 0.01
Hot Metal Si -0.14 0.02 0.11 0.01 Hot Metal Si -0.13 0.02 0.00 0.00
Coke Rate -0.36 0.13 -0.13 0.02 Coke Rate -0.29 0.08 -0.14 0.02
Max Max
Differential 0.32 0.10 0.24 0.06 Differential 0.21 0.04 0.25 0.06
Pressure Pressure
High Top 0.00 0.00 -0.09 001 HighTop -0.10 0.01 -0.08 0.01
Pressure Pressure
Top 0.15 0.02 0.14 002 op 0.15 0.02 0.05 0.00
Temperature Temperature
Permeability -0.09 0.01 -0.07 0.01  Permeability -0.12 0.01 0.01 0.00
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Figure 128 12-hour process trace showing blast volume degree of variation

4.3.6 Summary

It has been determined that relationships between coal types, coal blends, operating
parameters and LOC in the dust, cannot be identified using the CET with the proposed
resolution of sampling. Despite the capabilities of the analysis technique as
demonstrated in section 4.2.3, it is clear that the variation in the processes are not
captured in the samples. Dust samples from both the wet and dry abatements were
analysed for LOC and LO:HO ratio and plotted against coal chemistries and an average

of the process conditions, from a 12-hour period before the material was sampled.

The limitations of the resolution of sampling were made clear in this chapter.
Process conditions such as blast volume and coal rate vary to a greater degree than the
coal types used which influenced the relationships in the data. This causes uncertainty
when analysing the outputs and determining a model of which parameters have the

largest influence on the LOC in the dust.

Coals were analysed and blended in line with the blends used in production at
the time of dust sampling. The importance of minimising elements such as
phosphorous and sulphur was stated, as was the importance of stability in the blends
for consistency in production. The ash chemistry has been discussed to influence the
permeability of the descending burden and it has been discussed that the basicity of
slag formation is important to protect the refractory lining of the furnace. Basicity also

influences the LOC in the dust. The coal selection process was clearly geared towards
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maintaining stable operations, a high replacement ratio and maintaining the integrity
of the furnace refractories with tight control on basicity. This means that variation in
the coal chemistry data was limited and it was difficult to draw reliable conclusions,

based on coal chemistry and properties alone.

The difference in combustibility of the coal blends was analysed using the TGA
and TG parameters were calculated on the resultant mass loss profiles. The variation
between each of the curves was minimal as expected because coal blends are selected
to ensure consistency in operation. Blends 11, 12 and 13 were more readily
combustible as opposed to 7 and 9 which were less combustible. Blend 7, with
reference to the XRD, did not contain illite, which could explain why it didn’t burnout
as well as the others. The combustibility of coal blends was compared to the LOC in
the dust, and despite the stratification and weak correlation, it could be observed that

ignition temperature was related to increased LOC in the dust.

Relationships between coal blend chemistry and LOC concentration in the dust
were difficult to ascertain, due to the stratification in the data caused by the lack of

variation in the coal type.

The introduction of coal-related process data removed the stratification in the
scattered data sets. Although there was more variation in the process data, this was still
too limited to draw any reliable conclusions as to which parameter has any influence
on the LOC in the dust

The lack of relationship in all of the parameters identified the limitations of the
12-hour averaging. The fast-changing parameters were not truly represented by the
averaged data and hence relationships were not observable. In this case, it has been
recognised that a campaign-long analysis of coal types and LOC in the dust was
required to provide enough data, to reduce the effects of stratification and provide more

information on potential impacts on LOC in the dust.

The process data, especially blast volume highlighted the further limitation for
the 12-hour data average, observations made were that increased blast volume led to
decreased dust output. The weak correlation and the fast-changing blast volume mean
that the data was not a true reflection of the process and LOC in the dust.

The lack of relationships identified in the process data in this chapter was the
inspiration for the work in chapter 4.4 to increase the sampling resolution. The limited

observations with the coal, however, are more difficult to overcome and it has been
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recommended that an increased sampling and testing regime was required in future
work to overcome the stratification in the data. This will allow a deeper understanding
of the coal-type influence along with the process parameters. This work was aimed at
testing the hypothesis ‘Coal combustion in the raceway can be impacted by process
parameters and the evidence can be found in the fingerprint of blast furnace dust.” The
limited data acquired from the analysis within this chapter meant that further work was
required to answer this hypothesis. To help test the hypothesis further, the increased
resolution of sampling was addressed with the introduction of a dust probe to

continually monitor the dust output in chapter 4.4.
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4.4 Integrating Technology onto the Plant

4.4.1 Introduction

It is possible for steel plants to experience large, semi-isolated dust release incidents,
where volumes of material can saturate the wet cleaning system. These incidents
present the extremes of dust output and process conditions need to be further
understood so that these events can be mitigated[120]. Integrating the technologies
developed during this thesis will allow for continuous monitoring of the dust output to
pinpoint the exact time of dust release, it would also provide the platform to look back

at live data and optimise conditions for minimising dust levels.

To build upon the work from chapter 4.3 of this thesis and provide a continuous
monitor for dust output, a move towards live monitoring of the dust conditions of the
furnace was proposed. Many techniques to monitor the dust output were explored,
including microwave technology for inside the downcomer for continuous emissions
monitoring (CEM), optical imagery of the dust cloud in the downcomer and infrared
technologies. The access to the downcomer was rejected due to safety concerns and
the high concentrations of CO in the area, restricting access for installation and
maintenance. The cost of microwave technologies exceeded £150,000 and was
therefore deemed beyond the scope of this work. As an alternative, a suspended solids
probe was procured, to monitor the dust output after the first gas cleaning system. This
method was cost effective and safe to implement. Here, the dust catcher has stripped
around 50% of the dust, and the remaining gas and dust travel through a water cleaning
system, where around 750m®/hr of flowing water, washes the remaining dust out of
the gas[68,121].

There are many benefits to optimising the dust output and the degree of coal
gasification of the ironmaking process. Experimental injectants and reductants can be
used on the furnace and the output can be monitored to highlight any detrimental effect
with ease, also experimenting with lower-cost blends of fuels can offset the cost of
iron manufacture significantly. Coke is replaced when injecting coal into a blast
furnace, around 200 kg/tHM of coal is the limit of injection currently, but with a greater
understanding of coal and dust generation, this value can be maximised. Dust reduction
was another key benefit. Approximately 80 tonnes of dust per day is generated in each
blast furnace, but it can be anticipated that this figure could be reduced by up to 15%,
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with a deeper understanding of how the blast furnace process parameters influence
dust generation and ensuring the maximum gasification of coal is realised in the

furnace.

The present work aims to compare the dust output of the furnace with process
parameters and conditions, to identify which parameters have the largest influence on
dust generation. Using a high-frequency sampling device, the output of the furnace can
be measured and compared against the process parameters at that given time. Once the
relationship is understood, the conditions can be modified to minimise the dust output.
Another key target of the work was to identify a relationship between dust output and
the carbon types within the dust itself. It was hypothesised that increasing dust output
was related to increasing LOC, should this be true, the high frequency sampling device

can be used to measure the degree of coal gasification of the process.

4.4.2 Event Analysis

Blast furnace iron manufacturing is a continuous process, only stopping for routine or
unplanned maintenance. Process conditions and operating parameters change regularly
to maintain a stable operation and production of high-quality material. After a period
of instability lasting approximately 15 hours, the operators reported a volume of black
dust material floating on top of the clarifying pond. The discovery was very similar to
the incident that occurred at Redcar steel works as depicted in Figure 129. The first
observation was that the material was very fine compared to typical BF dust and the
material was oily. The oil prevented the particle size distribution characterisation
technique from being carried out. Another observation was the sheer quantity of
material when compared to the normal conditions in Figure 130, the mass of material
was more indicative of an accumulation of events as opposed to a singular event such
as a blow-through, which was an area of increased porosity in the descending burden,
allowing a direct channel for dust through the burden into the gas stream. The final
observation was that the material was in fact floating. Typical BF dust sinks to the
bottom of the pond, hence the weir system design where dust sinks to the bottom and
clean water flows over the sides. The floating material indicates hygroscopic
properties. Charcoal and low-ordered carbon types are hygroscopic according to the
work of Wang et al.[122]. This observation infers that the material was likely to be
coal char.
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Figure 129 Blast furnace of Teesside char float, image obtained from meeting with blast furnace

expert Peter Warren[120]

Figure 130 a) BF5 weir pond with no float material b) normal degree of float material expected

4.4.3 Material Analysis — Event Analysis

To determine the source of the dust, the morphology of the float material identified in
section 3.2.7 and 4.4.2, the sample was compared to a typical BF dust in Figure 131.
To understand the results from the analysis of the float material, sample 1 from the

197



catalogue of samples discussed in section 3.2.7 was analysed to draw direct
comparisons. The similarities and differences were used to identify the material and
sources of material constituents. The size distribution was much finer than BF dust,
and the morphology was more regular in the float dust, indicating the heat processing
of the material. The presence of cenospheres was not clear in the bottom images of
Figure 131, which would indicate the presence of coal char, but the very fine dark
particles indicate the presence of carbon dust according to the work by Nedeljkovi¢ et
al.[168]. The particle circled in Figure 131, indicates the presence of either potassium
or sodium chloride, similar particles have been found in the work by Stamboroski et
al.[169]. The increase in chloride for the float material according to the EDS in Table
36 was noted, along with potassium and sodium which supports the findings in the
image. The increase in alkali metals, including zinc, was indicative of coal or coke
carbon presence in the dust as previously discussed in section 4.1.2 of this thesis. The
decrease in oxygen indicates a decrease in oxides present and infers the alkali metals
are in the form of chlorides as opposed to oxides. The presence of chlorides indicates
the presence of coal char in the dust[170]. Chlorides present in BF dust exist when
chlorine was released during coal combustion, as indicated by the work of Sun et al.
and Nomura et al.[171-173]. The increase in sulphur supports the presence of coke

and coal in the dust as discussed in section 4.1.2.

198



150X
Width = 762.2 ym

NTS BSD EHT = 20.00 kV
Swansea University College of Eng

IProbe= 300pA  WD=1146mm FASKN
10 Mar 2021

400 pm 25% NTS BSD EHT = 20.00 kv IPrebe= 300pA  WD= (bt 100 pum
Width = 4.573 mm Swansea University College of Eng. 10 Mar 2021 A =

400 um 25X NTS BSD EHT = 20.00 kV'
Width = 4,524 mm

IProbe= 250pA  WD=1591mm FAIAN “

Swansea University College of Eng

14 Jul 2022

150 X
Width = 764.5 ym

NTS BSD EHT = 20.00 kV

IProbe= 250pA Wi
Swansea University College of Eng

14 Jul 2022

Figure 131 SEM Micrographs of blast furnace and float dust a) 25x magnification blast furnace

dust b) 150x magnification blast furnace dust ¢) 25x magnification float dust d) 150x

magnification float dust

Table 36 EDS analysis of BF dust and float dust

SEM Cl (0] Fe K Na Zn Ca Mg S Si Al
% % % % % % % % % % %

BF dust 0.9 62.2 12.3 13 0.0 2.4 15 0.4 0.9 1.6 0.0
Float Dust 27.3 18.9 12.5 10.3 10.0 8.0 3.9 3 2.9 1.8 15

The increase in sodium, zinc and potassium are also noted in the ICP-OES

analysis in Table 37. The iron content was the same in both the furnace dust and the

float dust. Indicating the changing material type was caused by the carbonaceous raw

materials as opposed to the ferrous-based materials.

Table 37 ICP - OES analysis of BF dust and float dust

Fe Zn Cr K Pb Ni Cu Ba \Y/ Na

ICP-OES % % % % % % % % % %
BF dust 20.61 0.09 0.00 0.09 0.00 0.01 0.00 0.09 0.03 0.01
Float Material 20.31 0.18 0.00 0.33 0.00 0.00 0.00 0.00 0.00 0.03
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The CET reveals that 62% of the material was LOC and 2.7% was HOC, the
DTG in Figure 132, shows the DTG for the float dust resembles that of coal char. A
very large LOC peak compared to the HOC peak indicates the material was
predominately coal char. The lack of coal hump at 270°C was clear in the TG for float
material, indicating the coal has been heat-treated, and was present in the form of char

as opposed to raw coal.
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Figure 132 DTG and TG analysis a) float dust left b) coal char

The XRD spectra in Figure 133, shows the key differences in the phases for
float dust versus typical BF dust. The amorphous carbon region between 28 and 33°
was far smaller in the float dust because there was less influence from graphitised
carbon or HOC. The peak shows more aromaticity in the carbon type. The increase in
quartz was notable and it was likely this supports the analysis that it was coal char or
coke material predominately. The CaO4S peak indicated the presence of flux in the
dust. The increased intensity in Metallic Fe indicates the reduction of iron ore at higher
levels within the furnace, possibly due to unstable temperature conditions or increased
CO, from the oxidation of increased carbon levels further up the furnace. The increased
presence of AlO in the dust, according to the work of Zhongmin et al. indicates the
presence was due to slag formation, however, the work of Czarna-Juszkiewicz et al.
indicates the presence was due to coal ash, which supports the Thermogravimetric
analysis[174,175].
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Figure 133 Powder X-Ray diffraction of BF Dust and float materials. H = Hematite (Fe20z —
COD# 9000139), M = Magnetite (FesOs -COD# 1011084), W = Wustite (FeO — COD# 9008636),
C = Calcite (CCaO3z — COD# 9016200), Si = Quartz High (O2Si — COD# 1011200), G = Graphite

(C — COD#9011577), D = Dolomite (CaMg(COs3). — COD# 9000885), Fe = Iron (Fe — COD#

4113941), Al = Aluminium Oxide (Al203— COD# 4124784), Ca = Calcium Sulphate (CaO4S -
COD# 1537315)

Process Conditions

The analysis indicates that the material floating on the clarifying pond was likely coal
char. For such a vast quantity of coal char, this presented a unique opportunity to
identify the root cause in terms of process parameters. Figure 134, shows that 37 hours
before the discovery, the coke rate was increased by 160kg/tHM. This action is
normally taken to improve stability, by removing coal injection when an issue arises.
As can be seen in Figure 134, the coal rate remained high for 7 hours after the coke
rate was stepped up. The fuel rate in the furnace for 7 hours was imbalanced,
potentially leading to a build-up in coal char, although it was not uncommon to overlap
the fuelling to allow for the coke to descend the furnace to replace the coal as a
reductant. The increase in blast volume at the time of the coal rate stop was to improve

the combustion environment of the raceway in the absence of an injectant.
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Figure 134 Line graph to show blast volume, coal rate and coke rate, for 52 hours before the

sampling event.

Figure 135 shows that at the same time the coal was taken away from the
furnace, the oxygen setpoint was reduced to 0% also. Any remaining carbon in the
raceway at that time would be subject to a depleted oxygen condition and combustion
would not be favourable. At this time, the coke rate was high in the furnace and fuelling
from Figure 134 had been imbalanced for 7 hours potentially leading to an
accumulation of non-combusted carbon in the furnace. This information proposes that
although the root cause was a singular event of fuel imbalance and lacking oxygen
conditions, the accumulation of 7 hours of overlap contributed to the volume of coal

char floating on the surface of the clarifying pond.
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Figure 135 Line graph to show O2 setpoint, Oz volume and coal rate, for 52 hours before the

sampling event.

The gas conditions in Figure 136 show a large drop off in gas efficiency at the
end of the event, meaning the CO increased in comparison to a decrease in COg,
indicating the incomplete combustion of coal. The changes in blast volume after the
coal was removed are reflected in the instability in gas efficiency. In the right-hand
graph, after the coal was removed there was a drop-off in H, generation. H as
discussed previously was beneficial to iron reduction but was present due to the
combustion of coal. The decrease in Hz shows that less combustion of the coal was

occurring hence less Ha is liberated.
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Figure 136 Line graphs of process traces over time for 52 hours before the sampling event a)

CO%, C0O2%, gas efficiency and blast volume b) coal rate and H:

The pressure data in Figure 137, shows a steady decline in blast pressure and
delta pressure. There was a drop-off of maximum differential pressure around 22 hours
before the discovery of the dust. This indicates that the permeability of the furnace was
higher at this point, and the difference between the high top pressure and blast pressure
was less at this point. The increased permeability would lead to unburnt particles
reaching the gas stream, being a more likely occurrence than with periods of decreased
permeability, with fewer channels for the gas and the dust to pass through in low
permeability, high max differential pressure scenarios. The operators here reduced the
max differential pressure due to the instability within the furnace to control burden
descent conditions[99].
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Figure 137 Line graph to show blast pressure, Delta P, max differential pressure and high top

pressure, for 52 hours before the sampling event.

The temperature conditions were monitored in Figure 138, where the
temperature can be seen to reduce around 7 hours after the coke increase, in line with
when the coal injection stops. The work by Shan Wen Du outlined in section 2.8.3 of
the literature review says that blast temperature promotes burnout of coal. The blast
temperature was lowered to control the flame temperature of the raceway, with an all-
coke fuelling, the furnace runs hotter than with coal. The flame temperature was
indicative of no coal combustion, but the decrease in blast temperature at the time
when coal injection was shut off would have led to decreased combustion of any coal
present in the furnace at the time. The top temperature loses stability with increased
coke rate and the variation indicates issues with burden permeability, hence the switch

in max differential pressure in Figure 137.
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Figure 138 Line graphs of process traces over time for 52 hours before the sampling event a)
flame temperature, blast temperature and coke rate b) blast temperature, top temperature, coke

rate and coal rate

From the process information the largest influence and leading cause of coal
char in the dust, was the fuelling rate imbalance for the 7 hours before coal was shut
down. The decrease in blast temperature shortly after certainly influenced the
combustion of any coal remaining, as did the decrease in oxygen rate at the time. The
operators were trying to balance burden descent and retain stability by switching fuels
and changing the max differential pressure, but the build-up appeared to have begun
before it could be remedied. In the event of instability and a requirement to switch to
all coke use on the blast furnace. It is therefore advisable to ensure any coal flowing
into the furnace is accounted for in terms of combustion environment, to prevent coal
char flooding the gas stream and the change to all coke is gradual as opposed to instant.
Such a large change to the furnace would allow a slug of material to exit the furnace

which appears to have occurred on this occasion.

4.4.4 Dust Monitoring and Validation

To quantify the dust coming out of the furnace at any given time, the probe was used
to measure the dust concentration of the water from the wet abatement of the blast
furnace as per Figure 139. This was a step towards a live data output of the furnace
dust and visualisation of process conditions that influence the dust output. Justification
for this probe also stems from the event discussed in section 4.4.2. If this probe was in
place, the dust flowing into the pond could have been pinpointed within 30 seconds of

release and the exact conditions analysed, to troubleshoot the issue better.
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Figure 139 a) The location for sampling b) the reading in g/l for the dust monitor c) the probe

submerged

Relating dust output to combustion conditions

The previous work of chapter 4.3.5 highlighted limitations in terms of using 12-hour
composite samples to analyse the carbon type within the dust, for diagnosing issues
with the coal injection or process parameters. Samples were taken in parallel to
measurements for dust output using the probe and analysed for LOC to HOC ratio
(LO:HO) ratio. Figure 140 shows the trend for the LO:HO, for the dust within the
water and the mass flow of solids out of the furnace. The LO:HO decreasing
demonstrates an increase in LOC or coal-originating carbon type per HOC or coke-
originating carbon type. There was a weak negative correlation between the LO:HO
ratio and the dust output with a Pearson's coefficient of correlation of -0.23, in essence
as the LOC concentration within carbon increases, there was an increase in dust output
also. The presence of this relationship was more significant than the strength of it.
Typically, the CET takes >1600 minutes for one sample, on the contrary, this probe
technique allows for continuous measurements of the dust output, with a resolution of
30 seconds. The enormous increase in data would provide a better representation of
blast furnace processes. The relationship means that total dust output from the blast
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furnace can be used to identify the conditions to minimise the dust output, and it was
likely that the degree of gasification of coal was improved as a result. Occurrences
where dust generation was low and LOC content was low would indicate a strong

combustion environment within the furnace and a desirable operating condition.
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Figure 140 Total dust output versus LO:HO ratio to demonstrate the relationship

Oxygen Trial

According to Zhou et al. oxygen is often utilized to promote combustion in the
raceway. Increasing oxygen leads to increased carbon conversion to CO2and improved
combustion conditions within the raceway[176]. A trial was undertaken where the
oxygen set point of the furnace was adjusted and the dust output measured whilst
maintaining all other conditions and stable operations. The output of the trial can be
seen in Figure 141. There was no clear change in the dust output observable, which
was related to manipulating the oxygen set point. A second trial was conducted (Trial
2) where there appears to be a decrease in the dust output when the setpoint was
decreased, which would contradict the literature, but this being the only observation,
it was not clear enough to say the decrease in oxygen was the cause of the change in
the dust. A notable difference between the trials includes steam use, steam was used
during Trial 1 and not in Trial 2. This appears to have reduced the variability of the
dust output, due to improved raceway temperature stability. The oxygen setpoint on
average was higher in Trial 2. This would also lead to increased variability of dust
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output due to the instability of the raceway condition. The Charfoco report and Wing
et al. according to section 2.9 in the literature review, show that oxygen enrichment
showed no significant effect on the conversion degree of coal and it was determined
that the complete conversion of coal could not be reached under high injection rates.
Wing et al. did mention that high oxygen enrichment led to increased char

consumption in the raceway.
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Figure 141 Graphs to show dust output versus oxygen conditions of the blast furnace a) trial 1
b) trial 2

With increased oxygen there is generally increased fuelling demand, this
phenomenon was examined in Figure 142. Figure 142 shows 3 graphs of the measured
dust output versus a coal per unit oxygen ratio (CPO ratio), this ratio calculates the
moles of carbon per moles of oxygen present in the furnace at any given time. This
was an improved measure for considering dust output, essentially higher values for
CPO infer an abundance of carbon per oxygen in the furnace at any given time. These
conditions are unfavourable in terms of combustion in the raceway, therefore it was
observed that with increasing CPO there was increasing dust output in graph (a) of
Figure 142. In graph (b) it can be observed that high values for CPO cause instability
and spikes in the dust output. In graph (c) the observation was made that the dust output
was not sensitive to big deviations in CPO, but after the burden check event, the dust
output remained low, despite the CPO returning to stable levels. A burden check is
where the blast is reduced temporarily allowing for a pressure drop in the furnace, to
move a stuck burden to allow it to descend again. Graphs (d) and (e) show that despite
the CPO returning to normal levels, there was a large decrease in coal flowing into the
furnace as indicated in the drop in the production rate of graph (e). A clear relationship

exists between oxygen and coal, although these parameters do not influence the dust
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in isolation. The coal flowing into the furnace appears to have a larger influence than

the oxygen conditions alone.
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Figure 142 Graph a) dust output versus CPO observation 1, graph b) dust output versus CPO
observation 2, graph c¢) dust output versus CPO observation 3, graph d) dust output versus total

oxygen observation 3, graph e) dust output versus production rate observation 3

Blast Volume

Blast volume is the volume of hot air that is blasted into the bottom of the furnace,
providing the heat and oxygen required for the necessary Boudouard reactions to

occur, for the reduction of iron ore. Gas residence time is related to blast volume, with
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increasing volume leading to decreasing residence times according to Yu et al.[166].
This means with lower residence time, the coal is not subjected to the higher
temperatures and oxygen conditions of the raceway long enough for it to fully undergo
the five key stages of combustion discussed in section 2.7. The observations of blast
volume versus dust output are seen in Figure 143. In graph (a), spikes in the blast
volume were followed closely by a spike in the dust output. In graph (b), low blast
volume conditions led to an unstable dust output. In graph (c), there was a step down
in the blast volume followed by a decrease in the dust output. The data for dust output
was clearly sensitive to the changes in blast volume and therefore it must be a

significant influencing factor in the reduction of dust output.
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Figure 143 Graph a) dust output versus blast volume observation 1, graph b) dust output versus

blast volume observation 2, graph c) dust output versus blast volume observation 3

Blast Pressure

Blast pressure is similar to blast volume, in that increased pressure leads to reduced
residence times of the gas and coal in the raceway[99,177]. This translates to
increasing the blast pressure, which should increase the dust output of the furnace.
However, the key difference between pressure and volume is that blast pressure is a
variable that operators adjust to maintain an overall differential pressure in the blast

furnace. This was a reaction to changes in the permeability of the burden present in the
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furnace, with decreased permeability there was a decrease in the differential pressure.
The observations can be seen in Figure 144. Graph (a) shows a contradiction to the
expectations from the work of Azadi et al., with increasing blast pressure, there was a
decrease in the dust output. In Figure 144 graph (b) there was another contradiction to
the literature, where the dips in the blast pressure, are shortly followed by spikes in the
dust output. Figure 144 graph (c) supports the literature, a step down in blast pressure
led to a decrease in dust output average, and the same effect was observed in Figure
144 graph (d). To discuss the contradictions in the data from graph (a), the high blast
volume at the time of these measurements was notable from Figure 143 graph (a) at
this given time. The high blast volume appears to have a larger influence on the dust
output than the blast pressure. For the disagreement of the state of knowledge,
observed in graph (b), the low blast volume observed in Figure 143 graph (b) at this
given time and the high coal rate in Figure 144 graph (e) appears to have a larger
influence than blast pressure alone. This shows that the coal rate appears to have a
large influence despite the low residence time, contributing to the instability within the
data. The influence of blast pressure and the contradictions help support the theory that
furnace parameters are not influencing the dust output in isolation. Parameters should
be considered in pairs or triples to identify the conditions to maintain or produce low

dust outputs.

b) e e

F26

b24

Dust OQutput (Ka/S)
Blast Pressure (Bar)

o
@
o
£

Dust Output (Ka/S)
)
; ?
\
'
Y- - - -
v
¢

== ‘

f o

=
Blast Pressure (Bar

2
k20 “ o k20

0.0 T T T T T T T T T Lo T T T T T T T
340 360 380 400 420 44D 460 480 500 620 640 680  BBO 70D 720 740
Sample Number Sample Number

Dust Qutput (Kg/S)
c a o
Blast Pressure (Bar)

s o ©o o
N ® om0 B
L L
Blast Pressure (Bar
Dust Qutput (Kg/S)

0.14

0.0 -4 T T T T T T T — 18 0.0 T T T T T T
1120 1140 1160 1180 1200 1220 1240 1260 1280 800 B20 840 860 880 900

Sample Number Sample Number

212



Dust Qutput (Kg/S)
> & o © ©o o
=
S
(K

w

5 SN
L

620 640  B60 680 70O 720 740
Sample Number

Figure 144 Graph a) dust output versus blast pressure observation 1, graph b) dust output
versus blast pressure observation 2, graph ¢) dust output versus blast pressure observation 3,
graph d) dust output versus blast pressure observation 4, graph €) dust output versus coal rate

observation 2

4.4.5 Node Mapping and Future Work

To improve the understanding of the impact of all process parameters on the dust
output, a Ball Mapper algorithm has been applied to the data presented in this
paper[123]. The aim of this map is to highlight areas of interest within a large dataset.
The aim is to select nodes where dust output is low and investigate the conditions of
the blast furnace at that given time, this information will inform the model of an ideal
set of conditions for low dust output in the furnace. This algorithm aims to group the
high-dimensional data into nodes to create a representation of the data as presented in
Figure 145. Each node corresponds to a ball of a fixed radius in the space of
parameters. This means that all the observations in the same node have similar values
for the parameter values. Since the object of the study was to investigate dust output,
this was not used as a parameter in constructing the map. Where observations were
shared between different nodes when the parameter values are close to observations in
both nodes, a connection was drawn between the two nodes. The size of a node
indicates the number of observations contained therein. The x and y axis and location
of the nodes has no bearing on the output of the map, nodes are grouped together with

other nodes that contain similar variables.

To enable further analysis, each node in Figure 145, was labelled with a
number. The nodes were coloured according to the mean dust output for the
observations in that node. Note that this information was not used when constructing

the Ball Mapper graph. White nodes indicate low output, and purple nodes have high
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output. The darker the colour the higher the dust output produced by the conditions
described in each node was.

Nodes 4, 5 and 6 together contain only 8 observations and were of little interest.
Nodes 7 through 12 contained 129 observations around a burden check event on the
blast furnace and therefore are not useful in this analysis. A burden check is where the
blast furnace temporarily stops to allow a stuck burden to descend. This node mapping
exercise suggests that the key areas of interest were node 1, with 600 observations, the
entire first sample run, which includes a set of conditions that were responsible for
generating a low dust output condition, and nodes 2, 3, 13 and 14, which had moderate
dust output and form part of a cluster of 1,440 observations, which also includes higher
dust output nodes. This observation indicates the existence of multiple distinct
combinations of parameters resulting in low-dust performance. The existence of
combinations enables different ways of minimising the dust outcome depending on the

initial condition of the furnace.
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Figure 145 Node map grouping nodes of similar datasets. Blast furnace parameters versus dust

output

The ball mapper algorithm was applied to the data collected using the probe as

described previously. In Table 38, the values in node 1 are compared with the values
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in the larger cluster. The mean value for the region was compared to the global mean.
Almost all variables are different from 0 at the 95% significance level. The separation
of these two groups indicates that the variables differed before considering the dust
output. Table 38, therefore, shows the difference between node 1, which was precisely
the set of observations from Trial 1, and the other observations. It was not possible to
conclude which variables are responsible for the lower dust levels in Node 1. This trial
featured high blast volume, blast temperature and blast pressure, and steam was

applied throughout, making it particularly unusual.

In Table 39 the larger cluster was considered in more detail. Within this cluster,
dust output was positively correlated with variables relating to the intensity of the
process, such as blast volume, production rate and coal flow rate. Variables relating to
temperatures, such as flame temperature and blast temperature, are associated with
lower dust output. This supports the theory that coal combustion was relative to dust
output. Higher temperatures lead to an improved combustion environment and
therefore lower dust output. The effect of increasing blast volume, coal flow rate and
blast volume are all detrimental to the combustion environment and reduce residence
time for the coal within the environment, hence higher dust outputs were anticipated

and found in these regions of the cluster.

The power of the Ball Mapper technique was clear. It allows the user to cluster
the observations to study the differences between clusters and the relationships within
clusters. Since the data was collected at high frequency, many of the data points were
similar to the previous and subsequent data points, hence giving a false sense of data
size. Around 2000 data points were considered in the model, most data points fall into
the same set of nodes as the immediately preceding point. Only 123 observations
generated a movement within the map. To improve the model, more data points must
be obtained. A fixed probe will be installed in the launder in place of the probe used
for these trials. The ability to measure continuously at 30-second increments will
provide the data required to improve the model enough, to allow it to produce a set of

ideal conditions for generating low dust output of the blast furnace.
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Table 38 Comparison of parameter values in the largest cluster of nodes with Trial 1. Note that
the two values are highly negatively correlated since the remaining data points do not contain

many observations.

Main Trial  Difference Main Trial 1 Difference
cluster 1 cluster
Standard Deviations Away Standard Deviations Away from
from Mean Mean

Max Diff Pressure 0.61 -1.57 218 COB% 0.04 -0.26 0.30

Bar

02 Set Point % 0.53 -1.50 2.03 Production Rate 0.13 0.06 0.07
t/hr

CO2B % 0.56 -1.37 193 Top Temperature  -0.02 0.17 -0.19
°C

Coal Rate kg/tHM 0.54 -1.35 1.88 Delta P Bar -0.05 0.53 -0.58

H2 B % 0.57 -1.25 182 Hot Metal Si % -0.15 0.48 -0.63

Coal per Oxygen 0.52 -1.29 181 Coke Rate -0.50 0.45 -0.95

Kg/Hr kg/tHM

02 Volume m3/hr 0.52 -1.12 164 Blast Pressure -0.18 0.86 -1.04
Bar

Flame Temperature 0.37 -1.19 157 High Top -0.22 0.89 -1.12

°C Pressure Bar

Coal Flow Rate Kg/Hr  0.47 -091 138 Blast Volume -0.22 0.90 -1.12
Km3/hr

Gas Efficiency % 0.37 -0.56 0.94 Blast -0.41 0.80 -1.21

Co2/(Co+Co2) Temperature °C

Dust kg/s 0.30 -0.63 093 Steam t/hr -0.39 1.12 -1.52
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Table 39 Considering each node within the main cluster as a single observation, the correlations

between dust output and other parameters

Correlation Correlation
Dust kg/s 1.00 Delta P Bar 0.49
Blast Volume Km3/hr 0.91 Steam t/hr 0.33
High Top Pressure Bar 0.83 H2 B % 0.05
Blast Pressure Bar 0.83 H2 % 0.01
Production Rate t/hr 0.81 Coke Rate kg/tHM -0.25
Coal Flow Rate Kg/Hr 0.75 CO % -0.49
Max Diff Pressure Bar 0.74 COB % -0.57
Hot Metal Si % 0.69 Flame Temperature °C ~ -0.64
02 Volume m3/hr 0.68 02 Set Point % -0.69
Gas Efficiency % Co2/(Co+Co2) 0.66 Coal Rate kg/tHM -0.75
CO2B % 0.66 Blast Temperature °C -0.81
CO2 % 0.65 Coal per Oxygen -0.83
Kg/Hr
Top Temperature Bar 0.59

Figure 146 illustrates how the low dust output region of the largest cluster was
also the area with the highest variability of dust output. The darker the purple colour
the higher the standard deviation for the series of data. Node 1, the observations from
the first trial have low standard deviation compared to the remainder of the dataset. To
improve on this, in future work it has been recommended to install a fixed probe to

gather vast sets of data over a variety of operating conditions.
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Figure 146 Node mapping coloured according to standard deviation of dust output.

4.4.6 Summary

The event of coal char floating on top of the clarifying pond, was analysed and it was
found that 62% of the material consisted of LOC, likely in the form of coal char, this
was supported by the SEM-EDS and XRD techniques. The process conditions showed
that an imbalance in the fuelling of the furnace for a 7-hour period during the fuel
switchover, led to an accumulation of non-combusted coal in the form of char in the
dust. This fuelling imbalance combined with changes in max differential pressure with
decreases in oxygen and temperature conditions, also contributed to the lack of coal
combustion. Operators made changes in process parameters, unaware of the
implications it would have on dust generation. This section also highlights the
techniques that can be applied to all blast furnace wet cleaning systems in the event of
dust on the clarifying pond.

A novel application for a suspended solids probe has been used to increase the
frequency of sampling for the dust output of the blast furnace. The justification for this
technique stemmed from the coal char incident on the clarifying pond and the

limitations of the sampling of BF dust for the CET. There was a relationship between
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dust output and LOC. With increasing LOC per HOC concentration within the carbon
of the dust itself, there appears to be increased dust output. The suspended solids in
water converted into dust mass flow measurements, were successful in determining

some key operating parameters that can influence the dust output.

Blast volume, coal parameters, oxygen parameters and pressure all appear to influence
the dust output to different extents, with some observations in pressure contradicting
the literature. The weighting of such parameters carries the most influence and
explains the contradictions in pressure. This work addressed the hypothesis after the
limitations of data found in chapter 4.3, ‘Coal combustion in the raceway can be
impacted by process parameters and the evidence can be found in the fingerprint of

blast furnace dust’

Combinations of multiple parameters appear to influence the dust output, as
highlighted by the Ball Mapper graph. The conditions for low dust outputs can be
identified using weighted correlations, however, the data set was relatively small in
this case. According to the Ball Mapper, there are multiple regions of different
operating parameters that have a low dust output, to explore these effectively, the high-
frequency sampling process of the fixed probe will provide the data necessary to find
these sets of operating parameters. Many of the 2000 data points the model consists of
are too similar, to significantly validate the model. With increased data, an ideal set of
conditions can be derived for the low production of dust, based on the observations

from normal routine operations.

The increased data will stem from the installation of the fixed monitor, to be
installed during a blast furnace stop, where the flow of water will be reduced. It has
been recommended in future work that the output from the probe be analysed using
the Ball Mapper technique to determine a model for a set of conditions, designed for

low dust output and stable conditions in blast furnace ironmaking.
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5 Conclusions

The aim of this research was to understand what raw materials from the blast furnace
ironmaking process were present within the blast furnace dust. The focus was on the
LOC or coal char type carbon present within the dust as this presents limitations in
terms of coal combustion in the raceway. The scope for the research included the
development of novel techniques for carbon type differentiation, right through to the
application of techniques to identify the impact of process parameters on dust

generation. The following hypotheses were answered throughout the thesis:

1. ‘The raw materials that feed the blast furnace are expelled into the gas stream and

all influence the blast furnace dust’

2. ‘Thermal techniques can be used to differentiate carbon sources in dust generated

in blast furnaces that use granulated coal injection’.

3. ‘Coal combustion in the raceway can be impacted by process parameters and the

evidence can be found in the fingerprint of blast furnace dust’
The most impactful conclusions of the work presented were as follows:

e The Winkler method[78] proved most successful when the acid stage was
optimised to an acid blend of Aqua Regia named Acid 1. This was deemed a
suitable replacement technique for the CET because of the ability to run
samples in batches and reduce the testing time.

e The separation of the dust outlined in section 4.1.3 supports the modelling work
of Winfield et al. but with the use of live data[68]. The dry abatement of the
gas cleaning system was the most representative place to capture the dust
containing the carbon-based materials and the slurry appeared to show the
presence of ferrous-based material carryover.

e The CET can be modified by increasing the ramp rate to 20°C / min and return
results within a reasonable degree of uncertainty (0.98) for LOC

e There is a relationship between dust output volumes of the blast furnace and
the LOC concentration within the carbon of the dust, the increasing dust output
leads to increases in LOC concentration within the dust.

e A novel technique for monitoring the dust output of the blast furnace for
continuous monitoring has been used to demonstrate that blast volume, coal

parameters, oxygen parameters and pressure all appear to influence the dust
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output to different extents the weighting of each has been proposed to be
investigated.

e 62% of the material found floating on top of the clarifying pond was LOC
likely to be char. An imbalance in the fuelling of the furnace for a 7-hour period
during the fuel switchover, led to an accumulation of non-combusted coal in
the form of char in the dust. Max differential pressure, Oxygen and temperature
conditions, also contributed to the lack of coal combustion.

e The novel dust output monitoring technique has the potential to unlock cost
savings of offsetting coke as fuel by 20kg/tHM by optimising the process
conditions, to improve the combustion of coal without the detriment to the
formation of dust. The opportunity for the use of novel reductants is now less
of a risk to business continuity as the effects on the dust output can be
monitored using the dust probe.

e Blast furnace dust contains particulates from each of the raw materials that are
used in blast furnace ironmaking. The presence of coal char indicates that coal
gasification is not always successful in processes that rely on granulated coal
injection.

e It was determined by TG parameters that blends 11, 12 and 13, which were the
blends used within this work, with lower ash contents and higher volatile
matters, should combust more readily when compared to the other blends, due
to ignition temperature.

e Evidence of raw coal and not just coal char was identified in the dust as
determined by TGA, SEM and XRD. Further work has been proposed to
investigate the likelihood of coal to burnout in blast furnace gas conditions at
lower temperatures.

e The novel application for dust generation using the suspended solids probe was
validated using a recognised laboratory technique and it is deemed suitable for

monitoring the dust output of the blast furnace.

Overall, this thesis has addressed the hypotheses and thesis aims raised
following the comprehensive literature review. Opportunities to expand the body of
knowledge even further have been identified and outlined. The impact of this work on
industry and academia was apparent with the development of new tests right through
to the application of known techniques to processes not previously examined.
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6 Recommendations for Future Work

Opportunities to further expand the body of knowledge in this field of study have been

identified through the research and have been identified in the thesis. These include

works where either time was a limiting factor, or equipment availability was

problematic. The opportunities have been summarised as follows:

From the experimental and methods chapter

Samples from the cast house and the gas analysers should be considered in
future comparisons with dust samples from the wet and dry abatements. This
would give a more complete picture of dust generation and carbon distribution.
Currently, carbon in the dust can be tracked from wet and dry abatements and
hot metal, but some carbon will be present in the cast house dust and this is an
opportunity for exploration.

From the carbon type differentiation chapter

The identified digestion and combustion technique should be further refined,
and an investigation into further shortening the combustion and digestion times
should be carried out to optimise the conditions. Shorter turnaround times
would lead to increased analysis potential.

The effect of pre-treatment using the acids identified in the digestion and
combustion technique of the samples for CET should be investigated.
Removing residual elements whilst minimising the impact on the carbon type
should be considered. This removes any residual chemistry effect on the DTG
profile of the CET and gives a better carbon differentiation.

The use of smart thresholding tools such as Intellisis should be explored as the
potential of using the techniques on 3d imagery from the MicroCT. This has
the power to unlock the potential for char counting in the dust and removes the
human error aspect and the time constraints of the technique.

Raman mapping of samples should be considered. The power of Raman in
differentiating carbon types is huge but limited with point analysis. This would

remove that limitation.

From the influence of process parameters chapter

Extend the research on coal chemistry and coal type impact on dust generation

to the length of the campaign of a blast furnace. This would remove the
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stratification of the data with an increase in data size. This could take 8 years
to obtain but with the lack of variation in coal data, there was a clear limitation
to short-term studies.

Burnout in the upper levels of the furnace should be considered to determine
which coal blends if the coal gets through the raceway unreacted, would
contribute less to the dust generation. This could be identified using gas
burnout in the TGA, or burnout with gas conditions as follows. To determine
whether raw coal that leaves the raceway would combust in the upper levels of
the furnace, 1g £ 0.1g of the sample should be weighed into an incinerating
square and heated to 600°C and 800°C in a 45-litre tube furnace under an inert
500ml/min N2 atmosphere. Once at temperature, the reaction gas should be
switched and the sample reacted for 30 minutes, before cooling back to room
temperature under N2 to prevent any further combustion. The samples should
be weighed before and after to determine the burnout characteristics of the
material in the upper levels of the furnace. The gases and temperatures

recommended are outlined in Table 40.

Table 40 Parameters for upper-level furnace combustion trials

Trial ID Temperature (°C) Gas Composition (%)

Air N CO CO; H>
1 600 100
2 800 100
3 600 100
4 800 100
5 600 55.2 20.8 21.3 2.7
6 800 55.2 20.8 213 2.7
7 600 46.0 25.8 23.9 43
8 800 46.0 25.8 239 4.3

From the integrating technology onto the plant chapter

Microwave technology or alternatives should be investigated for suitability in
the downcomer. The work in Chapter 4.1 of this thesis outlines the difference

between material reaching the wet abatement and dry abatement. A sampling
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probe at the source of the dust would provide better insight and provide
stronger relationships with process conditions.

To remedy the limitations of the manual probe, an automated probe was
purchased and was due to be installed in position. The resolution of
measurements could be set to any time, however, a sampling increment of 30
seconds was determined to suffice based on the frequency of changing
conditions in the blast furnace. The probe was to be calibrated against a
standard reference material, 4000 Formazin Nephelometric Unit FNU for
ViSolid“700 1Q and manual samples should be tested in the laboratory to
validate the technique. Figure 147a shows the probe, the desired position of the
probe in Figure 149b and the control unit Figure 149c. The probe will be
installed during the next blast furnace stop. The flow of water should be
stopped for correct installation and reinstated after calibration. It was
recommended for future work, that process data and dust data from the
automated probe should be analysed using the Ball mapper technique outlined
in section 4.4.5. This increased data will provide a model on which the
operating parameters of the blast furnace can be set for low dust output, without

impacting the stability of production.

@

Figure 147 a) Fixed probe b) installation positioning c) control unit, images adapted from Xylem

Analytics website with permission[178]

With the fixed probe in place alternative reductants should be explored to
evaluate their effect on dust generation. If biomass can be used in place of
injection coal, without an impact on the dust generation then this should be
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considered. Coal is a non-renewable carbon intense energy source for the blast
furnace. To replace this with a renewable source of carbon such as biomass
would be a move towards lessening the environmental impact of the blast

furnace.
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7 Appendix
7.1 Scatter Graphs from Chapter 4.1

7.1.1 Relationships Between Dust and Carbon

Appendix 1 Scatter graphs of each of the XRF analytes versus carbon in dust samples a) SiO2 b)
Al2Os ¢) TiO2 d) CaO e) MgO f) Fe g) Fe203 h) FeO i) P j) Mn
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Appendix 2 Scatter graphs of each of the ICP analytes versus carbon in dust samples a) Na2O b)
K20 ¢) Fed) Zne) Cr f) Kg) Pb h) Ni i) Cu j) Ba k) V I) Na
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Appendix 3 Scatter graphs of each of the combustion-based analytes versus carbon in dust

samples a) LOI b) S c) volatile matter d) ash
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Appendix 4 Scatter graphs of each of the physical material properties versus carbon in dust
samples a) Dx10 b) Dx50 c) Dx90 d) Dx99 e) Dx100 f) Bulk Density
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7.1.2 Relationships Between Slurry and Carbon

Appendix 5 Scatter graphs of each of the XRF analytes versus carbon in slurry samples a) SiO:
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Appendix 6 Scatter graphs of each of the ICP analytes versus carbon in slurry samples a) Na2O

b) K20 c) Fe d) Zn e) Cr f) K g) Pb h) Ni i) Cu j) Bak) V I) Na

10 -
.
. . .
= . -
. . .
Q ..
& . L
gos = '
. -d' -,
. "
. % .
. . -
o . -
B a5 40 45 50
Carbon
g
(d) .
LLE I " -
e
So4 .
" .
.
02+ . - h
Y L - T
Pl .
. . .
00 -
B a5 40 45 50
Carbon
«{ (9)
o1
. .
. . . .
. —a e o
oo LN 1 ~ ‘l'
£ £ 40 45 50
Carbon
020 (‘l) .
.
0.15 1 - .
L
8 - - "
010 - .
] L .
005 L] =, "
- - .
- . s "
0.0 .
£ £ 40 45 50
Carbon

0010

0.008

0.006

0.00¢ 4

n.002 {

0.000

Z00s

> 008

. .
. .
- - -
L] L3
L . . L .
b
. =
S
.
.
- I3 " -
- .
0 3‘5 40 45 5'0
Carbon
(e . .
. " -
- - .
- [
- -
- . .
. . .
. e
* .. ..
0 35 40 45 5'0
Carbon
e O ]

P LA T " 3
0 3‘5 40 45 5'0
Carbon

.
" .
. =
- -
. .
- - . -
. - s
. s
= e, ey
[ -
0 3‘5 40 45 5'0
Carbon

2
Gom

oo

. . -
. e "a
" "
- - . - .
- Ll
-
- .
= .
-
» 5 a0 45
Carbon

-
- . . .t
. Eg,
. - -
" .
.
.
- . ™ =
e R
» 5 a0 45
Carbon
0N
-
.

n EL 40 45
Carbon

" . L]
. -
. s . .
. .
- - "
- o
- ..
.
0 E “© 45

Carbon

230




Appendix 7 Scatter graphs of each of the combustion-based analytes versus carbon in slurry

Appendix 8 Scatter graphs of each of the physical properties of the slurry versus the carbon a)

samples a) LOI b) S c) volatile matter d) ash

40 45
Carbon

. - .
.
. "2 "
LI -
.. -
- " - -
-
.
.. . .
.
-
. -
.
20 35 40 45
Carbon
d) .. )
.
-
. -
. .
. . .
Ll L] L] -
-
. -
- - - -
.
.
20 36 A0 45
Carbon

Volatile Matter

- T . .
. .
. .
. .
- - -
. . Lo
- -
- .
. .
- 5
W 35 40 45
Carbon

Dx10 b) Dx50 c) Dx90 d) Dx99 e) Dx100 f) Bulk Density

30
@r .
- -
- L] - 25
.
.
. . L. s
. kS
=" - l.
.
. . 19
.
.
-
10
0 k] 40 45
Carbon
(d) . .,
1
H . e
. . .
. g
o - %
: . 5
L e EI 1050
- - I
" ae
. . P
T 1000
n 36 40 45
Carbon

(b) e
:
.
.
.
- LI L
. .
. . o
.
.
. " o,
. .
DL . .
L] -
. .
. . n
) 5 W P
Carbon
e .,
e .=~ L
. -
- . -
-
_ .
. .
. .
] .
. .
- - " -
F) ..
- "
. .
0 36 A0 4‘5
Carbon

250
(©) . .-
200 . : ]
.
150 . ..
g . -
5 " oa .-
100 - - LY
.
.
. .
-
EER LI
-
. -
0 T T
0 E “© 45
Carbon
(f) . e .
.
LI -
. -
.
. . .
Zam .
& LI
< . -
a . . - L
.
" " "%
a20 -
. .
B B W0 45
Carbon

231




7.2 Statistical Data from Chapter 4.2

Appendix 9 Pearson’s correlation and R? values for XRD parameters of the amorphous

region of coal and dust samples

Pearson’s Correlation R?
FA 0.00 0.00
Rank -0.18 0.03
La(nm) -0.38 0.14
Lc (nm) 0.11 0.01
doo2 (A) 0.06 0.00

Appendix 10 Statistical data for comparing the original CET with the modified TGA technique

LOC HOC Soot Ash Moisture
Pearson’s Correlation 0.97 0.92 0.82 0.88 0.77
R? 0.94 0.84 0.66 0.76 0.57
Mean Error (%) 2.14 157 0.77 1.56 0.15
Mean Squared Error 6.88 5.03 121 15.11 0.03
Max Error (%) 6.43 6.54 2.78 14.08 0.29
Root Mean Squared Error 2.62 2.22 1.10 3.89 0.17
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Appendix 11 Regression graphs for the CET versus the XRD parameters a) aromaticity b) rank
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Appendix 12 Pearson's correlation, coefficient of determination and errors for results
from XRD parameters versus CET
Pearson’s R? Mean Error Mean Max Error Root Mean
Correlation (%) Squared (%) Squared Error
Error
Aromaticity <0.10 <0.10 25.98 743.94 42.90 27.28
Rank 0.13 <0.10 2491 687.95 42.06 26.23
La (nm) <0.10 <0.10 18.86 440.89 37.99 21.00
Lc (nm) 0.21 <0.10 21.21 516.55 371.77 22.73
Interlayer Spacing 0.69 0.44 23.07 600.38 39.83 24.50
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Appendix 13 Pearson’s correlation for the LOC result from each of the improved acids
outlined in Table 24 versus LOC from the CET

Pearson’s R? Mean Error Mean Max Error Root Mean
Correlation (%) Squared (%) Squared
Error Error
Acid 1 0.88 0.77 3.17 15.06 8.26 3.88
Acid 2 0.83 0.69 3.50 18.88 9.29 4.35
Acid 3 0.65 0.42 5.03 37.11 12.60 6.09
Acid 4 0.59 0.35 5.12 41.36 14.12 6.43
Acid 5 0.50 0.25 5.84 49.44 15.15 7.03
Acid 6 0.28 0.08 4.57 28.58 10.82 5.35

Appendix 14 Pearson's correlation and coefficient of determination for results from Eltra

C/S500 versus CET
Pearson’s Mean Mean Squared Max Root Mean Squared
Correlation Error Error Error Error
(%) (%)
Carbon 0.786326 0.618308 33.568 1154.958 47.91695 33.98467
Sulphur 0.136699 0.018687 26.01195 745.0265 42.84443 27.29517
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Appendix 15 Graphs of D90 versus LOC using the CET a) line graph b) scatter graph
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Appendix 16 Pearson's correlation and coefficient of determination for results from

particle size distribution versus CET

Pearson’s R? Mean Error Mean Max Error Root Mean
Correlation (%) Squared (%) Squared
Error Error
D10 0.679979 0.462371 22.77189 750.063 53.9224 27.38728
D50 0.65202 0.42513 116.1623 14931.05 184.8815 122.1927
D90 0.174857 0.030575 326.1013 131730.7 718.5619 362.9473
D99 0.450241 0.202717 553.9358 391448.3 989.0619 625.6583

Appendix 17 Pearson’s correlation and coefficient of determination for results from bulk

density versus CET
Pearson’s R? Mean Mean Squared Max Root Mean Squared
Correlation Error Error Error Error
(%) (%)
Bulk -0.69778 0.486899  853.9617 757474.4 1169.908 870.3301
Density

235



Appendix 18 Pearson's correlation and coefficient of determination for results from BET

surface area versus CET

Pearson’s R? Mean Mean Squared Max Root Mean Squared
Correlation Error Error Error Error
(%) (%)
BET 0.69 0.48 7.787784 92.65273 23.72991 9.625629

Appendix 19 Pearson's correlation and coefficient of determination for results from

ImageJ particle identification versus CET

Pearson’s R? Mean Error Mean Max Error Root Mean
Correlation (%) Squared (%) Squared
Error Error
ImageJ -0.57914 0.335405 38.51859 1653.879 62.38361 40.66791

Appendix 20 Pearson’s correlation and coefficient of determination for results from

Friedman model free kinetics Ea versus CET

Pearson’s R? Mean Error Mean Max Error Root Mean
Correlation (%) Squared (%) Squared
Error Error
Kinetics 0.71886 0.51676 50.51244 2604.513 65.01054 51.03443

(Ea)
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7.3 Scatter Graphs from Chapter 4.3

7.3.1 The Effect of Coal Chemistry on Top Gas Carbon

Appendix 21 Scatter graphs showing proximate analysis of the coal blends versus LOC in the

dust a) H20 b) ash c) volatile matter d) sulphur e) phosphorous
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Appendix 22 Scatter graphs showing ash chemistry analysis of the coal blends versus low-order
carbon in the dust a) Fe b) Mn c) P d) SiO2 e) Al203 f) TiO2 g) CaO h) MgO
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Appendix 23 Scatter graphs showing the ultimate analysis of the coal blends versus low-order

carbon in the dusta) Cb) Hc) Nd) O
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7.3.2 The Effect of Coal Process Parameters on Top Gas Carbon

Appendix 24 Scatter graphs showing coal process parameters versus low-order carbon in the

Coal Rate (kgitHm)

dust. a) coal rate b) coal per unit oxygen c) coal per unit oxygen mass d) coal flow e)
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Appendix 25 Scatter graphs showing top gas concentrations versus low-order carbon in the dust
a) COAb)CO2ACc)H2Ad) COBe)CO:2B f) H2 B g) gas efficiency
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7.3.3 The Effect of Process Parameters on Top Gas Carbon

Appendix 26 Scatter graphs showing oxygen-based parameters versus low-order carbon in the

dust a) Oz setpoint b) O2 volume c) total Oz volume d) Oz mass flow €) steam
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Appendix 27 Scatter graphs showing production-based parameters versus low-order carbon in
the dust a) blast volume b) production rate c) hot metal SiO2 d) coke rate
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Appendix 28 Scatter graphs showing temperature parameters versus low-order carbon in the
dust a) blast temperature b) RAFT c) top temperature
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Appendix 29 Scatter graphs showing pressure parameters versus low-order carbon in the dust

a) blast pressure b) Delta P ¢) max differential d) high top pressure e) permeability
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