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Abstract

Environmental problems such as air pollution and global warming have resulted in
more stringent environmental legislations which challenges major industries to reduce
carbon dioxide emissions. The most recent approach by the steel industries to address
the climate challenges is the Net-Zero Steel strategy which has been initiated as a
roadmap to eliminate the emissions of greenhouse gases by 2050. In 2004, the (Ultra-
Low CO; Steelmaking) ULCOS research program lunched by major European
steelmakers shortlisted Hlsarna process as one of the most promising technologies to
reduce CO> emissions from steel industry. This research conducted with the aims to
provide fundamental understanding on the behaviours of renewable biomass in the
Hlsarna SRV and support Hlsarna development in optimising carbon source selection.

Initially the slow devolatilization experiments were performed to compare coals (with
low to high volatile matter content) with two biomass samples sourced from wood and
grass. The results show that similar types of volatiles components were produced for
all the carbonaceous materials, however the wt% of reducing gases e.g., Hz, CO, and
hydrocarbons, and the temperature required for these gases to evolve were notably
different. Furthermore, the off-gas analysis reveals that torrefied grass contains large
amount of H.O and CO, which are released at low temperatures, therefore pre-
treatment to the temperature of ~ 400 °C is necessary for this material to be utilised

effectively.

The study then progresses into the thermal conditions similar to Hlsarna SRV using
drop-tube furnace with quadrupole mass spectrometer (DTF-QMS). It was found that
the gas species detected were similar for coal and biomass samples but char oxidation
for charcoal (CC) was significantly faster. Despite high fixed carbon and low VM
content, the weight loss (under rapid devolatilization) for charcoal (29%) was higher
than that for thermal coal (23%) and Bana grass char (22%) at 1500 °C, which could
lead to low solid char yield during CC injection. Furthermore, the CC char has the
fastest CO. gasification reaction, this behaviour is likely to be governed by
combination of low ash content, ash composition and char morphology in the CC

material compared to thermal coal (TC) and Bana grass char (BGC).

Reactions between carbonaceous materials and molten slag under simulated Hlsarna

thermal conditions were carried out by injecting different carbonaceous materials (CC,
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TC and BGC) into molten synthetic Hlsarna slag in laboratory. The results show that
the reduction process proceeds through two stages, starting with an initial rapid
reduction and followed by gradual levelling off until the end of the process. The
reaction rate and reduction degree of FeO in molten slag were the highest with CC
chars, achieving over 60 % reduction at 1500 °C in the first 500s, compared to only
~50 % and just over 40 % with TC and BGC chars respectively for the same reaction
time. The kinetic analysis suggests that the first stage reaction is controlled by
chemical reactions at the carbon-slag interface, and the apparent activation energy
values were 290, 229 and 267 kJ/mol for reactions with TC, CC and BGC chars
respectively. On the other hand, the second stage can be described by three-
dimensional diffusion model (D3) and mixed influence from gas diffusion, liquid
phase mass transfer, chemical reaction and carbon diffusion is likely to control the

reduction.

The results show that there are some common characteristics between coals and
biomass materials selected, but the overall behaviour was different. Charcoal showed
to have much higher combustibility and reactivity among the tested materials. The
higher reactivity for charcoal may result in some of the solid chars to burn prematurely
during Hlsarna injection and this could lead to generation of higher amount of CO for
CCF section on the expense of the solid chars required for SRV. Therefore, to maintain
the process efficiency during CC injection it is necessary to increase the CCF
productivity to utilise the extra reductive gas proportion produced to improve the
balance between devolatilization/gasification and solid char yield. To build on the
current findings and for efficient use of biomass or other alternative fuels, further
research is suggested to consider biomass/coal blending, continuation of slag/carbon
reaction (e.g., quenching), molten metal carburisation, slag chemical composition
(e.g., different FeO content), effect of impurities in the raw materials and the ash

content and ash chemistry.
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Chapter 1

Introduction:

Steel is the most fundamental engineering and construction material in the world. In
2019 approximately 1.9 billion tonnes of crude steel were produced globally, with
almost 12% increase in the steel production since 2014. Despite alternative materials
and a widening product landscape, sectors such as buildings and infrastructure, oil and
gas, automotive and whitegoods are still heavily reliant on the capacity and quality of
output from the current steel industries. Buildings and infrastructure accounts for more
than half of the steel globally produced and with the rapid increase of world’s
population the demand is expected to continue to grow worldwide in years to come
[1].

The blast furnace-basic oxygen furnace (BF-BOF integrated) and the electric arc
furnace (EAF mini-mill) are the two dominant process routes used in steel production.
These two technologies combined produced more than 99% of crude steel in 2019,
71.9% of which was by the BF-BOF integrated route and 27.7 % by the EAF route
[2]. The key difference between the two main routes (BF-BOF and EAF) is the type
of raw materials consumed, as described in Figure 1.1 (the main steelmaking routs
with row materials used). The BF-BOF route produces steel using iron ore, coking
coal, and recycled steel, while the main raw material in the EAF route is recycled steel
and direct reduced iron (DRI) or hot metal and electricity is the main source of energy.
The direct reduced iron (DRI) is produced using natural gas/shale gas/coal and iron
ore, but this requires capital investment and plant modification. Raw material
availability plays a major part in choosing the predominant steelmaking route from
one country to another e.g., low natural gas prices and shale gas availability in North
America and the Middle East result in the EAF based steelmaking being the dominate
route in those regions, whereas in Europe and China the BF-BOF is the main
steelmaking route, e.g., the BF-BOF route counts for more than 90% of crude steel

production in China [3-6].
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Figure 1.1: The main iron and steel production routes [7].

Lately environmental issues such as air pollution and global warming are taken on
more seriously around the globe. Stringent environmental legislations such as a
reduction target of between 80-95% carbon dioxide (CO2) emissions compared to the
1990 baseline, have forced major industries into an age of innovation and refinement
[8]. The iron and steelmaking is an energy intensive process which consumes about
8% of global energy and this sector is responsible for 7% global CO2 emissions [3, 9].
Despite substantial improvements concerning environmental performance, e.g.,
around a 50% reduction in CO3 since 1990, it is believed a true step change in steel
manufacturing technology is required. The sintering, coke making and BF ironmaking
in the BF-BOF route contributes to approximately 90% of the CO2 output from the
BF-BOF steel plant [3, 10]. Therefore, significant efforts are now being placed into
alternative ironmaking technologies which promise the possibility to remove coke
making, sintering and BF ironmaking. In addition, the potential of cleaner off-gas
suitable for carbon capture and storage (CCS) or the possibility to be used as synthetic
gas in secondary manufacturing processes presents opportunities to reduce emissions

further.

In 2004 major European steelmakers launched the Ultra-Low CO. Steelmaking
(ULCOS) research program to reduce CO2 emissions from steel production. The

program evaluated the feasibilities of about 80 different steelmaking routes in terms



of energy consumption, CO> emission, operation costs and sustainability. ULCOS
shortlisted four routes for further investigation (laboratory and pilot scale) and
commercialisation. The four main technologies identified for further research are [11-

13]:

e Top gas recycling blast furnace (TGR-BF), which is expected to achieve 50%
CO2 reduction with use of CCS.
e A smelting reduction process (Hlsarna technology), 20% reduction without
CCS and up to 80% CO> reduction with CCS compared to BF.
e ULCORED with CCS, this advanced direct reduction process to achieve 55%
COz2 reduction.
e Electrolysis (ULCOWIN & ULCOLYSIS), no carbon is needed for this
process.
Among the four techniques identified, HIsarna presented significant promise due to
its ability for high CO2 reduction potential, as a result it has had a widespread interest.
Early Hlsarna trials indicated more than 50% of CO> reductions can be achieved
without the use of CCS technology by partially replacing coal with biomass and using
scrap as part of the metallic charge [14-15]. Although, up to now the trial campaigns
have been successful, there is a lack of fundamental knowledge and understanding of
the mechanisms involved in the new technology. Therefore, to accelerate the
development of the process, understanding of the fundamental reaction mechanisms

involved are necessary.
1.1 Objectives of this Study

The main aim of this research is to explore alternative carbon sources such as
renewable biomass in the Hlsarna process compared to semi-anthracitic coals
currently being injected as a source of energy and reductant. This study will provide
fundamental knowledge for an in-depth understanding of slag-carbon reactions for
different carbonaceous materials. The knowledge generated in this study will support
the development of the Hlsarna technology with a hope of opening the gates to the use

of renewable carbon sources such as biomass.

This is achieved by investigating in comparison thermal coals that are currently used
in Hlsarna trials and biomass samples with various properties such as volatile matter,

ash and moisture contents, and char reactivity. Using specifically designed modern
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experimental techniques, the carbonaceous samples are reacted with a Hlsarna type of
synthetic slag to reveal the reaction kinetics for the slag-carbon reactions in the gas-
slag-metal system at high temperatures using high temperature drop tube furnace. The
kinetic mechanism for reduction of iron oxide provides knowledge aimed at answering
the research questions and intends to obtain critical information required for
understanding the process insights to support the upscaling of the promising
technology.

1.2 Thesis Structure

The thesis will lead with an abstract summarising the content and key findings from
the project. For easy reading the thesis is separated into 9 chapters, including
introduction/background chapter to build the research landscape, experimental
methods, results chapters focusing on specific findings, and conclusions and outlook.

The chapters are described as follows:
Chapter 1 Introduction

This chapter gives a brief introduction on the background and status of iron and

steelmaking processes, also the objectives of this study are covered.
Chapter 2 Technical background

This chapter contains the background of ironmaking technologies within the
steelmaking process, concerning the environmental and economic challenges that this
sector faces. This includes integral steel plant, alternative ironmaking technologies, an
in-depth discussion of the Hlsarna process and recent developments, relevant studies
on the carbon sources used in the ironmaking processes, and the FeO reduction

Kinetics study in the slag-carbon reaction process.
Chapter 3 Research objectives and hypothesis

The aims of the project are formalised in this chapter with a clear focus as to why each
activity has been undertaken. The research hypotheses are identified, and each

hypothesis is followed by the method of investigation.
Chapter 4 Experimental Methods

All the experimental equipment as well as materials selected for each experiment are

introduced and briefly described in this chapter. More in-depth experimental



procedures and methodology for material preparation are described in the relevant

result chapters.

Then four result chapters (Chapter 5 to Chapter 8) follow, which are coherent and
interconnected, and each chapter consists of a layout similar to academic journals, with

their own introduction, experimental, results and discussions section.

Chapter 5 Devolatilization characteristics of coal and biomass with respect to
temperature and heating rate for Hisarna alternative ironmaking process. Four coal
samples are investigated containing different levels of volatile matter (VM), i.e., low,
medium, and high, compared to biomass samples from two different sources charcoal
(wood based) and torrefied Bana grass (grass based). This studies the raw material
background with non-isothermal methods and specifies pre-treatment required for
selected biomasses to produce chars with similar properties to coals injected in

Hlsarna.

Chapter 6 Evaluation of devolatilization behaviour of different carbonaceous materials
under rapid heating for the novel Hlsarna ironmaking process. The evolution of
volatile matters, gaseous products, and char conversion for selected materials are
evaluated under thermal conditions similar to Hlsarna, to obtain accurate information
about volatile and char yield for each material to help maintain Hlsarna process

efficiency during coal replacement.

Chapter 7 Gasification and structural behaviour of different carbon sources and the
resultant chars from rapid devolatilization for Hlsarna alternative ironmaking process.
In this chapter the physical structure of chars produced from coal and biomass samples
are examined using analytical and morphological methods to predict the char

behaviour in the gas-slag-metal system.

Chapter 8 Reduction of FeO in molten slag by solid carbonaceous materials for
Hlsarna alternative ironmaking process. Finally, the reduction reaction for a synthetic
FeO-containing slag (similar to Hlsarna slag) with chars produced from coal and
biomass samples are compared to understand the FeO reduction mechanism and

evaluate the kinetic parameter for each reaction.
Chapter 9 Conclusions and suggested further study

In this chapter the main findings of the thesis are summarised and restated, to draw

together the conclusions of all results chapters. The recommendations, possible impact
5



of the findings on industrial practice and suggestions for further work are made based
on this conduction to provide greater understanding of this novel ironmaking process.



Chapter 2

Technical background

2.1 A brief history of iron and steelmaking

The history of iron and steel production can be tracked back by several thousands of
years [16]. Prior to the 19" century only small quantities were produced, but
development of Bessemer process in the 1850s resulted in the mass production of steel
[17]. In the last century steel processing has undergone many important changes
including developments of basic oxygen steelmaking and continuous casting
processes in the early 1950s, which are considered as the most innovative technologies
in the history of the steel industry. The integrated steel plants (i.e. the blast furnace
ironmaking — basic oxygen steelmaking plants) have many advantages such as high
productivity, low production cost and the ability to produce a wide variety of high
quality steel products [18]. However, these integrated plants require high capital costs
with complex configurations and are constructed across over large land with a limited
flexibility and other disadvantages including environmental impacts from the use of

fossil fuels.

Due to environmental concerns strict legislations were put in place by many
governments in 1980s, as a result, major global steel manufacturers together with
research institutes have launched various research programmes to address the
disadvantages of the integrated steel mills. The focus has been placed on improving
current technologies and developing new technologies to replace the existing BF (blast
furnace ironmaking) process. As the demand for steel increases the global regulations
on air pollution becomes stricter, this will force the global steel companies to reduce
greenhouse gas emissions. To adjust to these changes a major restructuring of steel
production facilities is required. As a result, new innovative ironmaking technologies
are expected to be commercialised which are environment-friendly and have ability to

use low-grade raw materials and alternative fuels [18].

Despite the recent progress made to address the climate crisis, the extreme changes to

the weather conditions forced the steel industries to take more drastic action. Most

recently the Net-Zero Steel has been initiated as a roadmap to eliminate the emissions

of greenhouse gases by 2050 [19]. Through this strategy the balances between the

carbon produced into the atmosphere, and the carbon removed from it achieved. In
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2019 United Kingdom as the first major economy passed on legislation that commits
the country to net zero emissions, and then consequently the global research and

development in net zero steel manufacturing.
2.2 lronmaking technologies

Metallic iron is produced by removing oxygen and other impurities from iron ore.
There are several commercialised processes available, however the BF has been the
most dominant route for a very long time. Because of environmental pressure, shortage
in premiere raw materials and increase in demand, several new technologies have been

developed to provide improvements required.
2.2.1 Raw material preparation for blast furnace
2.2.1.1 Coke making

Metallurgical coke is a solid fuel with a high strength made by heating coal to the
temperature of up to 1200 °C in the absence of oxygen. This causes volatile
components to be driven off while avoiding combustion resulting in the formation of
a material with a high fixed carbon content. There have been several approaches at the
different development stages in coke manufacturing. Process technologies such as the
non-recovery coke oven, single and multi-chamber systems have been developed in
the last century to provide sustainable metallurgical coke production. To start the
process the oven sidewalls are heated to between 1200-1300°C and a uniform
temperature is maintained, then coal blend crushed to particle size < 3mm are
discharged into the oven by gravity [20]. Figure 2.1 below shows the coke making

process using a single chamber system (SCS).
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Figure 2.1: Flow diagram of coke-making through single chamber system (SCS) [20].

As the coal enters the oven, it starts to be heated due to contact with the sidewalls, the
heat gradually permeates through the coal to reach the oven centre and ensures the
coals are relatively evenly heated. Once the temperature of the centre reaches about
900-1000 °C the coking cycle is complete, and the coke is then discharged as a final
product. This process requires a total time of around 18-20 hours [20].

Ironmaking uses about 90% of the total coke consumed in the integrated steelmaking
process to maintain the productivity and for optimum reducing condition. The coke in
the blast furnace has three major roles, firstly it acts as a fuel to provide heat required
for chemical reactions, as well as slag and metal melting. Secondly it acts as a reducing
agent by providing carbon for direct reduction and production of CO at a high
temperature for FeO indirect reduction. The third and final role is to support the blast
furnace burden to provide a permeable matrix for gaseous and molten products to pass

through concurrently [20].

Despite all the technical advantages of coke in the BF, issues including coke shortage,
high costs and high CO2 emissions present a real problem for its use. To reduce the
use of coke, supporting agents such as oil, natural gas, and pulverised coal (PC) are
injected at the tuyeres at a high velocity to provide energy and act as a reductant in the

blast furnace [3]. Pulverised coal injection (PCI) is the most used auxiliary fuel as it



can achieve a high injection rate to reduce the amount of coke used in the BF. Natural
gas is another reducing agent that can achieve a high injection rate and is often used
in the countries where natural gas is inexpensive and abundant. However, in the
current BF processes use of coke is still mandatory because of the burden support
function and current available materials cannot fulfil the role to fully replace it [3].

2.2.1.2 Fine ore preparation

Iron-bearing material consumed in blast furnace process is typically in form of sintered
ore, lump ore, and or pellets. The fine ores are produced in a way to maintain
permeability in the blast furnace and provide continuous iron ore reduction to produce
reliable liquid iron for tapping [21].

2.2.1.3 Sinter ore

Sintering is the conversion process of iron ore fines into larger particles by incipient
fusion to improve the ore charging. The process starts with a fixed proportion of iron
ore, lime (CaCOs3, CaO) fluxes and coke breeze blended to form the sinter. The coke
breeze and lime added through sinter can provides the permeability to the BF and

increase the productivity [22].
2.2.1.4 Lump ore

Lump ore is produced directly from the mines by crushing and then screening. Lump
ores usually have poorer properties, but they are cheaper raw material as the

processing costs are significantly lower than sinters.
2.2.1.5 Pellets

Pellets are produced using fine iron ore with a small amount of coke breeze. The
processing consists of four distinct stages (agglomerating, drying, firing, and cooling).
The process starts by adding water to enable the fines to adhere to each other, followed
by drying at a temperature of 300-350 °C to remove water. Then the fines are fused in
the induration reaction at the temperature of 1250-1350 °C and followed by a final
stage of slow cooling. Heat from stage 3 (firing) is recycled for the drying and

subsequent batch firing to improve efficiency recycle [21].

2.2.2 Blast furnace ironmaking
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A conventional BF is a counter current reactor which consumes iron ore in the form
of sinters, lump ore and or pellets to produce liquid iron [23]. The furnace has a conical
shape, and it consists of five sections as shown in Figure 2.2.

Throat
Burden layers
Coke slits — Stack
Cohesive zone -
Belly
Active coke zone -
Dead Man - Bosh
Raceway -
Hearth
Taphole Hearth

Figure 2.2: BF zones showing the layer structure of coke and ore from top downward
[23].

The process starts with a charge of raw materials including pre-prepared ores,
metallurgical coke and flux materials (limestone or dolomite) from the top of the
furnace by either a double bell or a bell-less system distributer to spread the raw
materials evenly [21]. The process heats up by blowing pre-heated air, or ‘hot blast’
into the furnace at temperature of 1200 °C through a series of nozzles called tuyeres.
The hot blast burns auxiliary fuels such as pulverised coal (PC), natural gas or other
fuels injected into the furnace through tuyeres. The auxiliary fuels are added to reduce
the use of expensive coke, and their main role is to provide energy and act as a
reductant for FeO. The moisture and oxides present in the BF react with the coke and
auxiliary fuels to form carbon monoxide which moves upward and acts as a reductant
to iron ore added from the top. The flame temperature of ascending gases are between
2000-2300 °C, which is able to melt iron ore [23].

The BF consists of alternating layers of iron ore and coke (Figure 2.2), they provide
support and permeability to allow hot gases to ascend and solid/liquid materials to

descend. The hot blast consumes coke and iron ore constantly to create space within
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furnace for more raw materials to be added. The iron is mostly found in the form of
hematite (Fe2Os) or magnetite (FesOs) in the ore, which goes through a series of
chemical and physical changes while moving down to the hearth [24]. The main
reaction of iron oxide is with reducing agents such as CO, H. and coke particles to
remove oxygen atoms and form hot metal. Coke particles can remove about a third of
the oxygen from the burden in a direct reduction equation (1) and the remaining
oxygen is removed by a gas reduction (indirect reduction, equation (2)) [21]. As the
hot reducing gases move upward from lower furnace, the heat is transferred to the ore
burden. Then the ore burden starts softening, to the extent that it becomes molten in
cohesive zone. Equations (1) to (3) are the main reactions occurring in the process: (1)
is an overall FeO reduction by solid carbon/carburized iron and (2) and (3) are

intermediate/alternative steps [22, 24].

FeO )+ [Fe-Cq /C] - Feq+ CO () (1)
CO )+ FeO () = Fe ) +CO2 ) (2
COz () +C 5 = 2CO () (3)

The temperature of ascending gases will decrease gradually due to lose of heat to the
coke and burden in the top part of the furnace. However, reduction of hematite (Fe203)
to magnetite (FesO4) starts at temperature around 500 °C, and it is further reduced
from magnetite (Fe3O4) to Wustite (FeO) in the lower zones where temperature ranges
from 600 to 900 °C, but reduction of Wustite (FeO) to hot metal starts in the zones
where temperature ranges from 900 to 1150 °C. The final product of pig iron is then
tapped from the furnace hearth at the temperature between 1480 to 1520 °C for further
processing. Equations (4) to (6) illustrate gas reduction reactions of iron oxides in the
BF:

3Fe.0s + CO — 2Fe;04+ CO; 4)
Fe;04+ CO — 3FeO +CO: (5)
FeO+CO — Fe+CO: (6)

2.2.3 Alternative ironmaking processes

Alternative ironmaking represents all the ironmaking routes other than the BF; this
includes the processes using coal, natural gas, biomass, and hydrogen to produce solid

and liquid iron. Smelting and direct reduction are seen as keyways to improve
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ironmaking as they are able to use a wider range of raw materials to cut carbon
emission and costs. The following smelting technologies show a great potential to
replace or limit the reliance of steel industries on the BF.

2.2.3.1 Hlsarna® Technology

Hlsarna represents a new route of smelting reduction process. It has been developed
by combining two well-known technologies, the cyclone converter furnace (CCF) and
the smelting reduction vessel (SRV), into a single highly integrated smelting furnace
[8, 25]. The process is a result of the European ULCOS program, to find an innovative
solution to reducing CO2 emission in steel manufacturing. The pilot plant located at
Tata Steel in 1Jmuiden, the Netherlands was constructed in 2010 with a capacity of
60,000 t hot metal/year. The process is flexible in raw materials, which can utilize
low-cost thermal coal instead of coking coal, low-quality iron ore, and complex iron
ore (e.g., titanomagnetite). By removing the sintering and blast furnace (BF)
ironmaking steps, it reduces energy usage and CO2 emissions compared to traditional
BF process [26, 27]. There have been many attempts to substitute coking coal and
thermal coal (e.g., pulverised coal injection) with renewable biomass and natural gas
in the BF, to reduce the environmental impacts and help improve sustainability.
However, the necessity for burden support by coke has set limitations on using
renewable biomass in the BF, which is not required in the Hlsarna process. The
flexibility that HIsarna process poses creates the potential to substitute current thermal
coal with low dense, low strength but environmentally friendly biomass and still
maintain the process efficiency and productivity [29]. The main advantages of Hlsarna

technology in comparison to the traditional blast furnace ironmaking are [14, 25]:
e Reduced OPEX and CAPEX (30%) compared to the greenfield BF

e Clean off-gases make it more suitable for carbon capture, usage, and storage
(CCUSs)

e High energy efficiency leading to 20% less energy consumed

e CO> emissions cut by up to 50% without CCS (proved by trials), and 80% with
CCUs

e Flexible with raw materials, as it can operate with low-cost coal and low-grade iron

ores
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e Elimination of coke-making and agglomeration plants help reducing costs and NOx,

SOy, dust and CO, emissions

e High quality hot metal with low silicon, manganese, phosphorous and titanium
impurities
Since the construction of the Hlisarna pilot plant several successful trial campaigns
have been conducted. The first four campaigns focused on technical feasibility of the
process, production rate to achieve the design capacity of 8 thm/h, demonstration of
raw materials flexibility, ability to use scrap steel, dusts and sludges that are by-
products of other processes, and supplying the first hot metal to the BOF plant [14].
Then in the follow-up campaigns the process potential for CO- reduction and long runs
with stable production were demonstrated. The pilot plant underwent a major upgrade
between 2014 and 2017, which resulted in the change or major upgrade to large
sections of the existing plant, while the raw material handling and the preparation area
were built on the Hlsarna site. During 2018 trials were conducted to partially replacing
coal injection with sustainable biomass, and metallic charge with the scrap steel to
achieve further CO2 emission reductions without use of CCS [14]. These trials were
granted as part of the European Union’s Horizon 2020 program (H2020) to
demonstrate the capability of the HIsarna technology to achieve at least 35% reduction
in CO. emission compared to the conventional BF-BOF route [30]. These trials
showed that it was possible to replace up to 42% of injected coal with renewable
carbon, while between 35% to 37% of the hot metal produced was from scrap steel.
As shown in Fig. 2.3, the CO emission can be reduced by further 55% if partial use
of renewable carbon is combined with the scrap charging. However, the results
showed the process was less efficient when biomass was injected as partial
replacement for thermal coal at low production rate without scrap charging, achieving
about 30% reduction of the CO. emission, despite 45% carbon replacement with
renewable biomass. This suggests that the reduction mechanism was greatly affected

by coal replacement with biomass, which resulted in a less efficient process [14]
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Figure 2.3: Effect of combined use of biomass and scrap on the specific CO, emissions
of the Hlsarna process [14].

The Hlsarna process starts with raw materials (i.e., iron ore and fluxing agents) and
oxygen injected into the CCF, where CO rich off-gas evolved from SRV is burned and
reacts with the iron ore. It is not possible to measure the exact temperature of cyclone
gases, but using the heat balance modelling the temperature range is predicted to
bebetween 1400 - 2000 °C, at which the iron ore melts and is partially reduced by up
to 20 % [30, 31]. The gas temperature is expected to be very high where the
combustion takes place in lower section of CCF, but it will gradually decrease as the
gases moving upward and contact with the charging materials. The molten iron ore
forms a liquid film along the cyclone wall and falls under gravity into the slag layer in
the SRV where the temperature is between 1400-1500 °C. The granular thermal coal
(or other carbonaceous materials) is injected into the slag layer in the SRV bath using
nitrogen as a carrier to reduce iron oxide in the slag to liquid metal and carburise the
hot metal bath [14]. This injection process causes an intense metal-slag mixing and
creates a large amount of splash of both metal and slag that circulates through the
upper section of the vessel as droplets, where oxygen is introduced to generate heat by
combustion of the upward gas stream. These droplets create a large metal-slag
interfacial area and transfer heat from the post combustion zone to the slag bath to

maintain the temperature of the slag and metal. Coal temperature is critical to the
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process as the bath runs at 1400-1500 °C, to maintain the temperature injected coals
are preheated. Impurities are present at very low level in the pig iron as most of the
phosphorous and titanium are rejected to slag phase, as a comparatively more basic
and oxidising ironmaking slag is formed [28, 32]. Fig. 2.4 shows the combination of
the CCF and the SRV to form Hisarna.

Iron ore
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N

CCF Cyclone

SRV Smelter

Figure 2.4: A schematic of Hlsarna technology combines cyclone converter furnace

and smelting reduction vessel [34].

Molten ore drops down into the SRV from the CCF and dissolves in the slag bath
containing 5-6% FeO, while injected coal creates a large slag/metal interface for
smelting. The FeO-containing slag reacts with the injected coal and creates a
significant amount of CO. This reaction is endothermic, so a large amount of heat is
required to maintain reaction temperature. Liberated CO along with carrier gases and
volatile matter removed from coal provide a hot gas stream moving upward, this along
with ejected metal (due to coal injection) and slag creates large amount of splashing
through the upper section of the vessel. This results in significant numbers of Fe-C
droplets creating a large liquid metal interfacial area which transfer heat from the post

combustion zone to the slag bath and reduce dissolved iron oxides in slag [33].
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2.2.3.2 COREX®

COREX is the first industrially and commercially proven smelting process that allows
hot metal to be produced directly from metallurgical coal and iron ore. COREX
consists of two main parts, the melter-gasifier and the reduction shaft furnace which
IS a counter-current reactor mounted above the melter-gasifier (Figure 2.5). Lump ore
or pellets along with fluxes, namely limestone and dolomite, are directly charged into
the shaft furnace, also small amount of coke is added to avoid clustering. The iron
bearings are reduced to over 70-90% in the shaft by reducing gases, this is known as
Direct Reduced Iron (DRI). Using a feeding screw system, DRI and fluxes are
discharged into the melter-gasifier at the temperature around 700-800 °C, where more
coal and coke is added to maintain the process and melt DRI. The rate of FeO reduction
in the shaft depends on the amount of gas flow injected, temperature of the gas, and
reducibility and particle sizes of iron bearings [35]. Oxygen is continuously injected
via tuyeres to maintain the process temperature and generate CO which acts as
reducing gas in the reduction shaft. Finally, the hot metal and excess slag are tapped
from the hearth zone [8]. Moreover, the performance of the melter-gasifier depends on
the CO. present in reduction gas, oxygen distribution, char bed permeability and

system pressure [35].
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Figure 2.5: A flow diagram of COREX process [36].
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Like the other ironmaking processes the performance of COREX is dependent on the
raw materials, and for the process to work efficiently and effectively the iron ore and
coal are required to have certain physical and chemical properties [37]. The main
parameters affecting the productivity and reaction rate are mean particle size, coal
moisture, volatile matter content, char strength, reduction disintegration of pellets and
slagging rate. Therefore, to achieve an effective operation process the above
parameters need to be considered for optimisation [37].

COREX has many economic and environmental advantages including abilities to use
non-coking coal, reducing energy usage and CO emission by up to 20% as well as
Lower CAPEX and OPEX to help on saving costs. Yet, the inability to use ore fines
directly, restrictions on the thermal coal and necessity for export gas utilizations

suggest that further improvements are required to meet the demands.
2.2.3.3 FINEX®

FINEX is another smelting process that produces hot metal using fine ore and non-
coking coals. The process operates using similar plant configurations to COREX but
FINEX consists of a series of successive counter-flow fluidised bed reactors as shown
in Figure 2.6. Fine ores are reduced to DRI in three or four stages, in the upper reactor
stage ores are preheated then reduced to DRI in the subsequent stages. DRI is
compacted and charged into the melter-gasifier where it becomes molten and reduced
to hot metal using reducing gases and heat generated through coal gasification with
oxygen. Hot metal and slag are frequently tapped from the hearth zone. Like COREX
process the reducing gases are generated by coal gasification and used in the DRI

production in the fluidised bed reactors.

FINEX’s elimination of iron bearing agglomeration and flexibility with raw materials
makes the process attractive economically and environmentally by saving costs on ore

preparations and reduces CO2 emission [8].
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Figure 2.6: A flow diagram FINEX process [36]
2.2.2.4 Other emerging alternative ironmaking technologies

As well as these mentioned technologies, the makers put significant efforts into other
alternative ironmaking technologies including direct reduction processes. The
development stage of these processes varies considerably with some of them being
already commercialised but some needing further development to be commercialised.
In general, these technologies are strongly dependant on the raw material availability
and costs [8]. The most promising DRI processes are, ITmk3, paired straight hearth
furnace, Coal based HYL process (a syngas based DRI plant), fluidised bed (Circored
and circofer), Midrex and MXCOL. Coal-based HYL process, a syngas based DRI
plant is the only truly established gas based direct reduction processes, and Tenova

HYL have orders to build 4 units, each with 2.75 million-t/year production [8].
2.3 Biomass production and application

Biomass refers to materials that are biologically produced and have the ability to be
converted into char through pyrolysis. This includes wood, agricultural crops and their
waste products. Plants generate C through photosynthesis when CO- is absorbed from
the atmosphere with the presence of water and sunlight; carbon is formed and stored
in plants as glucose (CeH1206). Biomass is considered a renewable energy source
because of its short life cycle. The life cycle of wood which is considered as the most

sustainable source is typically between 5 to 10 years in a tropical forest, while the life
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cycle of Bana grass (grass-based biomass) is between 4 to 6 months. Despite all the
economic and environmental benefits from utilization of biomass, due to high
moisture content, low calorific value, low density, and high volatile matter, use of raw
biomass is inconvenient and inefficient in many applications. As a result, pre-
treatment processes are required for the material to be a viable raw material. The
processes consist of mechanical, chemical, and thermal treatments to reduce volume,
dry, and densify raw biomass before the conversion process. The conversion of
biomass is typically achieved through two main routes: biochemical and
thermochemical conversion [38].

Solid, liquid and gas biofuels are produced through the thermochemical route, using
pyrolysis/torrefaction, liquefaction, and gasification respectively. The industrial use
of biomass primarily focused on solid biofuel which is mainly made up of torrefied
wood pellets and charcoal [39]. The demand for solid biofuel is the highest, which is
mainly made up of torrefied wood pellets and charcoal. Their properties include a high
fixed carbon and calorific value making charcoal and torrefied wood pellets a potential
replacement for injected coal in ironmaking. The properties of solid biofuels are highly
dependent on processing conditions. Charcoal and torrefied wood pellets are
converted into biofuel through similar processes, both require relatively slow heating,
but they work under different process conditions. Torrefaction takes place in the
temperature range of 200-300 °C, in the absence of oxygen to avoid combustion.
However, the pyrolysis takes places in the temperature range of 300-600 °C with a
specific amount of oxygen present to allow partial combustion to supply heat [38].
Biomass produced through pyrolysis will have a higher fixed carbon and calorific
value, but lower volatile matter and energy yield compared to torrefied wood pellets.
Table 2.1 below compares the chemical and physical properties of torrefied wood

pallets, charcoal, and thermal coal on the dry basis.

Table 2.1: Solid fuels property comparison [38].

Properties Torrefied wood Charcoal Coal
pellets

Moisture content (wt%) 1-5 1-5 10-15

Calorific Value (MJ/kg) 20-24 30-32 23-38

Volatile Matter (wt%) 55-65 10-12 15-30
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Fixed carbon (wt%) 28-35 85-87 50-55
Bulk Density (kg/l) 0.75-0.85 ~0.2 0.8-0.85
Energy Density (GJ/M?) 15-18.7 6-6.4 18.4-23.8
Sulphur content Low Low High
Reactivity Higher Higher Lower
Dust Limited High Limited
Grindability Good Good Good

Biomass feedstock may also be converted into liquid and gaseous biofuels through
fast pyrolysis and gasification respectively, to produce bio-oil, syngas, and synthetic
natural gas (SNG). Liquid biofuel is produced through fast pyrolysis with a high
heating rate and short vapour time, as a result the water content can be as high as 51%
depending on the feedstock’s moisture content. Due to high water content, liquid
biofuel tends to have a very low heating value compared to heavy oils. As the BF
performance is largely dependent on the fuel energy content and ability to create a
reductive atmosphere, liquid fuels are less suitable to be used as a reducing agent [40].

Gaseous biofuels which could be used as a reducing gas in ironmaking is generated
from partial oxidation. For gaseous biofuel to be used in current ironmaking and
maintain process efficiency and productivity, CO and H: gases need to be made around
90% of the total gas mixture. Like the other forms of biofuels, gaseous phase
properties are influenced by different variables including feedstock moisture content
and calorific value. In addition, the final product performance can be influenced by
ash content and the reactors temperature. Several technologies have been developed
to utilise syngas from biomass. A temperature range of 600-1000 °C is required for
biomass gasification to be processed. Based on the heat supply the technologies are
divided between allothermal (indirect) and autothermal (direct) classifications. For
syngas to be used as a reductant in ironmaking applications, it needs specific qualities,
including a low CO: content and CHs content around 3% as higher levels of
hydrocarbon require extra heat to split the bonds. Synthetic natural gas (SNG) is also
produced from biomass feedstock. During this process the materials are first converted
into syngas and then is passed through a series of stages including gas cooling and
cleaning, as well as the use of a methanation unit to convert the CO and H. gases
produced in the first step into CO2, CH4 and water. Finally, H>.O and CO, are removed
to create SNG as a final product [40].
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Previous studies have indicated that biomass-based fuels have a potential to replace
current carbon sources in iron and steel making applications [3]. Considering the
technical and economic aspects, the solid biofuel is the more likely source to be used
as an alternative to thermal coal for the Hisarna process. The price of the biofuels is
greatly affected by factors such as feedstock costs, conversion technologies and energy
consumption [3]. Currently Hlsarna uses an injection system to add powdered coal
into the SRV. Solid charcoal has similar properties to injected coal which makes the
coal replacement rather straightforward with lower cost required for plant

modifications.

Historically charcoal has been used as a fuel to provide heat and act as a reductant in
metallurgical processes. However, in the current BF charcoal cannot be used as the
only source of carbon due to insufficient strength compared to lump coke to support
the burden which is necessary for BF. Charcoal has a very good reducibility and low
volatiles but due to low dense and strength, the use of charcoal often associated with
some mini-BFs in Brazil as the mini-BFs do not require as much strength and support
for burden [41]. Based on previous studies solid biomass has a potential to fully replace
current fossil fuel in smelting processes, as smelting does not require the strength to

support the burden.

Hlsarna operates with specific low calorific value coal as the SRV provides hot fuel
gas for the CCF. To provide enough hot fuel gas for CCF, the SRV needs to slow
down to perform less smelting and more coal gasification which is achieved by using
specific low calorific value coals. The SRV slow-down creates an opportunity for
higher volatile coals to be used in Hlsarna, also use of higher volatile coal means
higher fuel gas generation which is needed to optimise the process [33]. HIsarna’s
ability to use high volatile and low calorific value coals could mean potential for use
of low calorific value and high volatile torrefied wood which require less processing
and is cheaper in price compared to charcoal. In the current integrated steel plant,
charcoal has been used for partial substitution of coal and coke which means Hlsarna

may be able to break out of the traditional limitations of ironmaking routes.
2.4 Mechanism of FeO reduction in smelting slag by solid carbon
Bath smelting processes produce metallic iron by reduction of FeO in the molten slag

through reducing gases, solid char, and dissolved carbon in the hot metal. It has been
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reported that the rate of reduction of iron oxide in the molten slag is controlled by
dissolved carbon in hot metal (Fe-C) droplets and solid carbon [42]. Therefore, the
knowledge and understanding of slag-carbon, carbon-metal reaction Kinetics are
critical aspects of the smelting process. The reduction of FeO containing slag by solid
carbon is expressed by Equation (7), which is considered as the overall reaction

between FeO in the slag and solid carbon:
FeO (inslag)+ C(s) = Fe+ CO g <1535°C (7)

The reaction proceeds with the help of gaseous intermediates, as shown in Figure 2.7,
when the reaction begins a gas film is formed around the solid carbon which separates
the molten slag from the carbon. The reduction process consists of five individual steps
as described below [41-43]:

e Chemical reactions at the slag-gas interface expressed by Equation (2)

e Chemical reactions at the gas-carbon interface expressed by Equation (3)
e Mass transfer of FeO from the bulk slag to the slag-gas interface

e Rate of carbon diffusion into liquid metal to form Fe-C

e CO and CO gas diffusion through the gas halo

Slag
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Figure 2.7: Schematic diagram of reduction of FeO in the slag by solid carbon with

the aid of gas intermediates.
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These steps are known to have an important effect on the reduction mechanism which
controls the smelting performance. To understand the influence of each of the above
steps in the reduction kinetics, several studies have been performed. The role of gas-
carbon reaction (Equation (3)) is studied by selecting different carbonaceous materials
(graphite, coke, and coal char), and it is noted that different carbonaceous materials
have different reactivity level toward CO., which can be crucial in the CO generation
[40-52]. In the same studies, the effect of chemical reaction at slag-gas interface, rate
of mass transfer of FeO in the liquid slag to slag-gas interface, and gas diffusion in the
halo were analysed to determine the rate controlling step(s).

Sarma et al. [42] investigated the rate of carbon monoxide evolution from the reaction
of slag containing 2 to 10 wt% FeO with solid carbon (such as graphite, coke, and coal
char) using stationary and rotating carbon rods, stationary horizontal carbon surfaces,
and pinned stationary spheres as the reductants to determine the rate controlling step.
It was found that the rate is controlled by liquid phase mass transfer, gas diffusion and
chemical reaction at the slag-gas interface, therefore the overall reduction rate is
governed by a mixed control mechanism. Seo and Fruehan [43] studied the reduction
kinetics of blast furnace slags containing 1 to 3 wt % FeO with solid char remaining
from pulverised coal injection at 1450 °C. The finding indicates that the mixed control
mechanism is rate limiting but for low FeO content liquid phase mass transfer is the
primary controlling step. The mass spectrometer technique was used by Min et al. [44]
to measure CO and CO- evolving from the reaction of graphite rod with slag
containing a wide range of FeO contents. It was observed that an increase in the FeO
content has a positive effect on the rate of reduction. At low FeO (<5 wt %) content
the mass transfer of FeO in the liquid slag is rate limiting but at a high FeO content
(>30 wt %) chemical reaction at the gas-carbon interface is the rate controlling step.
Story et al. [45] re-examined the work done by Sarma et al. [42] for carbon gasification
reaction using mixed control model, and found that the carbon type has a great
influence on the reduction rate. Depending on the reaction conditions i.e., agitation

and carbon type, the overall rate is controlled by a mixed mechanism.

To determine the role of solid carbonaceous materials on the reduction of FeO in the
slag, Teasdale and Hayes [47] reacted slag with graphite, coke and two types of coal
at the temperature range of 1400-1600 °C, using online mass spectrometry for real-

time gas analysis and EPMA to analyse quenched samples. The results suggest that
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the carbon type significantly affects the reaction rates, and carbon gasification takes
place at the char surface; however, the slag phase mass transfer is defined as a rate
limiting step. In another study, Fruehan [49] studied the rate of reduction of iron oxide
by chars produced from different biomass sources, coke and coal at low temperature
range between 900-1200 °C. Huang et al. [54] studied the interaction between slag
containing iron oxide and a wide range of carbonaceous materials. It was found that
the reaction takes place through a gaseous intermediate formed between solid char and
iron oxide. The findings suggested that the carbon type has a significant influence on
the reduction rate due to their interaction with the slag; therefore, carbon oxidation
step is defined as a controlling mechanism. Various other factors have been studied
which may affect FeO reduction rate including particle size and quality of solid coal
by Ozawa et al. [48]. The results indicate that the rate is controlled by chemical
reaction for high volatile matter coals, but for the low volatile coals liquid phase mass
transfer controls the rate. The findings by Ji et al. [55] for coal injection into electric
arc furnace (EAF) slags reveals that the rate is controlled by chemical reactions at the
slag and carbon interface. For high basicity slag greater than 3.2 the gas-carbon is the
rate limiting step but for slag basity between 1.8 and 3.2 the reaction at both slag-gas
and gas-carbon interfaces is likely to control the rate. However, for low slag basicity
(<1.8) gas-slag reaction becomes slower therefore it becomes the rate limiting step. In
aonther study, Ji et al. [56] used injection method to find the optimum conditions for
coal injection into EAF slags for stablising slag foaming. The study found that the
carbon gasification is the main rate-limiting step, but slag-gas reaction also has
significant contribution during long injection runs. The findings by Ji et al. [51] for
coal injection into electric arc furnace (EAF) slags reveals that the rate is controlled
by chemical reactions at the slag and carbon interface. For high slag basicity gas-
carbon is the rate limiting step but for low slag basicity (<2.7) gas-slag reaction
becomes slower therefore it becomes the rate limiting step. Also results by Bafghi et
al. [53] indicate that the slag basicity controls the reduction mechanism, for the slag
with a basicity of 2 the liquid phase mass transfer is the rate limiting but for the lower
basicity slag the mixed-control model is applied. In another work by Bafghi et al. [52]
the effect of slag foaming on reduction of FeO in the slag is studied. It was found that
the rate is affected by slag foaming and liquid phase mass transfer is the rate limiting

step.
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Additionally, other aspects including Fe-C droplets interaction with slag have been
studied relavent to iron smelting process[55-59]. Molloseau and Fruehan [62] studied
the reaction behavior of Fe-C-S droplets containing 2.9% C and 0.01% S with the slag
containing 3~35 wt.% FeO in the temperature range of 1370 to 1490 C°. The study
shows that the FeO content has significant effect on the droplet behavour and the
droplets remained intact when the FeO content is less than 10% and the rate is
controlled by chemical reaction on the metal surface. However, the increase in the FeO
in slag causes the droplet to become emulsified within the slag which help increase
the rate of reaction. Smith and Fruehan [58] investigated the rate of reduction of FeO
in the slag by carbon in the metal with different sulfur contents from moderate to high
at 1450 °C. it was found that at the high sulfur content the rate was controlled by metal-
gas reaction but mixed controlled mechanism from FeO mass transfer and metal-gas
are likely to control the rate for reaction with low sulfur content. In another study by
Min and Fruehan [59], it was confirmed that sulfur content has an important effect on
the rate and at high sulfur content the rate was controlled by Kinetics at the metal-gas
interface but for low sulfur content the rate was controlled by liquid and gas mass
transfer steps. The study by Biswas et al. [60] for Fe-C droplets with oxiding slag
suggests that the reaction is controlled by oxygen supply to the droplets, therefore
FeO liquid phase mass transfer is the rate limiting step. In another study conducted for
dephosphorization by Gu et al. [61] the carbon free iron droplets and droplets contain
carbon reacted with FeO containing slag and it was concluded that carbon content
leads to faster dephosphorization rate due to the stirring effect from CO bubbles
formed from reduction of FeO. A series of studies conducted by Barati and Coley [61-
63] investigated the kinetics of the CO-CO. reaction with iron oxide containg slags.
Through these studies the authors developed a kinetic model to measure the rate of the
CO-CO; reaction with slag melt, which relates the apparent rate constant to
temperature, and both pre-exponential and activation energy are functions of slag

chemistry.
2.5 Literature review findings and unresolved issues

This study outlines the challenges conventional ironmaking processes are facing. The
demand for steel is expected to continue to grow worldwide and stringent
environmental legislation on the CO2 emissions and lack of flexibility in the raw

materials increase the pressure on the steel producers. Despite substantial
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improvements concerning environmental performance in the last three decades, a true
step change in steel manufacturing technologies is required to sustain the productivity

and meet the environmental legislation requirements.

The traditional integrated route (i.e., the BF-BOF route) is limited in terms of raw
material consumption, therefore significant effort has been put into developing
alternative technologies which promise to be more flexible with raw materials.
Hisarna is one of the newly developed processes that has shown potential with an
ability to cut CO2 emission by more than 50% without CCUS and 85% with CCUS.
In addition, it has a high flexibility in raw materials. Due to its flexibility with raw
materials the coke-making and agglomeration plants are not required, this will help
reduce costs and CO2 emission. Hlsarna has the potential to substitute thermal coal
with alternative renewable carbon sources such as biomass; a development which has
not been possible with the use of the BF due to its innate requirements of high strength
material for supporting the burden.

Hlsarna has undergone a series of successful trials using thermal coal as a reductant.
It has shown potential to meet the expectations and requirements of the steel industry
to move with the times. Hisarna can operate with a specific low calorific value and
higher volatile coals to allow more coal gasification in the SRV to provide hot gas for
the CCF. Since the high volatile coals are more widely available, this will help cut
costs and could mean potential for use of low calorific value and high volatile torrefied

wood which again may help in cost saving.

Although extensive research has been conducted on carbonaceous materials
characterization for metallurgical processes, the research and development for the
carbonaceous materials (coal and biomass) for Hlsarna technology is scarce, and there
is very limited information on direct comparison between coal and biomass for
Hlsarna applications. The performance of both CCF and SRV sections are very heavily
reliant on the carbonaceous materials injected. The amount and the nature of volatile
components released during injection into an extreme high temperature (up to 1500
°C) together with the CO produced from carbon-slag reaction controls the partial
reduction of the iron ore and maintain the temperature in the post-combustion zone in
the CCF. While the remaining chars will dissolve into the hot metal and react with the
iron oxide in the slag to produce metallic iron in the SRV. Therefore, a full

understanding of the devolatilization behaviour and characteristics of the chars
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received in the SRV bath from thermal coal and biomass injection under Hlsarna’s
thermal conditions is necessary to select the right mixture of carbonaceous materials
(e.g., substitution of coal with certain biomasses). Although there have been numerous
studies on the slag-carbon reaction using thermal coal as a reductant, no direct research
has been conducted on the slag-biomass reaction relevant to the bath smelting Hlsarna
process. Also, there is some discrepancy in the literature findings for rate controlling
steps and reaction mechanisms for iron oxide containing slag with carbon.
Furthermore, no studies have been conducted on the reaction kinetics for smelting
reduction by solid carbon injection into FeO containing slag concerning Hlsarna
technology, which are key aspects in understanding the reduction rate of FeO in the

slag.

Chapter 3

Formulating the Research Approach

This project will study the thermal behaviour and the reactions of different
carbonaceous materials with the slag and metal at the high temperature through
different experimental techniques. The project will use a hypothesis driven approach
to direct the research and ensure focused research findings are clearly delivered. The
hypotheses are drawn based on the knowledge gaps in the available literature along
with the industrial requirements, followed by an investigation plan for each chosen

question.

Hypothesis 1 — Once a biomass or thermal coal particle is injected into the vicinity of

the slag-metal interface in the SRV, devolatilization happens first.

Objective 1 — The volatile matter (i.e., hydrocarbons, mainly CH.) may crack to C
and H or react with the environment to form CO and H. or H>O. The gases generated
in the SRV will flow up to CCF and partially reduce iron ore particles injected in the
CCF. The amount of volatile matter (VM), moisture and ash contents, which directly
affects the amount of fixed carbon content, will be critically important to maintain the
balance between smelting reduction and gasification in the SRV and the balance in

performance between SRV and CCF.
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The amount of VM, the moisture and ash contents in the biomass are determined in
comparison with thermal coals in laboratory under argon atmosphere to understand
the difference in behaviour and reveal the ideal preparation condition required for

biomass materials to produce chars with similar properties to Hisarna injected coal.

Approach to Hypothesis 1 — To investigate this hypothesis four thermal coal samples
containing different levels of volatile matter (VM) from low through medium to high
and two biomass samples sourced from wood and grass are heated to 1500 °C under
slow heating conditions to give out volatiles. The experiments are performed under
N5 Ar atmosphere using thermogravimetric analysis (TGA) to measure the weight loss
and in a vertical tube-furnace (VTF) for off-gas analysis to determine the volatiles
characteristics for selected materials. The off-gas will be continuously monitored with
a gas mass spectrometer to attribute the volatile species released with the maximum

weight loss peaks produced in the TGA at each stage of the devolatilization.

Hypothesis 2 — The devolatilization behaviour and solid char yield for carbonaceous
materials can be measured using DTF-QMS techniques for injection and off-gas
measuring under similar thermal condition (e.g., rapid heating and high temperature)
to Hlsarna SRV.

Objective 2 — It is known that the post combustion ratio (PCR, Eq. 18) value of the
reducing gases affects the pre-reduction degree of the iron ore in the Hlsarna’s cyclone
(CCF). On the other hand, the final reduction of the iron oxide in the SRV is controlled
by the amount of solid char particles received in the smelting bath. Therefore, it is
critical to know the devolatilization behaviour of carbonaceous materials under
thermal conditions similar to SRV to help select the right mixture of carbonaceous
materials, to ensure effective reduction (indirect reduction in SRV and pre-reduction

in CCF) and heat balance (via post combustion) achieved.

Approach to Hypothesis 2 — A DTF-QMS is used to heat the carbonaceous materials
in the environment close to Hlsarna SRV thermal condition to predict the nature of
volatiles, the proportion of each components produced and the solid char vyield
efficiency during carbonaceous materials injection. Using injection method, the
carbon particles from each source are rapidly heated to 1000, 1250 and 1500 °C in the
DTF under high purity Ar atmosphere. The volatiles released during the heat treatment

are measured using QMS and the char yield calculated from the sample weight before

29



and after injection to determine the temperature effect on the devolatilization rate, the
variation in the gas species produced and the maximum weight loss.

Hypothesis 3 — The rate of carbonaceous materials gasification is controlled by

physical structure and chemical composition of the materials.

Objective 3 — The Hlsarna SRV is responsible for up to 80% of iron oxide reduction
through direct/indirect reactions between iron oxide with solid carbon. The char
reactivity of carbon particles is influenced by physical parameters such as particle size,
surface roughness, shape, porosity, and char chemical composition including ash
content and ash chemistry. These parameters will affect the char interaction with the
slag containing FeO, the hot metal and the oxidation atmosphere, and these together
control the rate of FeO reduction in the slag.

Approach to Hypothesis 3 — The high temperature conditions similar to HIsarna SRV
are simulated by using DTF injection method. This allows to produce chars with a true
representation of the char particles received in the SRV bath. The reactivity tests for
resultant chars and their parent materials are performed using TGA method. The
reactivity index of the chars calculated from the weight loss measured in the TGA
under CO2 atmosphere at 1500 °C isothermal condition. These results will provide the
information needed to understand the characteristics of the chars received in the SRV

bath, and the adaptations required to replace thermal coal with biomass.

Hypothesis 4 — The thermal coal particles are expected to go through higher degree
of structural transformation under rapid devolatilization compared to biomass

materials.

Objective 4 — When the carbon particles are injected into the Hlsarna SRV, they will
instantly encounter an extreme high temperature condition. This sudden high
temperature and heating rate that the particles experience will result in the sever
structural changes, which will influence the overall particle behaviour in the smelting
bath. Previous study by Moore [66] have shown variables such as density, porosity
and thermoplasticity control the coal particle swelling behaviour under thermal
conditions. The study used HT-CSLM as a suitable technique to investigate the
swelling behaviour of different coal grades, but no research has been conducted
concerning biomass materials. The structural behaviour study for coal and biomass

materials using the in-situ HT-CSLM technique can provide information about the
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real-time changes in the particles structure during rapid heating. This can help to
determine the effect of the morphological changes on the char reactivity, and potential
impacts on the performance of the Hlsarna process during coal substitution.

Approach to Hypothesis 4 — To explore this hypothesis, the morphology of the solid
carbon particles from each carbonaceous material and their resultant chars produced
in the DTF are examined under SEM. This reveals the extent of the structural
transformation from the effect of rapid devolatilization. The real-time structural
changes were observed using HT-CSLM to calculate the particle swelling ratio, while
the BET is used to measure the particles surface area, the pore volumes and type of

pore present in each raw material and their chars.

Hypothesis 5 — Biomass chars will react differently with FeO-containing molten slag

in comparison to thermal coal chars.

Objective 5 — After reaction initiates a gas film will form around the carbon particles
which separates the molten slag from the solid carbon. Therefore, the reduction
reaction continues through the aid of the gaseous intermediates. The reaction
mechanisms for slag reduction by solid carbon consists of five steps, and it proceeds
by the chemical reactions at the slag-gas and gas-carbon interfaces. The reaction
behaviour of the Hisarna slag with biomass chars is studied and compared with the

slag reaction with thermal coal chars under the same experimental conditions.

Approach to Hypothesis 5 — Since the reducing reaction Kinetics are the possible rate
limiting factor in the smelting process, the role of each step involved in slag-char
reduction kinetics will be examined for chars produced from biomass and thermal coal
materials. A DTF-QMS is employed to study the injection of char particles into pre-
melted slag under simulated Hlsarna thermal conditions (High temperature and
heating rate). The experiments are conducted under the temperature range from 1450
°C to 1525 °C (with 25 °C increments), to measure the temperature impact on the
reduction rate and determine the reaction mechanism and kinetic parameters. The
extent of FeO reduction in the reacted slag is quantitatively measured by Wavelength
Dispersive X-Ray Fluorescence (WDXRF), while the SEM is used to determine the

change in morphology of the reacted slag compared to unreacted slag.
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Chapter 4

Experimental Apparatus and Analysis Methods

4.1 Introduction

HIsarna’s SRV is a critical section where a series of complicated chemical reactions
take place. The SRV is responsible for final reduction and provides off-gas for the
CCF section. Therefore, an in-depth understanding of the thermodynamic and kinetic
behaviour of the gas-slag-metal system is needed to understand the overall process.
To complete this study a series of laboratory scale experiments were carried out using
a suite of equipment, to study different aspects of the reactions. The focus is on the
physicochemical behaviours of the carbon source injected into the SRV such as its
devolatilization, and reactions with the slag and metal. The conditions to study are
slow and rapid devolatilization of the carbon sources, structural characteristics of chars
in SRV, and slag/carbon reactions. In addition, the influence of Fe-C droplets is

expected to have a large impact on the reduction rate and process efficiency.

The studies in the literature indicate that physical and chemical properties of the
carbonaceous materials will control the chemical reactions between carbon sources
and the slag in the gas-slag-metal system. However, most of these laboratory
experiments and kinetic studies are conducted under conditions similar to industrial

process which operates differently to the Hlsarna technology. The HT-DTF combined
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with a gas analyser is extensively used to study iron oxide reduction by solid
carbonaceous materials [40, 48, 50] and to simulate the carbonaceous materials
combustion behaviour and solid char formation which occurs at high temperature [65-
68]. The DTF allows conditions such as temperature, residence times, and atmosphere
to be closely controlled to simulate the conditions of the ironmaking processes (e.g.,
rapid heating and high temperature). In the Hlsarna SRV the carbonaceous materials
are penetrated into the smelting bath using injection method at high temperature.
Therefore, in this study the DTF-QMS is adopted as the laboratory experimental set-
up to simulating the SRV reactor. This set-up allows the synthetic slag to be melted
under temperature range similar to SRV temperature and then solid chars to be injected
using specifically designed injection set-up, while the off-gas is continuously
measured using QMS to calculate the real-time reduction rate. In addition to DTF-
QMS, various other equipment and methods including VTF, HT-CSLM, TGA, BET,
Raman spectroscopy, SEM and Origin are used to perform experiments and analyse
the data collected. This chapter describes all experimental equipment as well as
materials selected for each experiment. Experimental procedures and methodology for

material preparation and standard testing will also be included for reference.

The results chapters will follow a layout similar to academic journals, with their own
introduction, experimental, results and discussions sections. This ensures a clear and
rounded evaluation of each directed activities producing high quality results accessible

to the reader.
4.2 High temperature drop tube furnace (HT-DTF)

Drop tube furnace (DTF) has been used in the past to investigate the behaviour of
carbonaceous materials in different ironmaking processes [67, 69-76]. The DTF
allows to simulate the high heating rate and temperature as well as atmospheric
conditions carbonaceous materials experience during charging. Some researchers used
DTF to produce char particles under rapid heating to determine the combustion
characteristics and kinetics of the rapid heating chars [69-74], while others used it to
inject carbon into iron oxide containing molten slag to study the reaction mechanisms
under well controlled conditions [75, 76]. The specific design of the DTFs used in
these studies may vary, however the main features are the same, e.g., the furnace is a
vertical heated tube, a gas flow is laminar flow and designed to enable making

additions during reaction.
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The DTF used in this study is constructed using an electric resistance heating high
temperature vertical tube furnace (VTF) with a recrystallized alumina tube (VTF-
1700/50, internal diameter 88 mm x length 1000 mm) and an isothermal reaction zone
(x5 °C) of 250 mm. To measure the real temperature for the samples tested, a type B
thermocouple located directly underneath the reaction stage within the reaction zone.
An illustration of cross-section image of the DTF used is shown in Figure 4.1.

Water cool flange w

Furnace frame

Injection lance

Reaction stage

Electric heater
)
%
2
—
recrystallized alumina g
tube o
©
E £
Quenching chamber (3
=)

Figure 4.1: A cross-section illustration of the drop tube furnace [79].

The design of the DTF allows to perform experiments under both non-isothermal and
isothermal conditions in the controlled gas atmosphere. The samples can be loaded
into the furnace and then the furnace heated from atmospheric to desired temperature
under low heating rate for non-isothermal experiments. This will help to understand
the decomposition stages of the coal and biomass samples under continues heating,
also the nature of volatiles released at each stage. These experiments will reveal the
biomass pre-treatment temperature required to produce chars with similar properties
to coal injected in Hlsarna. On the other hand, the isothermal experiments are

conducted by pre-heating the furnace to desired temperature and then the samples are
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added to the high temperature zone for reactions to take place. These experiments
provide information required to understand the reaction controlling mechanism and

kinetic parameter under similar thermal condition to Hlsarna process.

The DTF is applied to all the experimental chapters, however the experimental set-up
for each chapter is different and the set-up for each experiment is described within the
relevant chapters.

4.3 Quadrupole mass spectrometer

Mass spectrometry is a highly sensitive analytical technique which ionises atoms to
separate and detects mass ions (mass to charge ratio). The Hiden HPR 20 QMS used
for this study can only analyse gas phase samples, and the equipment itself is depicted
in Figure 4.2. The end of the inlet capillary from the MS is connected to the exhaust
of the DTF where the gas samples are taken from. The MS capillary which connects
the MS to DTF exhaust is continuously heated to 150 °C to prevent condensation of
vapours or adsorption of active sample gas species during the sampling process which
could ultimately cause blockages and effect the experimental results [80].
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Figure 4.2: A schematic diagram of the Quadrupole Mass Spectrometer.

The Hiden QGA software is used for quantitative gas analysis of vapours and gas
species. This equipment is used for devolatilization experiments to measure the rate
and the amount of each gas species evolved during slow and rapid heating.
Furthermore, the real-time FeO concentration in the molten slag during the carbon-
slag reactions is calculated from the QMS measurements, which subsequently is used
to obtain relevant kinetic parameter under similar temperature condition to Hlsarna

process.
4.4 Thermogravimetric analysis (TGA)

The mass loss due to devolatilization under non-isothermal conditions and char
reactivity tests under isothermal conditions were conducted using thermogravimetric
analysis (TGA) with a NETZSCH STA 449 instrument shown in Figure 4.3 that has
an analytical balance sensitivity of 20 £ 0.01 mg. The below procedures are followed
to complete the TGA experiments:

1. The devolatilization experiments are performed for raw carbonaceous materials
under dynamic heating from 20 to 1500 °C at the heating rates of 10, 20 and 30
°C/min. These experiments are carried out under high impurity (99.9999%) argon
atmosphere at the flow rate of 50 ml/min. The sample mass loss measured during
these experiments is used for devolatilization kinetic study of the materials selected.

2. The gasification experiments are performed for chars produced under rapid heating
in the DTF and under slow heating in the TGA. These experiments are carried out
through three steps. The first step is dynamic heating from ambient to 1500 °C at a
rate of 30 °C/min under high impurity (99.9999%) argon atmosphere. When the
desired temperature was reached the sample was kept at that temperature for 10
minutes under Ar and then the gas atmosphere was switched to high purity
(99.999%) CO: at the flow rate of 50 ml/min for 30 minutes to measure the
reactivity of chars towards CO..

The detailed description of each experimental set-up and the method of analysis is

described within the relevant chapters.
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Figure 4.3: A schematic diagram of the TGA experiment set up of NETZSCH STA
449[81]

4.5 High temperature confocal scanning laser microscope (HT- CSLM)

The schematic of the HT-CSLM microscope is shown in Figure 4.4. The inner body
of the chamber is a gold-coated, elliptical shape, to provide reflection for the IR
radiation produced by the halogen lamp at the lower focus point to heat the small
sample at the upper focus point. This results in possible heating rate of up to 1000
°C/min and temperature up to 1600 °C. The platinum sample holder is positioned in
the centre of the upper focal point through the extension of an alumina rod from the
side of the chamber. A R-type thermocouple wire is fused into the bottom of the
platinum sample holder at the free end of the alumina rod to provide real temperature
of the samples tested. The HiTOS software package is used for video capturing and to

control the temperature programme.
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Figure 4.4: Schematic of the HT-CSLM to study real-time changes in the shape of
carbon particles.

4.6 Additional Analytical Techniques

Scanning electron microscopy (Sigma Zeiss SEM) images were obtained for each
carbonaceous material sample before and after rapid heat treatment to investigate
changes in shape and structure. SEM imaging is also used to study the surface
morphology (texture), and chemical composition of reacted slag. While N2 (77K)
adsorption was applied to determine the carbonaceous material specific surface area,
pore volume, and average pore diameter based on the multipoint Brunauer-Emmett-
Teller (BET) method. The wavelength dispersive X-ray fluorescence (Rigaku Primus
IV WDXRF with a Fluxana RAW package) was used as a quantitative method for
chemical composition analysis of the reduced slags to determine the total iron content

to measure the extent of reduction.
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4.7 Materials
4.7.1 Carbonaceous materials selection

Four coals and two biomass samples were tested in this study. Their proximate and
ultimate analysis (conducted by the Hlsarna team at Tata Steel in IJmuiden) are listed
in Table 4.1. The four coal samples contain different levels of volatile matter (VM)
from low (8.63%, Coal C) through medium (16.00% Coal B and 22.18% Coal A) to
high (36.00%, Coal D), while the two biomass samples are charcoal CC with 12.10%
VM (a Birch wood based pre-treated biomass) and torrefied Bana grass TG with
63.60% VM (a grass-based torrefied material provided by OrangeGreen BV through
the pilot plant located at Tata Steel in IJmuiden). Coal A and charcoal CC have already
been used in Hlsarna process during the pilot plant trials and torrefied Bana grass TBG
is another renewable source which may be considered for future trials. The samples
were dried at 80 °C for 12 h to ensure the removal of the free moisture and then crushed
into small particles with the size range from 90 to 300 um. The coal samples selected
have different sulphur and ash contents that directly affect their reaction performance
at high temperatures while biomass samples are generally much lower in sulphur and

lower in ash contents.

Table 4.1: Proximate and ultimate values of the used carbonaceous materials using
ISO 17246:2010 standards. Statement on who did analsysi

Coal | Coal Coal | Coal | Charcoal | Torrefied
A B C D CC Bana
Grass
TBG
Proximate Analysis wt% (db)
Moisture/ % (ad) 887 | 711 | 1.24 | 1.30 4.56 4.40
Volatile Matter 22.18 | 16.00 | 8.63 | 33.00| 12.10 63.60
Ash 8.80 | 10.00 | 4.41 | 7.20 1.80 4.40
Fixed Carbon (by 69.02 | 74.00 | 86.96 | 59.80 | 86.10 32.00
difference)
Ultimate Analysis wt% (db)
Carbon 81.91 | 83.60 | 86.97 | 80.30 89.4 57.60
Hydrogen 427 | 3.93 | 3.43 | 5.09 3.11 5.60
Nitrogen 219 | 1.07 | 1.20 | 1.50 0.57 0.29
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Sulphur 0.24 | 0.78 | 0.86 | 0.89 0.06 0.09
Oxygen by (difference) 259 | 0.62 | 3.13 | 5.02 5.06 32.02

db - on a dry basis; ad - on an air dried.
4.7.2. Bana grass char preparation

The torrefied Bana grass contains large amount of oxygen which can cause
temperature drop in the Hlsarna furnace as a result heat compensation is necessary.
To avoid these problems and utilise torrefied Bana grass efficiently, a pyrolysis is
necessary to reduce the oxygen content and produce chars with similar chemical
properties to thermal coal currently used in Hisarna plot scale trials.

In order to produce char particles with desired properties, 15g of torrefied grass was
pyrolysed under inert environment to three temperatures (400, 500 and 600) °C using
horizontal tube furnace coupled with quadrupole mass spectrometry (HTF-QMS)
shown in Figure 4.5. The gas analysis was performed for evolved volatiles while the
residual chars were weighed after the treatment completed to determine the char yield.
The type k thermocouple was connected to the crucible to measure the samples’ real
temperature and when the pre-setup pyrolysis temperature was reached the samples
with the crucible was pulled from the reaction zone to one side of the furnace where
the temperature is close to ambient. This was done to prevent further reactions and the

atmosphere was kept under Ar to prevent further char oxidation.
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Figure 4.5: Horizontal tube furnace setup with a quadrupole mass spectrometry for

thermocouple

Bana grass pyrolysis study.

Figure 4.6 shows the volume of each gas species generated from pyrolysis process at
different temperatures. As expected, the results in Figure 4.6 show similarity in the

curves produced for each gas species under these selected treatments, except (Figure
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4.6d) the water peaks are not matching with each other, this could be due to
condensation and gas trap by tar trap filter. Despite filtering the condensable gases and
tar to protect QMS, large amount of H>O measured at temperature of > 300 °C. The
decomposition of oxygen containing groups mainly starts at temperature of < 300 °C,
although small amount of CO> was detected at 250 °C. The gas analysis shows all the
oxygen containing components (H20, Oz, CO and CO:) almost reached their peak
values at 400 °C, and the trough level almost reached at 500 °C. On the other hand,

the hydrocarbons reached their peak value at 600 °C, and hydrogen is also close to its

peak.
0.6
(a) Oxygen
0.5
o
—— 600 °C
o
—— 500 °C
— 400 °C
0.1
0.0
12.0 — 6.0 -
(b) Carbon dioxide (c) Carbon monoxide
10.0 5.0
8.0 4.0
6.0 3.0
e
4.0 2.0
&
2.0 1.0
e
© 00 0.0
T 60 o> 20
= (d) Water L 1.s{(e) Hydrogen
'3, 50 & 16
9N 40 £ 14
8 N O 12
3.0 O 10
= o8
2.0 > 06
0 04
1.0
0.0 0.0
3.0 1.6
(f) Methane 14 (g) Ethane
25 :
1.2
2.0 10
15 0.8
10 0.6
0.4
05 02
0.0 0.0

0 100 200 300 400 500 600 0 100 200 300 400 500 600

Figure 4.6: An off-gas analysis of (a) Oz; (b) COz; (c) CO; (d) H20; (e) Hz; (f) CHa;
and (g) C2oHs evolved during HTF-QMS experiments.

The solid char yield calculated from weighing the samples before and after the

pyrolysis was 56.6% (400 °C), 48.3% (500 °C) and 44.7 % (600 °C). Regardless of
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the pre-treatment temperature used, large amount of the material is converted into
gases and condensable tar during char preparation process. To keep the “green”
credentials of biomass, in the actual Hlsarna process the pyrolysis process can be
completed using heat sources from other parts of the steel plant, and the gases and tars
released in the pre-treatment of torrefied Bana grass can be used to generate heat and
power for Hlsarna process.

The proximate and ultimate analysis were performed for the resultant Bana grass chars
(BGC) which are presented in Table 4.2. The results show that the volatile matter and
oxygen content are reduced significantly under all treatments, however the char
particles heated to maximum temperature of 400 °C still contain significantly amount
of oxygen compared to coal A. The char particles produced under pyrolysis
temperature of 600 °C contain the lowest amount of oxygen, but the volatile content
is also reduced significantly. These results are confirmed by the gas analysis curves in
Figure 4.6. When the samples are heated to 600 °C large amount of reducing gases
e.g., H2and hydrocarbons are also removed.

Table 4.2: Proximate and ultimate values of the Bana grass char (BGC) produced from

pyrolysis process using 1SO 17246:2010 standards.

Proximate Analysis wt% (db) BGC 400°C | BGC 500°C | BGC 600°C

Moisture/ % (ad)

Volatile Matter 28.8 19 13.2
Ash 8.19 9.6 10.38
Fixed Carbon (by difference) 63.01 71.4 76.42

Ultimate Analysis wt% (db)

Carbon 74 78.6 82.4
Hydrogen 3.83 3.28 2.87
Nitrogen 0.52 0.46 0.45
Sulphur 0.14 0.14 0.14
Oxygen by (difference) 13.32 7.92 3.76

db - on a dry basis; ad - on an air dried.

Based on the combination of findings from gas analysis for pyrolysis and analysis of

the solid residuals, the BGC particles produced under pyrolysis temperature of 500 °C
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appear to have more comparable chemical properties to coal A (Hlsarna injected coal).
Therefore, approximately 300g torrefied grass is pyrolysed to 500 °C following the
procedures described previously and then the resultant chars crushed into small

particles with the size range from 90 to 300 pm.
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Chapter 5

Devolatilization Characteristics of Coal and Biomass with Respect to
Temperature and Heating Rate for Hlsarna Alternative Ironmaking

Process

5.1 Hypothesis to be investigated

Hypothesis 1 — Once a biomass or thermal coal particle is injected into the vicinity of
the slag-metal interface in the SRV, devolatilization happens first.

5.2 Introduction

The granular thermal coal (or other carbonaceous materials) is injected into the slag
layer in the SRV bath to reduce iron oxide to liquid metal and carburize the liquid
metal [28, 32]. The smelting reactions are shown in equations (1) to (3), (1) is an
overall FeO reduction by carbon dissolved in the metal or solid char and (2) and (3)

are intermediate/alternative steps [25].

Replacement of coal with a carbon-neutral biomass in ironmaking offers great
potential to reduce reliance on non-renewable carbon sources in this major contributor
to carbon dioxide emissions from the steel industry. However, to maintain Hlsarna’s
performance while substituting coal, carbonisation of raw biomass is necessary to
increase fixed carbon (Crix) content and remove moisture, oxygen and part of the
volatile components, since existence of these components decrease the energy content
[14]. Different thermochemical conversion technologies can be used for pre-treatment
of the raw biomass to obtain chars with suitable properties for Hlsarna. The pre-
treatment conditions as well as the type of raw biomass determine the chemical,
physical, and mechanical properties of the chars. These characteristics are the
necessary properties to produce chars which qualities most closely resembles the
thermal coal currently used in the Hlsarna process to maintain process efficiency and

enable the technological shift in raw material use [33].

Once being injected into the smelting reduction vessel, the carbonaceous materials go

through complex reactions, two of which are devolatilization and burning out of the

carbon. Devolatilization happens first, and it continues to influence the solid carbon

particles to the point when it is burnout [82]. The gaseous products evolved during the

heating process are light hydrocarbons (mainly CH4 and C2Hs) which may crack into
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C and H> or react with the environment to form CO and H» or a mixture of Hz, H20,
CO, and COy, the balance of which will change the reducing environment and control
other parameters such as ignition, temperature, and flame stability in the post
combustion zone. As such devolatilization of carbonaceous materials used in Hlsarna
technology is a key phenomenon which needs to be considered to achieve high
efficiency [83]. While volatile matter is released the char structure goes through
significant changes e.g. particle break-up, softening and swelling, which is strongly
dependant on the chemical properties and reaction conditions such as heating rate,
temperature and pressure [82].

Biomass devolatilization usually involves the thermal decomposition of three
components namely hemicellulose, cellulose, and lignin [84]. The process of
decomposition for these components proceeds in three stages: moisture desorption,
active decay and passive decay. Moisture desorption occurs at temperature < 150 °C.
This is followed by active decay in which most of the volatile matter is released at
temperature between 200-500 °C, during this stage decomposition of hemicellulose
and cellulose takes place. Decomposition of lignin starts in active decay and continues
to passive decay at a very slow rate through the full temperature range of treatment
[85]. Coal devolatilization proceeds through a similar thermal degradation process,
starting with moisture desorption at temperature < 150 °C and then degradation mobile
and immobile phases occur at the temperatures between 150-600 °C. This results in
the formation of the aliphatic and aromatic tar components and a number of light gases
(e.g., H20, CO, CH4 and CO»). The final stage of thermal coal decomposition is the
breakup of heterocyclic compounds at temperature higher than 600 °C [86].

The literature contains studies on coal and biomass pyrolysis by using TGA [85-87],
fixed-bed reactors [88-90] and fluidized-bed reactors [91, 92]. TGA is the most
common technique used to study thermal decomposition and kinetic analysis of coal
and biomass. Combining this equipment with different analytic techniques, e.g.
Fourier transform infrared spectrometry (FTIR) [93-96], gas chromatography (GC)
[94] and mass spectrometry (MS) [97-103] is quite common. Using these techniques,
the gaseous products evolved during heat treatment can be investigated simultaneously
or afterwards to establish the mechanism for coal and biomass decomposition. TG-
MS technique has been applied because of its main advantage of being the on-line

monitoring of evolving gases, which can be used simultaneously with TG equipment
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to monitor the gas atmosphere during sample decomposition. The effect of important
parameters such as particle size, heating rate, holding time and gas atmosphere have
been studied using TGA. In addition, there are numerous studies which used

simultaneous thermal/gas analysis to analyse evolved gases.

Much of the pyrolysis work done on gas evolution analysis has focused on determining
the effect of coal rank on the off-gas generated during thermal processing. Chinese
coals with different grades and different H/C atomic ratios have been studied using
simultaneous gas analysis under an inert atmosphere [97-99], and it was found that
thermal decomposition and gas evaluation behaviour of coals are strongly dependent
on temperature and the coal rank. This method has also been used to study the effect
of temperature and time interval [102] with regards to devolatilisation kinetics for
different types of biomass and coal/biomass blends [101, 102]. These researchers
found that devolatilisation of biomass is dependent on chemical properties including
ash and volatile contents, temperature and thermal treatment time. Additionally, the
off-gas of chitin biomass with various molecular structures in an inert atmosphere was
studied to determine the influence of zeolite catalysts on the utilization of chitin
biomass [105].

Although extensive research has been carried out on the devolatilization behaviours
for a number of different coals and biomass, the research and development for the
carbonaceous materials (coal and biomass) for Hisarna technology is scarce, and also
there is very limited information on direct comparison between coal and biomass in
term of devolatilization. Much of the research done on devolatilization or gas
evolution focused on the pyrolysis of coals and biomass using simultaneous TGA-MS
carried out with small sample size between (10-20) mg. Despite all the advantages of
simultaneously measurement such as real time analysis, qualitative and quantitative
analysis but small sample size may mean high level of uncertainty in the off-gas
analysis due to side reactions. An increase in the sample size in TGA can cause a
temperature distribution problem and on the other hand, TGA may struggle to handle
heavy tar products if sample size increased. In this study a high temperature vertical
tube furnace coupled with a mass spectrometer is utilised to reliably study larger
samples with regards to their devolatilization characteristics with an aim of attaining

a more accurate representation of gaseous product evolution from each sample under
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novel alternative ironmaking technologies. This research aims to enable the selection
of suitable fuel mix for the Hlsarna alternative ironmaking process.

5.3 Experimental
5.3.1 Sample preparation

This chapter investigates six carbonaceous materials (four coals and two biomasses)
listed in Table 4.1. using the preparation procedures described in section 4.7.1.

5.3.2 Thermogravimetric analysis

The mass loss due to devolatilization under non-isothermal conditions was determined
by using thermogravimetric analysis (TGA). A 20 mg + 0.01 sample was placed in an
alumina crucible (height 4 mm x diameter 6.8 mm). Considering it is suggested to use
samples weighing between 2 and 50 mg for most TGA measurements, the sample mass
of 20 mg was selected for this study to obtain accurate measurements. Chen et al [97]
studied the effect of samples mass on the mass and heat transfer and found 20 mg
samples to produce better results than smaller sample weights. The alumina crucible
with test sample was placed on a platinum stage, which has a thermocouple located
directly underneath to provide real temperature of the sample tested. All the samples
were heated in a high impurity (99.9999%) argon atmosphere at the flow rate of 50
ml/min. The mass loss due to volatile matter evolving was recorded from ambient
temperature to 1500 °C, at the heating rates of 10, 20 and 30 °C/min respectively. To
ensure the reliability and reproducibility of the tests, preliminary tests have been
carried out to define experimental conditions, and the test for the same sample has

been repeated three times to produce concordant results.
5.3.3 VTF-QMS gas analysis

The gas analysis during devolatilization was carried out using a Carbolite-Gero high
temperature vertical tube furnace described in section 4.2 shown in Figure 5.1. The
furnace was coupled with a Quadrupole Mass Spectrometer (QMS) to monitor gaseous
products evolving from the samples. The VTF-QMS combination allowed an increase
in the sample weight to produce more representative volatile measurements of the bulk
material and reduce measurement uncertainties. The samples were heated to 1500 °C
in a high purity (99.999%) argon atmosphere at the heating rate of 10 °C/min while
the furnace exhaust was connected to the QMS through a heated capillary (150 °C) to

monitor gaseous products evolving from the samples and ensure no condensations
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occurred before the ionization chamber. Each sample was weighed to be
approximately 1.0 g and placed in an alumina crucible on the alumina pedestal and
lifted to the hot zone of the vertical tube furnace (VTF). The tube was sealed,
vacuumed using a standard rotary pump and then back filled with argon gas at a flow
rate of 300 ml/min that carried gaseous products to the mass spectrometer (QMS). The
argon concentration was measured to be 99.7% before the furnace heating cycle
started. The QMS was set to measure readings of the following gases evolving from
devolatilization: N2, O, CO, CO», Ar, H20, Hz, CHs and CzHe. After the desired
temperature was reached, the furnace cooled down at 5 °C/min to room temperature

in Ar atmosphere. Then the samples were taken out to weigh and analyse.
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Figure 5.1: Vertical tube furnace (VTF) setup with a mass spectrometry for slow

devolatilization study. The quadrupole mass spectrometer (QMS) is connected to the

gas sampling port.
5.4 Results and discussion

5.4.1 TG-DTG analysis
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The weight loss curves, and derivative thermogravimetric (DTG) curves produced
from the TGA tests for the materials in Table 4.1, are shown in Figures 5.2a and 5.2b
respectively. Figure 5.2a shows the weight loss due to devolatilization of the samples
at the heating rate of 10 °C/min under argon atmosphere.

Slow weight loss begins for all four coal samples at the temperature of ~100 °C and
continues to ~180 °C, which is mainly associated with surface moisture loss. This is
followed by rapid weight loss due to the release of organic volatile matter, and the
starting temperature of the release of organic volatile matter depends on the volatile
matter content of the coal sample. The weight loss curve starts at lower temperature
for coals with higher volatile matter, but all the curves stabilise at the temperature of
around 650 °C regardless of the volatile matter contents. However, slow weight loss
to the temperature of 1500 °C was still notable, this could be from decomposition of
materials with a higher activation energy e.g., carbonyl and heterocyclic compounds,
which subsequently leads to CO and H» formation [83].
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Figure 5.2: (a) Mass loss curves and (b) DTG curves of the carbonaceous materials
tested in the argon atmosphere at the heating rate of 10 °C/min from room temperature
to 1500 °C.

These thermal decomposition results for coal samples can be explained with the
reported mechanisms of coal devolatilization [106], such as the devolatilization
process proposed by van Heek and Hodek (Figure 5.3) [86]. Coal decomposition starts

with desorption of moisture and some light gasses at the temperatures of ~100 °C. On

49



continued heating to ~250 °C the mobile phase degradation occurs which leads to tar
formation, in particular the aliphatic tar component. Then at the temperatures of 300
°C and higher, degradation of the immobile phase occurs which results in formation
of the aromatic tar components and a number of light gases (e.g., H20, CO, CH4 and
CO») as shown in Figure 5.3 [86], which is evidenced by the experimental results
shown in Figure 5.4 (section 5.4.2). This is followed by decomposition of heterocyclic

compounds at temperatures higher than 600 °C producing N2, CO and H. gases.
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Figure 5.3: The main reactions occurring during the coal devolatilization process [86].

As shown in Figure 5.2, the decomposition behaviour of biomass samples is different
from the four coals tested. The initial weight loss for both torrefied grass and charcoal
starts at slightly lower temperatures of ~80 °C and continues steadily to the
temperature of 200 °C. After this a sharp weight loss curve for torrefied grass occurs
at temperatures from ~250 °C to 400 °C and the weight loss continues slowly to 1500
°C. However, the second step of weight loss for charcoal starts at much higher
temperature of ~500 °C and continues to 1500 °C with a flatter weight loss curve that
is because of the pre-treatment of the starting material. Decomposition of

hemicellulose is expected to occur at the lower temperature range due to its random
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amorphous structure. The subsequent decomposition of cellulose and lignin follows at
higher temperatures as the materials are more ordered and stronger bonded
respectively. Biomass has a porous structure providing higher adsorption potential
than thermal coal, which is likely to allow large amounts of moisture and carbon
dioxide to be absorbed from the atmosphere. These absorbed components are weakly
bonded and evolve at the very low temperatures [107]. Cellulose is the main
component responsible for the second DTG peak, while lignin is the main component
responsible for char formation. However thermal degradation of lignin can start at low
temperature at a very slow rate and increases with the increase in temperature [108].

Figure 5.2b shows similar behaviour for coal samples, starting with the small peak at
low temperature due to desorption followed by a large single peak due to
devolatilization. The exception for this is with coal B which has produced a clear
secondary peak for devolatilization, meaning coal B goes through extra phase of
decomposition. However torrefied grass and charcoal both produced larger initial
DTG peaks due to moisture loss followed by two devolatilization peaks. There is one
sharp peak which starts at the temperature of ~250 °C and the second peak which is
partially superimposed on the late phase of the first peak for torrefied grass. This
behaviour is linked to decomposition of cellulose and lignin respectively, while
charcoal produces two peaks at much higher temperatures compared to torrefied grass
which are from decomposition of lignin and agrees with other researchers’ findings on

similar materials [87, 106].

5.4.2 Comparison of devolatilization behaviours for different carbonaceous

materials

Various reactions occur simultaneously during devolatilization upon heating,
including break-up of chemical bonds, vaporisation, and condensation or
recombination [95]. Using a quadrupole mass spectrometer (QMS) gaseous species
evolved during heating process were measured continuously up to the temperature of
1500 °C. Figure 5.4 shows the mass loss due to devolatilization measured in TGA tests
against the normalized off-gas species measured in the VTF-QMS tests at the heating

rate of 10 °C/min for the two biomass and four coal samples.

Similar behaviour has been observed for all the samples that gas species detected at

low temperature of 100~200 °C were mainly H>O, as the weight loss at low
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temperature is associated with the loss of surface moisture. However, at this low
temperature range, the weight loss of the biomass samples was significantly higher
than that of the coal samples measured, which is confirmed by the amount of these
gases detected. Devolatilization continued with increasing temperature, generating
large amount of H>O and CO> gas by biomass samples at temperature of >300 °C
while none or very small amount of CO, from coal samples was measured but still
significant amount of H20 was produced. The amount of H.O and CO; produced from
torrefied grass during heating was much higher than charcoal, as charcoal has already
been pre-treated. However, the amount of gas species generated by charcoal was still
significantly higher than that from any of the coal samples tested at similar
temperatures, which could be due to higher oxygen content in the charcoal, resulting

in the oxidation of carbon and contributing to higher mass loss in charcoal.

The second region of weight loss is associated with the release of organic volatile
matter, which started at similar temperatures for all the samples, but the gas species
generated were different. Both biomass samples started to generate H.O and CO; at
temperature > 300 °C, followed by the release of hydrocarbons at temperature > 400
°C, and Hz and CO at > 500 °C. The peaks for gases generated in VTF-QMS tests
spread over larger temperature range than those observed in TGA tests. This is caused
by the gas mixing in the VTF, and the time require for evolved gases travelling from
the sample location to the detection of mass spectrometer. This travelling distance in
the VTF tube gives rise to the comparatively consistent delay for all devolatilization
peaks compared to the TGA results. All the four coal samples tested were found to
produce H20, CO2, CHa, CoHe and H: at temperatures > 500 °C which corresponds to
the region of mass loss in the TGA test results. The H,O released at temperature >150
°C is associated with the release of inherent moisture which presents in the
pore/capillaries of the carbonaceous materials and H2O produced from decomposition
of organic components. It is also known that some H2O exist as part of the crystal
structure of inorganic minerals which can contribute to H,O formation at higher

temperatures [109].
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Figure 5.4: VTF-QMS for normalised gas species (CO, CO., H2, H20, CHa, and C2Hs)
evolved against TGA mass loss during heating at the heating rate of 10 °C/min under
argon atmosphere for (a) Torrefied Bana grass (TBG); (b) charcoal (CC), (c) coal A;
(d) coal B; (e) coal C; (f) coal D.

The gas products evolved during the heating process are plotted in Figure 5.5, and
some common phenomena can be observed for the biomass and coal samples. As it
can be seen both charcoal and torrified grass samples produced larger amounts of H2O
at low temperature (100 to 200 C) than that of all coal samples. Each sample produced
a peak for H.O and CO- gas during the heating within the temperature range of 300 -
800 °C, but the peak for both biomass samples was significantly larger than those for
the four coal samples. The sharp H>O and CO. peaks for torrefied grass at the
temperature of 300-400 °C links well with the second sharp DTG peak for torrefied
grass (shown in Figure 5.2b) and presents the case that this is due to the release of H,O

and CO. from decomposition of hemicellulose and cellulose at that temperature.
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Charcoal produced a flatter but wide peak of H20 and CO2 which may be because of
the sample already being pre-treated to similar temperatures during the charcoal
formation. Previous studies linked the amount and the temperature required for the gas
species to be produced to the chemical structure of the biomass component used for
the investigation [110]. Hemicellulose is higher in carboxyl content which results in
higher CO. yield, while cellulose contains carbonyl and carboxyl species which results
in CO and CO; product yield, and Lignin releases much more Hz and CH4 from

cracking of aromatic rings and methoxyl [87, 108].
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Figure 5.5: An off-gas analysis of (a) H20; (b) CO2; (c) CO; (d) CH4; (e) C2Hs; and
(f) H2 evolved during VTF-QMS experiments.
Torrefied grass was the only material which started to produce CHs and CzHs at the

temperatures under 400 °C, while all the other samples produced these gases at the

temperature > 500 °C. Finally H, and CO formation happened in the higher
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temperature range which is linked to reactions that take place at higher activation
energy [80, 109]. In addition, the thermal cracking of hydrocarbons is possible at
temperature > 600 °C. The formation of CO and H: at high temperature is also linked
to CH4 reaction with CO; to form CO and H. [112]. Also hydrocarbons evolved at
higher temperatures may react with H.O to form H, and some CO [101, 111] through

the reaction schemes presented in equations (8) and (9).

COz2 (g) +CHa (g) = 2CO (g) + 2H2 (g) (8)
H20 (g) +CHa (g) = CO (g) + 3H2 () 9)

5.5 Kinetic analysis
5.5.1 The Kissinger—Akahira—Sunose method

The devolatilization for carbonaceous materials is a complex process as several
reactions occur during thermal decomposition, which includes carbonizing and gas
evolution simultaneously during the heating process. For a better understanding of the
devolatilization process, many researchers studied thermal decomposition of
carbonaceous materials using TGA technique (which is the most common technique)
to measure the weight loss for kinetic analysis. The Kkinetic parameter obtain are used
to understand the complexity of the reaction and in modelling devolatilization process
to predict the mass and energy balances. The devolatilization mechanism can be

described as following: [96]

Raw carbonaceous materials =—————p \/olatile + Char

The devolatilization conversion and apparent rate of reaction is calculated through
equation (10):

& = k(D)f(a) (10)

The temperature dependent reaction rate constant k (T) can be expressed by equation
(12):

&)
K(T) = Ae\rt (12)
By combining equations (10) and (11) the overall reaction conversion rate can be

expressed by equation (12):

2 _ ael®@(a) (12)
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where a, i—‘z , A, Ea, R, T, and f (a) denote the devolatilization conversion degree,

reaction conversion rate, pre-exponential factor, activation energy, universal gas

constant, temperature, and reaction function respectively.

The devolatilization conversion degree (a) is defined by equation (13):

a= mi —mt (13)

mi—mf
where mi is the initial weight of the sample, mt is the instant weight of the sample at

time t, and mf is the final weight of the sample after the reaction.

The experiments are carried out using non-isothermal heating with a constant linear

heating rate, 3 :

d
Bi=% (14)

where i represents the given heating rate being considered.

The following equation for reaction conversion rate can be obtained by equations (12)
and (14):

j_flf - % e(ﬁ)f(a) (15)

Equation (16) can be obtained by integrating equation (15) to represent the cumulative
reaction rate:

gla) = foa(f(a))‘1 = %fOT e(%)dT (16)

where g(a) = foa(f(a))‘1 is the integral form of the reaction model [105]. There are

several integral methods available which can be used to accurately estimate Kinetic
parameter. Among them Kissinger—Akahira—Sunose (KAS) model is used by many
researchers as a proven model, since the kinetic parameters of a solid-state reaction
can be obtained without knowing the reaction mechanism and also it is known to have
high accuracy in estimating Kkinetic parameter [82, 102]. The apparent activation

energy (Ea) obtained by plotting natural logarithm of heating rate over temperature

1000
Tai

Bi
Tai2

square at a given value of conversion In(=—) versus , Which is represented by a
linear equation (17) for the KAS model for a given value of conversion, a, where the
gradient is equal to — E—; [114].
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5.5.2 Kinetic analysis

The results obtained from the TGA tests at three heating rates (10, 20, and 30 °C/min)
are inputted to a calculation according to the KAS method in order to calculate the
activation energy (Ea) [84]. This method allows an overall activation energy to be
calculated by averaging the activation energy at each conversion point. There are other
models which use temperature at the maximum DTG peak (maximum rate of mass
loss) for each heating rate to calculate overall activation energy rather than at each
conversion. The maximum DTG peak method assumes that the reaction mechanism is
the same throughout the decomposition reaction. However, a single point reaction at
peak temperature is not the same as what is observed during the reaction earlier or
later than that point. Therefore, alternative kinetic models such as Kissinger—Akahira—
Sunose (KAS) and Flynn—-Wall-Ozawa methods (FWO) have been developed to
determine activation energy at different conversion points to overcome the difference
in the reaction mechanism and use average activation energy for the whole reaction.
The Kissinger—Akahira—Sunose (KAS) iso-conversional model is commonly used by
researchers for kinetic analysis of carbonaceous materials as a proven model due to its
high accuracy in predicting kinetic parameters [104]. As can be seen from off-gas
analysis plots in Figure 5.5, at the temperature of < 200 °C the weight loss is mostly
related to surface moisture, with the devolatilization process related to reducing gases
beginning at > 200 °C and then proceeding rapidly to 900 °C. So, the devolatilization
conversion degree (a) was calculated according to equation (13) for weight loss in the
temperature range of 200-900 °C for all carbonaceous materials tested. Figure 5.6
shows the devolatilization conversion degree (a) for torrefied grass (TG) as a function

of temperature in TGA tests at the heating rates of 10, 20, and 30 °C/min.
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Figure 5.6: Extent of conversion curves for the devolatilization process of torrefied

Bana grass (TBG) as a function of temperature in TGA tests at different heating rates.
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, for a given value

The apparent activation energy from a plot of In( ;) -

of conversion (a) in the range of 0.2 to 0.8 is shown in Figure 5.7 for torrefied Bana

grass (TBG). The average activation energy is calculated from the gradient equal to -
%“ and the correlation coefficients. R? values corresponding to the linear lines of best

fit were in the range of 0.91 to 1.00 [106] showing good agreement.
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Figure 5.7: KAS plot of torrefied Bana grass (TBG) for different values of conversion

to calculate the activation energy at different heating rates.

Table 5.1 contains the calculated variables for all carbonaceous materials tested in this
study. Itis seen that the apparent activation energy was not the same for all conversion
degrees, which confirms the occurrence of different reactions at different temperatures
during the experiment. Charcoal has quite high and stable Ea values throughout, and
the value does not change a lot with the change in conversion degree probably because
of the effects of pre-treatment on this material. Torrefied grass behaved differently,
starting with a low E, value at a low conversion degree and increasing linearly with
an increase of conversion. This may correspond to low Ea values for decomposition
of the remaining hemicellulose and cellulose but higher Ea values for lignin
decomposition. Coal A shows a similar behaviour to charcoal with quite stable high
Ea values, while coal B which contains medium volatile matter content has low stable
Ea values. Coal C has low Ea value at low conversion degree and increases linearly
with an increase in conversion. Coal D starts with low Ea value at low conversion
degree and increases linearly with an increase in conversion degrees up to 0.6
conversion, and then there is a significant increase in the values at conversion degrees

of 0.7 and 0.8. This behaviour may be influenced by error in the method since the
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difference for conversion degrees at different heating rates are not very large, which
is seen in Figure 5.6.

Table 5.1: Activation energy Ea values in kd/mol obtained for different carbon sources

by using KAS, R? corresponding to linear fittings

CcC TBG A B C D
Conversion(X) | Ea | R? | Ea | R? | Ea | R? | Ea | R? | Ea | R? Ea R?
0.2 201|099 | 165|099 | 215 | 1.00 | 183 | 0.96 | 77 | 0.95 | 192 | 0.99
0.3 224 1 1.00 | 179 | 1.00 | 246 | 1.00 | 194 | 0.97 | 120 | 0.93 | 242 | 0.99
0.4 293 | 1.00 | 189 | 1.00 | 247 | 1.00 | 197 | 0.97 | 154 | 0.93 | 278 | 1.00
0.5 313 | 1.00 | 198 | 0.99 | 268 | 1.00 | 193 | 0.96 | 185 | 0.95 | 311 | 1.00
0.6 341 | 1.00 | 271 | 0.98 | 304 | 1.00 | 180 | 0.91 | 219 | 0.94 | 390 | 0.99
0.7 366 | 1.00 | 400 | 0.99 | 294 | 1.00 | 169 | 0.92 | 264 | 0.95 | 650 | 0.98
0.8 294 |1 1.00 | 440 | 1.00 | 323 | 1.00 | 173 | 0.95 | 335 | 0.95 | 1897 | 95.00
Average E, 290 263 271 184 194 566

These kinetic models assume the same reactions occurring at a specific conversion
degree for different materials but as it can be observed from Figure 5.4 multiple
reactions take place at different temperatures. Therefore, it is difficult to make accurate
comparison between different carbon materials. This means the reaction mechanism
can change during the devolatilization process, therefore Ea is dependent on
conversion and the average value of E, can be estimated as a function of conversion.
Kinetic analysis showed charcoal, torrefied grass, and coal A (already injected in
Hlsarna trials) have similar average activation energy values (290, 263 and 271 kJ/mol
respectively). Since decomposition of the carbon materials consists of multiple
chemical reactions, the Ea value may change depending on the reactions taking place
at specific conversion degree. It can be noticed in Figure 5.8 that the value of Ea

increases with an increase in conversion.
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Figure 5.8: Activation energy Ea as a function of the conversion degree for charcoal
(CC), torrefied Bana gas (TBG) and Coal A.

The increase in Ea for torrefied grass is notably larger. This is because at low
conversion levels very large amounts of weakly bonded components evolved e.g., H20
and COz shown in Figure 5.4 (a), therefore less energy is required for them to be
removed. Charcoal starts with lower E, at conversion degrees of 0.2 and 0.3 compared
to coal A, but coal A has lower E, at conversion degree of 0.4 - 0.7. As can be seen in
Figures 5.4 (b) and (c) charcoal produces larger amount of CO, at low temperature
where coal A produces more of the other volatiles e.g., CH4, C2Hs and H. at lower
temperature which confirms the differences in the E values. Based on off-gas analysis
and kinetic values charcoal with current properties is the more likely source of biomass
which can replace thermal coal in Hlsarna technology, however material handling and

pre-treatment may need to be re-considered to optimise its use in the process.
5.6 Comparison of carbonaceous materials for Hlsarna process

The results of this study indicate that different reactions take place during specific

conversion degree for different carbon materials, therefore devolatilization is affected

by the material properties which in turn is linked to volatile mater content. There have

been similarities in devolatilization behaviour (such as devolatilization temperature),
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which is essential for smelting reduction vessel in Hisarna process. Biomass samples
produce significantly larger amount of H.O and CO; at low temperatures, however,
coal samples produce more CHas, C2He and Ho.

Despite the pre-treatment of biomass charcoal samples, this study shows that there is
still significant weight loss (release of H2.O) at low temperatures because H.O is
absorbed from atmosphere due to their porous structure of the charcoal. Torrefied
grass releases a large amount of H.O and CO: at the temperature between 300-400 °C
due to its high oxygen potential. These gases and H.O releasing at lower temperatures
can cause temperature drop in the Hlsarna furnace which needs heat compensation
and due to high Oz level much more carbon material may be needed. To avoid these
problems and utilise torrefied grass efficiently, a pre-treatment at the temperature of
up to 500 °C in inert atmosphere is necessary to reduce the oxygen content and produce
bio-chars with similar chemical properties to thermal coal currently used in Hlsarna.
To complete this process heat sources from other parts of the steel plant can be utilized
to keep the “green” credentials of biomass, the gasses and tars released in the pre-

treatment process can be used to generate heat and power for Hlsarna process.

Because of the porous structure of biomass carbon sources (e.g., charcoal), material
handling needs to be different to avoid H2O absorption from atmosphere which is
evidence in the test results. It may need to consider pre-heating biomass to the
temperature of ~200 °C before injection to remove all H2O and other oxide impurities
from biomass surface to maintain Hlsarna process efficiency. Further studies may be
required to investigate the effect of H.O content in carbonaceous materials on Hisarna

process such as materials handling and heat balance.
5.7 Conclusions

In order to enable the selection of suitable fuel mix in the novel Hlsarna ironmaking
process, four coals with notable differences in volatile matter content along with two
biomass samples sourced from wood and grass origins were investigated in this study.

The following conclusions can be obtained.

e The wt% of reducing gases e.g., H2, CO, and hydrocarbons, and the temperature
required for these gases to evolve was notably different for all the carbonaceous
materials tested in this study, but the respective maximum peaks of evolution of

these gases corresponded well to the maximum rate of mass loss.
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The off-gas analysis reveals torrefied grass contains large amount of water and
carbon dioxide which will be released at very low temperature, therefore pre-
treatment to the temperature of ~500 °C is necessary to produce chars with similar
properties to coal injected in Hlsarna.

The change of reactivation energy Ea as a function of conversion degree is
determined, which is linked to different reactions at different temperatures.
Materials handling needs to be different for biomass (compared to thermal coal)
to avoid H20 absorption.
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Chapter 6

Evaluation of devolatilization behaviour of different carbonaceous
materials under rapid heating for the novel Hlsarna ironmaking

process
6.1 Hypothesis to be investigated

Hypothesis 2 — The devolatilization behaviour and solid char yield for carbonaceous
materials can be measured using DTF-QMS techniques for injection and off-gas
measuring under similar thermal condition (e.g., rapid heating and high temperature)
to Hlsarna SRV.

6.2 Introduction

Once the solid carbonaceous material is injected into the SRV, the particles rapidly go
through a series of physical and chemical changes due to the extreme high
temperatures (up to 1500 °C). Devolatilization is the first step, which results in the
release of volatile matter (condensable and light gases), while the solid structure goes
through dramatic transformation due to phenomena such as softening, swelling and
fragmentation [32, 113, 68]. The volatile matter released, and the CO produced from
carbon-slag reaction will increase a hot gas stream upward to enable partial reduction
of ore and maintain the temperature in the CCF because of post-combustion. The
remaining chars will dissolve into the hot metal and react with iron oxide in the slag
in the SRV. The main gas species evolved during devolatilization step are Hz, CO,
CO2, H20 and light hydrocarbons including CHsand C2He, the balance of which will
change the reducing environment and control the temperature throughout the full
Hlsarna technology [83]. Pre-reduction of iron ore in the cyclone is an essential step
which needs to be studied to optimise Hlsarna’s operation and achieve high efficiency.
Therefore, the reduction Kinetics, melting and pre-reduction behaviour of hematite ore
has been studied in reaction conditions of the smelting cyclone. To achieve these
studies, thermal decomposition of hematite ore, and variation of temperature, particle
size and gas concentration have been considered [26, 27,31, 114-116], while for gas
composition variation effects on the reduction degree, the gas mixture with different
post combustion ratios (PCR) was characterized at the temperature of 1377 °C [118].

It was found that thermal decomposition degree of hematite increases with the increase
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of temperature [116], while reduction degree decreases with the increase of post
combustion ratio (PCR) and particle size [114, 116]. The PCR is defined as equation
(18) [117]:

%C0,+%H,0

PCR =
%CO02+%CO+%H,0+%H,

X 100 (18)

The devolatilization of carbonaceous materials injected into SRV provides gases for
indirect reduction (e.g., reduction of iron ore by CO and H>) and heat balance via post
combustion in both SRV and CCF. Thus, this is integral to understanding the balance
of productivity and heat during the pre-reduction of iron ore in CCF, which is
considered as the first step of the process. In order to select the right mix of
carbonaceous materials such as replacing thermal coal with biomass, it is essential to
evaluate the devolatilization behaviour of different carbonaceous materials under
HIsarna’s thermal conditions (e.g., rapid heating and high temperature). Various
factors may impact the devolatilization of the carbonaceous materials, such as
structure, chemical composition and particle size of the carbonaceous materials,
temperature, pressure, heating rate and reaction atmosphere [104]. A large number of
studies have been performed to investigate gaseous product evolution at relatively low
temperatures around 1000 °C and low heating rates of <1 °C/s using TGA-MS
technique[97-99, 101-103]. However, when carbon particles are injected into SRV
where the temperature is up to 1500 °C, it can experience an extremely high heating
rate of 10%-10° °C/s [32, 69].

Several technigues have been used to study the effect of rapid heating on carbonaceous
materials devolatilization [65-69, 71, 80, 81, 113, 117-121]. Most of these experiments
have been conducted at a relatively low final temperature up to 1000 °C, focusing on
the characterization of char generated under high heating rates. For example, a wire
mesh reactor (WMR) was used to study gas evolution from coal primary pyrolysis at
heating rates of 500-1000 °C/s, and using gas chromatography and an FTIR
spectrophotometer for gas analysis. It was found that the gaseous product yield
increased with increasing pyrolysis temperature up to 1100 °C [81, 121]. The
isothermal plug flow reactor (IPFR) was used to study the effect of rapid heating on
biomass material with three torrefaction degrees, the reactivity of the chars was
determined by calculating weight loss through the ash tracer method and it was found

that the biomass with higher torrefaction has lower reactivity [121]. The filament
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platinum pyrolyzer [120], custom made thermogravimetric analysis (TGA) furnace
[122] and the drop tube furnace method [65-68, 71, 80, 120] have all been used to
produce chars through rapid heating to different final temperatures. The solid char
particles produced via these experimental techniques were used for further analysis to
investigate the effect of different rapid heating conditions on char formation. By
performing TGA, SEM and the ash tracer method on the remaining chars, the kinetic
parameters, morphology, and the char reactivity were determined to help predict char
gasification behaviour in the gasification plants. Through these investigations it was
observed that higher pyrolysis temperatures produce more reactive chars, due to the
formation of pores and roughness on the char surface. Yan et al [115] studeid the
effects of coal properties, particle ultimate temperature and heating rate on coal
devolatilization perfromances using a drop tube furance and a lab-scale plasma
reactor. This study revealed that fast pyrolysis of coal would greatly increase the yield
of light gases compared to a slow pyrolysis process. Zhang et al [71] investigated
higher temperature (1000 —1300 °C) pyrolysis behaviour in a drop tube furnace with
focus on the physiochemical characeristics and reation kinetics of the resultant char,
it was found that higher temperature results in more CO but less CH4. The study also
reveals that temperature incease develops more pore structures and due to upgrade in

the coal rank the activation energy increases for combution of resultant chars.

The devolatilization behaviour of thermal coal and biomass under Hlsarna’s thermal
conditions (fast heating to high temperature up to 1500 °C) is an area which requires
further investigation in order to understand the potential of the HIsarna process
compared to the typical conditions covered in the literature. In order to select the right
mixture of carbonaceous materials (e.g., substitution of coal with certain biomasses),
and to ensure proper reduction (indirect reduction in SRV and pre-reduction in CCF)
and heat balance (via post combustion), it is necessary to obtain accurate information
of volatile matter yields, gaseous products, and their releasing rates under the thermal
conditions similar to the Hlsarna process. In this study, a drop tube furnace coupled
with an online quadrupole mass spectrometer (DTF-QMS) was employed to evaluate
the devolatilization behaviour of thermal coal and biomass materials under thermal
conditions similar to Hlsarna (rapid heating to high temperature up to 1500 °C),

focusing on volatile matter yields, gaseous products and their evolving rates.
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6.3 Experimental
6.3.1 Sample preparation

This chapter investigates three different carbon sources (one thermal coal and two
biomass materials). The thermal coal (TC) is coal A, and a charcoal (CC) are listed in
Table 4.1, while the Bana grass char (BGC) is pyrolysed torrefied Bana grass TBG
under inert environment to temperature of 500 °C. The samples were prepared using
the same procedures described in section 4.7.1. Table 6.1 shows the proximate and

ultimate analysis data of the three samples.

Table 6.1: Proximate and ultimate values of the used thermal coal (TC), charcoal (CC)

and Bana grass char (BGC).

TC cC BGC
Proximate Analysis wt% (db)
Moisture/ % (ad) 8.87 4.56 2.52
Volatile Matter 22.18 12.1 19
Ash 8.8 1.8 9.6
Fixed Carbon (by difference) 69.02 86.1 71.4
Ultimate Analysis wt%o (db)
Carbon 81.91 89.4 78.6
Hydrogen 4.27 3.11 3.28
Nitrogen 2.19 0.57 0.46
Sulphur 0.24 0.06 0.14
Oxygen by (difference) 2.59 5.06 7.92

db — dried basis; ad - air dried
6.3.2 Rapid devolatilization

The rapid devolatilization experiments were performed using a Carbolite-Gero high
temperature vertical tube furnace described in section 4.2 shown in Figure 6.1. The
furnace was coupled with Quadrupole Mass Spectrometer (QMS) to monitor gaseous
products evolving from the samples during devolatilization. To protect the QMS from
soot and condensable tar, disposable inline filter (Parker 1/4in G nylon) with
maximum flow rate and working temperature of 152 L/min and 110 °C respectively

was installed along the connection line. The combination of DTF-QMS allowed the
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carbonaceous material samples to be rapidly heated to pre-set temperatures of 1000,
1250 and 1500 °C at the heating rate of approximately 10°-10° °C/s [71], while the
off-gas was continuously analysed. The carbon particles were injected into the pre-set
temperature region through a particle feeder designed using a tee piece connected two
ball valves and an argon line to create an inert atmosphere and carry the particles
shown in Figure 6.1. The particle feeder was mounted to the top water-cooled flange
and directly connected to an alumina lance (internal diameter 5 mm) which was
inserted through the flange into the reactors hot zone. Before the experiment starts a
sample of approximately 100 mg was placed on the seat of the bottom ball valve while
in the “off” position, and an Ar (with a 99.999% purity) flush through the feeder was
conducted to create an oxygen-free atmosphere before all valves were closed. While
the furnace heated to the desired temperature at a heating rate of 10 °C/min, a carrier
gas (Ar, 99.999% purity) at 1 L/min was purged through the furnace from the bottom

to ensure an inert atmosphere.

When the furnace temperature reached the experimental temperature, the valve
holding the sample was opened at the same time the valve controlling the Ar gas was
switched to the feeder for ~10 seconds to maintain the atmosphere, while the samples
were injected. The Ar gas also carried the sample particles to the crucible placed in
the centre of the isothermal region in the furnace. The whole sample was fed at once
to ensure it reach the desired place and temperature at the same time. The furnace was
kept at the pre-set temperature for a total of 10 minutes while the furnace exhaust was
connected to the QMS. The QMS was set to measure readings of the following gaseous
products: N2, Oz, CO, CO, Ar, H20, Hz, CH4 and CoHe. After the reaction time was
completed, the furnace was cooled down at the rate of 5 °C/minutes to room
temperature in an Ar atmosphere and the char particles were collected in the alumina

crucible for further analysis.
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Figure 6.1: Drop tube furnace (DTF) setup with a mass spectrometry for rapid

devolatilization study. The quadrupole mass spectrometer QMS is connected to the

gas sampling port.
6.3.3 Char yield

The char yield was directly determined during devolatilization of the carbonaceous
materials in the DTF at the temperatures of 1000, 1250 and 1500 °C. The material fed
into the DTF was weighed before and after the heat treatment to calculate the weight
loss. To validate the method and confirm good collection efficiency a series of
experiments were perform in the DTF (as shown in Figure 6.1), at ambient temperature
for each carbonaceous material. Three trials were performed using the same particle
size used during the devolatilization experiments. Figure 6.2 shows the amount of
materials collected in the alumina crucible placed in the centre of the hot-zone during
validation trials. The weight of collected material was very close to the weight of fed
material with an average of 99.1%, 96.13% and 98% of the fed materials collected for
TC, CC and BGC respectively. CC was found to be less efficient with this
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configuration which could be due to the physical properties of CC such as low density
and less spherical particle shapes. Therefore, during the devolatilization experiments
the sample weights were adjusted according to the expected mass balance shown in
Figure 6.2 to ensure the correct calibrated mass of each sample was recorded after
devolatilization tests. Devolatilization experiments were repeated three times at each
temperature to produce concordant results.
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Figure 6.2: The amounts of carbon material particles collected in the crucible placed
in the centre of DTF, after fed into the reactor at ambient temperature passing through

the injection lance.
6.3.4 R-factor determination

The R-factor is an important parameter which is normally used to evaluate the
feasibility of coal use for injection in the blast furnace process [68]. The R-factor
stands for the volatile release ratio, which compares the weight loss that occurs under
rapid heating conditions of carbon materials to the standardised volatile matter (VM)
content. A high R-factor value means high carbon conversion to volatiles and less
solid char residuals. The equation (19) below shows how the R-factor is calculated

assuming the ash of the carbon material is inert:

\%
Prox VM content (dry ash free)

R — factor = (19
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where V represents the total volatile yield, measured by difference in weight of the
starting and collected material.

6.3.5 Raman Spectroscopy

The Raman spectra of the TC, CC and BGC chars produced during injection at 1500
°C were obtained with an excitation laser at 514.4 nm and grating of 1800 I/mm using
Renishaw InVia Reflex Raman Spectrometer. Particles of each char samples were
placed on a slide and were focused using a 20X objective lens. The Raman Spectra in
the region 100 — 3500 cm™ were collected, however the spectra range between 800 -
1900 cm™* produces the most pertinent information on the degree of structural disorder
of carbonaceous materials [54]. To determine the precise detailed differences of
spectral features between TC, CC, and BGC chars, relevant spectra bands were fitted
to pseudo-Voigt function using OriginPro 2019b to calculate area, bandwidth and

relative intensities.
6.4 Results and discussion
6.4.1 Chemical structural characteristics of carbonaceous materials

Raman spectroscopy is one of the most common techniques used to study
characteristics of carbonaceous materials [46, 122-124]. In order to study the degree
of graphitic structure and evaluate its effect on the devolatilization behaviour of
different carbon sources under Hlsarna thermal conditions, the Raman spectra
obtained in the range of 800 - 2000 cm™ for TC, CC and BGC chars were analysed

and presented in Figure 6.3.
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Figure 6.3: Raman spectra and peak fitting of (a) thermal coal char, (b) charcoal char
and (c) Bana grass char produced during 1500 °C injection.

For this Raman spectra range carbonaceous materials can produce up to five
characteristic spectra bands, which can be resolved into five peaks (D1, D2, D3, D4
and G) [127]. However, the spectra in Figure 6.3 show that only two significant peaks
appeared at a shift of ~1350 cm™ and ~1600 cm?, corresponding to the D and G bands.
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It is well known that the spectra band positioned at 1360 cm™ reveals weakness and
disorder in the carbon structure while the spectra band at 1600 cm™ represents the
vibration of the ideal graphite lattice [54]. The ratio of the intensity of G/D1 is known
to determine the order degree of carbon structure with greater ratio indicating more
ordered graphite structure in the carbonaceous material. To obtain more accurate

results, the area ratios (:—G) for TC char, CC char and BGC char were calculated, and
D1

the ratios are approximately 0.780, 0.398 and 0.628 respectively. The area ratio for
CC char was lowest followed by BGC char and then TC char, which confirms that
charcoal has less ordered graphite structure and it is more amorphous carbon implying
its being more reactive [128]. Therefore, it can be speculated that more disordered

structure for carbonaceous materials will enhance its devolatilization rate.
6.4.2 Effect of temperature on devolatilization behaviour

In order to compare the effect of temperature on devolatilization behaviour, the DTF
experiments for TC, CC and BGC were conducted at three different temperatures of
1000, 1250 and 1500 °C. Typical variations in the measured rate of volatile matter
release with the change in temperature are given in Figure 6.4. An instant
devolatilization reaction was observed from the gas formation curves at all three
temperatures, however there was a few seconds delay in the detection of the gases by
the online QMS due to the travelling distance in the DTF tube. This conversely led to
the continued detection of devolatilization gases for a period of time after the process

was completed as these gases passed through the remainder of the furnace.

The QMS was set to analyse CO, CO, H20, Hz, CH4 and C2Hs gases, which are the
main gas species produced during thermal treatment of carbon materials (determined
through a calibration run where m/z (the mass-to-charge ratio) 0-50 was scanned
throughout a devolatilization test to detect all species emitted). The formation of CO>
and CO in the carbon materials is linked to decomposition of oxygen containing
functional groups, but H> and hydrocarbons are formed from decomposition of
heterocyclic and methyl groups. H2O release is linked to the decomposition of

different oxygen containing groups mainly OH groups [97, 99, 101].
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Figure 6.4: Rate of formation of gas species (CO, CO2, Hz, H20, CH4, and CzHs) for
thermal coal (a, b and c), charcoal (d, e and f), and Bana grass char (g, h and i) at
temperatures of 1000, 1250 and 1500 °C respectively in a high purity argon

atmosphere.

Some common phenomena can be observed for all the samples as can be seen in Figure
6.4. The gas variation behaviour for all the samples were similar at three temperatures
measured, and the evolution rate of H. is shown to be the highest out of all gas species.
At 1000 °C, compared with CC and BGC, the rate of evolution of H, and hydrocarbon
for TC was higher and the devolatilization time was slightly longer. A lower evolution
rate and shorter devolatilization time for biomass samples could be related to the fact
that CC and BGC have already been pre-treated to several hundred degrees during
production and as such lower molecular weight/lower boiling point volatiles may have
already undergone some devolatilization. However, higher O content in CC and BGC
caused the material to produce much more CO, CO- and H>O in comparison to thermal
coal. As shown in Figure 6.4, the rate of gas formation for CO2, H,O, CH4 and C2Hs

reached maximum values for all three samples at the temperature of 1000 °C. By
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increasing temperature, the carbon conversion for all three materials increased
significantly. It is also observed that the formation rate of both CO and H: increased,
while CO2, H20, CHsand CzHs contents decreased sharply.

Figure 6.5 shows the yield variations for all major gaseous species produced under
rapid devolatilization conditions for CC. As shown in Figure 6.5(b), the yield of CO>
decreased with increasing temperature from 1000 to 1500 °C. At 1250 °C the yield of
CO- decreases rapidly to the lowest value by the time of ~100 seconds. The yield of
CO:- reduced further with increasing the temperature to 1500 °C but a small amount
of CO. was still detected, which may have evolved and escaped before any secondary
reactions had taken place. Similar behaviour was observed for H.O (Figure 6.5(d)), its
yield decreased with increasing temperature from 1000 to 1500 °C and a small amount
of H20 was still detected at 1500 °C. The evolution of CH4 (Figure 6.5(e)) followed
the similar trend, its yield decreased with increasing temperatures, however, CHs was

almost completely converted at 1500 °C by 50 seconds.
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Figure 6.5: An off-gas analysis of (a) CO; (b) CO2; (c) Hz; (d) H20; (e) CHa; and (f)
C2Hs produced during rapid devolatilization experiments for CC under argon

atmosphere at three ultimate temperatures of 1000, 1250 and 1500 °C.

As shown in Figure 6.5 both Hz and CO vyield increase quite significantly with an
increase in the temperature, and they are the main components of released volatiles at
a temperature of 1500 °C. Although some of the CO and H: are generated at high
temperature from decomposition of oxygen and hydrogen containing compounds, it is
believed that carbon oxidation reactions through CO2 and H.O and other secondary
reactions are taking place which results in an increase in these gas components [71].
In addition, the temperature increase results in the secondary tar cracking reactions

which can partially convert tar into light hydrocarbons and contributes to an increase
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in the yield of CO [115]. The light hydrocarbons evolved at higher temperatures will
react with CO2 and H20 to form Hz and CO [101, 110, 111]. The carbon oxidation and

the secondary reactions are shown in equations (20) to (23):

Cs) + CO2 () — 2CO (g (20)
C )+ H20 (g~ CO ) +Hz (21)
CO2 (g) +CHa4 () = 2CO () + 2H2 () (22)
H20 (g) +CHa ) = CO () + 3Hz(g) (23)

Furthermore, the thermal cracking of hydrocarbons is possible at temperature > 600
°C, cracking reactions can take place rapidly with an increase in temperature and

decompose to H and soot (solid carbon dust with few impurities) [129].
6.4.3 Mass balance of the devolatilization products

A mass balance of coal and biomass samples were conducted by determining the
percentage of remaining char after heat treatment and quantifying the mass of light
gases including H.O from devolatilization. Figure 6.6 shows that there is a deficit
beyond the measured char yield and light gases, which indicates that a certain amount
of the material is lost in the form of condensable tar and soot during the process. As it
can be seen in Figure 6.6, the variation in the yield of these gas species is greatly
affected by changes in the experimental temperature and the carbonaceous materials
as well. All parts of the DTF were visually inspected after each devolatilization
experiment with no significant amount of heavy volatiles (condensable tars) found on
the surfaces of the equipment after CC and BGC devolatilization, which could be
attributed to the pre-treatment of the starting materials. In contrast, by using visual
observation through the viewport on the top water-cooled flange it was noticed, that
straight after the injection of CC during the experiments, a large amount of soot and
fine particle flew out of the crucible with the carrier gas and some particles were found
to be trapped in the gas line filter. This behaviour for CC samples could indicate that
char fragmentation had occurred during devolatilization at high temperature and the
low density for CC caused the deficit in char collection after the rapid heating. It has
been reported by other researchers that high heating rate may result in a softening,
melting, shrinking and fragmentation in some carbonaceous materials depending on
their thermoplasticity [64, 80, 117]. Therefore, it has been speculated that CC has a
low thermoplasticity, which resulted in comparatively more fragmentation behaviour

in its particles. Previous studies have shown that the presence of low amounts of oily
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tar gives further evidence of low thermoplasticity for CC as these two properties are
strongly linked [130]. As shown in Figure 6.6, the deficit in the CC increased with
increasing the temperature, which confirms that at higher temperature treatments
particles are experiencing more extreme heating rate and results in more dust and fine
particles formed due to an acceleration in fragmentation. the deficit for BGC was
lowest for all the tested materials, this behaviour could be due to higher ash content
and at these temperatures the ash components will melt and minimise char
fragmentation at the same time vast majority of the condensable tar was removed

during pyrolysis process.

The behaviour of the TC was observed in contrast where large amounts of tar was
detected in the filter and on the surfaces of the equipment used. The increase in the
heating rate and temperature was found to increase the tar formation, from the result
of decrease in the tar condensation at high temperature. Tar condensation reactions are
believed to be the dominant phenomena during slow heating/char making (specifically
coal coking process), the recombination between solid particles and tar under slow
heating leads to form more char and less tar, however during rapid heating the
residence time is minimal, causing minimal condensation occurrence and an increase
in tar yield [129, 84]. Although the temperature increases from 1000 to 1250 °C
resulted in an increase in the deficit for thermal coal, at the temperature 1500 °C there
was a decrease in the deficit. This behaviour indicates that tar cracking started to occur,
which also resulted in an increase in light gases detected by QMS. Furthermore, it can
be noted from reagent ultimate analysis results that thermal coal contains considerable
amount of nitrogen, but this has not been detected during devolatilization experiments.
Previous literature has shown the fate of N2 during devolatilization to be largely the
conversion to HCN and NHz [121, 130]. According to Di Nola et al. [119] the
formation of N partitioning is strongly temperature dependant, at the low temperature
(<600 °C) a large portion of N> is retained in the char and NHzs is the main nitrogen
gas product. However, at higher temperatures less N3 is retained, which leads to the
formation of large amounts of tar—N, with HCN being the main nitrogen containing
gas component at temperature >1300 °C. The tar-N and HCN are not detected by the
QMS, therefore it can be speculated that part of the deficit made in Figure 6.6 is

contributed by these components.
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Figure 6.6: Mass balance of TC, CC and BGC during rapid devolatilization
experiments at 1000, 1250, and 1500 °C in argon atmosphere.

The weight percentage of gas species formed during rapid devolatilization is presented
in Table 6.2. The results show that gas variations are shifting toward H, and CO with
an increase in the temperature formed from the thermally enabled secondary reactions.
Despite high fixed carbon and low volatile matter content in CC the weight of the
residual char collected was lowest at all temperatures. As mentioned above this could
be due to higher particle loss and secondary reactions in CC under rapid heating. As
shown in Table 6.2, both CO. and H20O gas volumes decreased much more
significantly for CC and BGC with increasing temperature than for TC, which
indicates a greater extent of carbon oxidation reaction was completed for biomass
materials than TC. This indicate that both CC and BGC are more reactive than TC to

H>0 and COz due to their amorphous carbon structure.

79



Table 6.2: Normalised gas species (wt.%) detected during devolatilization at 1000,

1250 and 1500 °C.

CO CO2 H2 H20 CH4 C2Hs
1000 °C
TC 6.21 15.87 14.36 25.78 29.53 8.26
CC 23.60 31.50 11.21 25.34 7.27 1.09
BGC 44.44 14.25 10.47 24.10 5.51 1.22
1250 °C
TC 35.30 9.23 22.15 20.33 10.79 2.21
CC 61.72 11.14 12.63 10.60 3.28 0.63
BGC 72.21 5.14 12.12 7.98 1.59 0.96
1500 °C
TC 60.78 2.21 20.88 13.96 0.81 1.36
CC 79.11 1.94 13.55 4.29 0.33 0.79
BGC 87.36 1.65 8.67 1.22 0.17 0.93

The importance of devolatilization products for pre-reduction in the CCF of Hlsarna
has been discussed previously, however the iron ore reduction is completed in the SRV
by char residuals formed from injected solid carbon through direct/indirect reduction
reactions shown in equations (1) to (3). Thus, it is important to know the mount of
solid char that will be delivered into the SRV bath after injection of different carbon

sources.

By evaluating the R-factor, the ratio of total carbon conversion during rapid
devolatilization of carbon materials can be measured to the standard volatile matter
(VM) content of the starting materials [66, 120]. The R-factor parameter can give an
indication of how efficiently the carbon material can yield solid char residuals under
the Hlsarna atmosphere. The values of R-factor obtained for the carbonaceous
materials used in this investigation are shown in Figure 6.7 with error bars representing

uncertainty in average either side of the mean.
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Figure 6.7: R-factor of TC, CC and BGC at reaction temperatures of 1000, 1250, and
1500 °C. Error bars represent uncertainty in average either side of the mean.

As described by equation 19, a higher R-factor indicates higher conversion of the
carbon material during devolatilization. Figure 6.7 suggests that the value of R-factor
increased with an increase in the experimental temperature, therefore the conversion
of carbon also increases. The R-factor of TC and BGC are much smaller than the one
of CC at all temperatures which means that TC and BGC either fails to completely
liberate the volatiles or due to higher density of these materials the char yield is
significantly higher. Despite the low volatile matter content for CC, the R-factor is
significantly higher than the one for TC and BGC chars at all temperatures with a
maximum value of 2.35 at the peak temperature of 1500 °C, accompanied with the
biggest error bar between the test samples. This confirms that large amounts of fixed
carbon will be converted into CO during CC injection into Hisarna, which may result
in CC chars being less efficiently delivered to the SRV in comparison to TC and BGC
chars. In addition, the extra CO formed during injection of CC may lead to a change
in the behaviour of the reactors. Thus, it may be advised to enhance the productivity
of the CCF to utilise this higher proportion of produced reductive gas to maintain
overall efficiency of the process. From these results it should be emphasised that
despite the lower VM content in CC, its R-factor is still significantly higher than that
for TC and BGC. Therefore, the devolatilization extent is not determined by VM
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content only, but it is also controlled by physical and chemical properties of the carbon

source.

6.4.4 Comparison of rapid devolatilization behaviours for different carbonaceous

materials

Several reactions take place simultaneously during rapid heating of the carbonaceous
materials, including break-up of chemical bonds, vaporization, and condensation [96].
Previous studies have indicated that the post combustion ratio (PCR) value of reducing
gas has an important influence on the pre-reduction degree in the Hlsarna’s cyclone,
which is greatly influenced by carbonaceous materials devolatilization [30, 115]. The
total yield of gas products evolved from the carbon sources (per 1 gram of sample)
during rapid heating to the temperatures of 1500 °C is plotted in Figure 6.8. The
volume was calculated from the concentration of the evolved gases detected by mass
spectrometry. By knowing the carrier gas flow rate and the flow rate at which the MS
was sampling, it was possible to obtain the concentration of each gas in the detected

mixture.
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Figure 6.8: Comparison of gas species yield for (a) CO; (b) CO2; (c) Hz; (d) H20; (e)
CHys; and (f) C2Hs produced during rapid devolatilization experiments for TC, CC, and
BGC under argon atmosphere at 1500 °C.

The evolving of CO,, H,O and hydrocarbons are detected earlier than Hz and CO for
both materials. However, CC reaches its peak for both H2and CO a few seconds earlier
than both TC and BGC which may be due to CC having higher reactivity with the

surrounding gas atmosphere at temperature of 1500 °C.

There are a number of important differences between the materials which will affect
the contribution of devolatilization product and the subsequent PCR, and ultimately

will affect the pre-reduction within Hlsarna. According to equation (18) PCR
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decreases with an increase of either CO or Hz or both, and the findings by Chen et al
[117] show that decrease in the PCR value results in an increase in the pre-reduction
degree in the CCF. As shown in Table 6.3, CC and BGC produced significantly larger
volumes of CO than TC, while the difference in H> values was minimal for CC and
TC but lower H, for BGC was observed.

Table 6.3: Volume (ml) of gas species detected per gram of sample during 1500 °C

devolatilization.

Materials CO CO2 H. H20 CH4 C2He
TC 63.58 1.46 303.67 21.47 1.47 141
CC 126.61 1.96 301.43 10.10 0.92 1.25
BGC 138.34 1.65 190.91 7.27 0.46 1.46

The values in Table 6.3 indicate that by substituting TC with biomass materials, much
lower PCR will be achieved for CC and leads to higher pre-reduction, but similar PCR
will be achieved for BGC. This is however at the expense of solid carbon chars
required for SRV productivity/complete reduction in the case of CC. Since about 80%
of the reduction takes place in the SRV via gas-slag-metal systems interacting, it is
necessary to limit the conversion of carbon materials before they penetrate in the metal
bath. Both CC and BGC contains larger amounts of O2 which is likely to have
controlled the variation of gas species and char yield. As mentioned above charcoal
conversion is significantly higher than expected due to loss of particles and higher
carbon oxidation, therefore an increase in the particle size and change in other
parameters such as injection rate could help improve the overall efficiency of the low

dense CC compared to the use under standard TC process parameters.
6.5 Conclusion

The characteristics and impact of the devolatilization of different carbon sources under
high temperature conditions was investigated using DTF-QMS. The effect of change
in reaction temperature and the nature of gas species produced during devolatilization

process were determined. The following conclusions can be drawn from this study:

e There is a significant difference in carbon crystalline structure between TC,
CC and BGC chars. The ratio of the intensity of G/D1 in Raman Spectra for

the tested materials is as follows: CC char > BGC char > TC char, this indicates
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that CC has more disordered graphite structure and it is more amorphous
carbon, which can lead to higher conversion for CC.

The devolatilization experiments demonstrated the strong impact of
temperature on the rate of gas formation, which increases with increasing the
temperature. In addition, an increase in the temperature results in an increased
conversion for all carbonaceous materials tested in this study.

The total yield of gaseous species increased with an increase in the
devolatilization temperature, and the variation of these gases was greatly
affected by an increase in the temperature. The yield of hydrocarbons, CO2 and
H>O decreases significantly with an increase of temperature, however the yield
of both H> and CO increase as a consequence. This behaviour indicates that
temperature increase can enhance both carbon oxidation and secondary
reactions which are taking place during devolatilization.

Similar amount of H> was produced by charcoal and thermal coal at the
temperature of 1500 °C, yet the amount of CO produced by charcoal was twice
that of thermal coal. The weight contributed by CO to total gas yield for
charcoal at 1000 °C was 23.60%, increased to 61.72% at 1250 °C and
subsequently to 79.11% at 1500 °C, this suggests that large amount of carbon
is oxidised by the O functional groups/trapped oxygen within the material
itself.

Despite high fixed carbon and low VM content, charcoal has a high value of
R-factor with a maximum value of 2.35 at the temperature of 1500 °C. Due to
the fact that conversion degree was much higher than expected with weight
loss of 29% at 1500 °C. In contrast the maximum R-factor values for thermal
coal and Bana grass char are 0.94 and 1.03 at 1500 °C.

Despite low conversion degree for thermal coal, higher deficits of cumulative
material compared to starting mass is observed under all temperatures. It was
evidenced that large amounts of heavy volatiles (condensable tar) are formed
by thermal coal, and therefore it can be speculated that at the high temperature
most of the N2> components are removed from the char in the form of tar—N and
HCN.
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Chapter 7

Gasification and structural behaviour of different carbon sources and
resultant chars from rapid devolatilization for Hlsarna alternative

ironmaking process

7.1 Hypothesis to be investigated

Hypothesis 3 — The gasification rate of carbonaceous materials is controlled by
physical structure and chemical composition of the materials.

Hypothesis 4 — The thermal coal particles are expected to go through higher degree
of structural transformation under rapid devolatilization compared to biomass

materials.
7.2 Introduction

The carbonaceous materials injected into Hlsarna SRV are subjected to a series of
rapid physical and chemical changes including rapid heating (from ambient
temperature to 1500 °C) and devolatilization. Depending on the ultimate temperature
and the heating rate the devolatilization process can finish within several milliseconds
under rapid heating or several hours under slow heating [115]. Devolatilization is the
first step of all the thermochemical processes, and it comprises the release of volatile
matter and change in the solid structure due to occurrence of different phenomena such
as softening, swelling, fragmentation [58, 121]. Due to the extreme high temperature
(up to 1500 °C) in SRV, a large amount of volatiles are released instantly after
injection of carbonaceous materials which results in dramatic transformation in the
solid particle structure. Previous studies confirm about 80% of the reduction reactions
takes place in the SRV, through direct/indirect reactions between FeO in slag with
solid char, dissolved carbon in the liquid metal and reducing gases respectively [32].
The overall reaction between FeO containing slag and solid carbon or carbon in molten

iron at high temperatures can be described by equation (1).

Previous studies have shown that parameters including particle size, surface
roughness, shape, porosity and chemical composition of the char as well as the reaction
atmosphere affect the reduction of FeO in the slag and dissolution of carbon in the
metal bath [24, 46, 48, 132-134]. It was found that the ultimate structure will have a

significant effect on the wetting and the contact angle between materials, which
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subsequently affects the reactivity of the char and will influence the reduction rate of
FeO in the slag through direct/indirect reactions. It is well known that thermal
treatment significantly affects the final char morphology of the carbon material,
therefore an extreme high temperature in SRV will have a significant impact on the
char structure e.g. shape, size, roughness and porosity [68, 69, 80, 117]. Therefore, to
select the right mix of carbonaceous materials such as replacing thermal coal with
biomass, it is essential to understand the changes in the char morphology and reactivity
and the formation of char structure for each carbonaceous material caused by the rapid
devolatilization under thermal conditions similar to the Hlsarna SRV, that is, High-
temperature and rapid heating.

Effects of experimental conditions such as temperature, heating rate, pressure,
residence time and reaction atmosphere on physical and chemical properties of chars
produced from coal and biomass materials have been extensively investigated [68, 71,
80]. These studies are carried out through evaluating the char morphology and size
changes caused by the variation of these conditions, as well as the kinetics and char
reactivity analysis under different oxidation conditions. Through examining the size
and morphology of two biomass materials and chars produced under rapid heating to
1400 °C by Biagini et al. [120], it was revealed that the rapid heating caused significant
structural variations in the chars produced in respect to the parent materials. The study
also found that the char particle size reduced quite significantly by rapid heating for
woody biomass, however the change in size was negligible for olive char. In another
study by Biagini et al., it was found that the particle size for all the fuels decreases
with severe heating and also the density of coal decreases, but the density of biomass
fuels increases [137]. During the investigation of porous structure parameters for
different grades of coal to compare with biomass char produced at high temperature
by Smolinski and Howaniec [138], it was found that the micro pore surface, area and
volume of carbonaceous materials depend on the chemical properties, therefore an
increase in the fixed carbon content will result in decrease in the porous structure of
the material. Biagini et al. [70] also studied the reactivity of char residues remaining
from the rapid heating of two biomass materials to different final temperatures and
concluded that the chars produced under higher temperatures are more reactive to air
oxidation atmosphere than chars produced in milder conditions. The kinetic study

carried out by Tanner and Bhattacharya [73] using different oxidation atmospheres
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showed that the gasification atmosphere can affect the kinetic parameters but the
particle size selected did not have big influence on the reaction kinetics. Karlstrom et
al. [139] studied the apparent reaction order for different coals and a biomass, and
concluded that depending on the operating conditions, the reaction order can vary for
carbonaceous materials and the study showed higher reactivity for biomass char
compared to coal. Moreover, other factors such as biomass torrefaction degree [121],
particle size [123], and residence time [140], are shown to have an impact on the

reactivity of the chars produced by high-temperature rapid devolatilization.

Although extensive research has been conducted on char characterization for different
carbonaceous materials, the research reported was mostly carried out under low or
medium temperature up to 1000 °C and focused on the properties of the chars and not
much detailed explanation was given on how these properties may affect the utilization
of char in ironmaking processes. To understand characteristics of the chars received
in the SRV bath, the study of these materials needs to be undertaken under more
extreme conditions similar to SRV e.g., higher heating rate and temperature, and
investigate the implication of the char properties on the SRV behaviour. Therefore,
the objective of this study is to investigate coal and biomass char particles produced
under similar thermal conditions to the HIsarna’s SRV. To simulate the sudden high
heating rate and high temperature conditions that the carbonaceous materials
experience, a drop tube furnace reactor (DTF) is used to produce char particles. The
resultant chars are subsequently used for morphology, image analysis and reactivity
test using SEM imaging, ImageJ software and thermogravimetric analyser (TGA)
respectively. Also, the high temperature confocal scanning laser microscope (HT-
CSLM) is used to monitor the real-time changes of carbonaceous particles during rapid
heating. The HT-CSLM allows for continuous imaging of 2D plane within the small
sample surface, to observe changes in size and shape of the particles under controlled

high heating and cooling conditions applied.
7.3 Experimental
7.3.1 Sample preparation

This chapter investigates the same carbonaceous materials listed in the Table 6.1,

prepared using the same procedures described in section 4.7.1.
7.3.2 High temperature char preparation
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The high temperature chars are produced through rapid devolatilization of the
carbonaceous materials in the drop tube furnace (DTF) which is schematically shown
in Figure 7.1. Similar procedures to section 6.3.2 applied to produce the char particles
at temperature of 1500 °C for this study. However, for this study the char particles
collected at the bottom of the furnace to ensure the reaction time the char particles
experience is similar to the instant reaction the carbonaceous materials experience

when injected into the Hlsarna SRV bath.
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Figure 7.1: Drop tube furnace (DTF) for rapid devolatilization study to produce solid

char particles.

The ash tracer method was applied to determine the char yield during the rapid heat

treatment for each carbonaceous material, assuming the minimum mass remaining

after combustion is the ash content of the samples. The ash tracer method assumes that

ash is an inert material and maintained during combustion process [68]. One gram of

dried materials for each raw carbon source and their devolatilized chars are added to
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pre-weighted alumina boat and placed in the muffle furnaces under air atmosphere.
The samples are heated at the heating rate of 10 °C/min, and then held at 800 °C for
an hour to ensure that the combustion process is completed. The sample remaining
and pre-weighted alumina boat are weighed again, then the initial alumina boat weight
subtracted to obtain the weight of the ash, and using equation (24) below the char yield
was calculated [67]: According to Liaw & Wu [67] the ash tracer method can
overestimates char yield by 9—16% compared to direct measurement of char yield due
to release of Na, K, Mg, Ca, Al, Fe, Ti, and P. However, the chars produced in this
study already surpassed the temperature at which these elements expected to be
release, therefore the elements retained as the ash for both raw material and chars is

expected to be the same.

Char yield % = £~ x100 (24)

Where Ai is the ash content in the raw carbonaceous material (on a dry basis) and Ac
is the ash content in the char produced under Hlsarna thermal condition (on a dry

basis).
7.3.3 Analytical method for char characterization

Char particles produced during DTF injection in 7.3.2 and parent materials are
analysed and compared. The reactivity test for the char particles was carried out using
thermogravimetric analysis (TGA). A 20 mg = 0.01 sample was placed in an alumina
crucible (height 4 mm x diameter 6.8 mm). The alumina crucible with test sample was
placed on a platinum stage, which has a thermocouple located directly underneath to
provide real temperature for the sample tested. All the samples were heated from the
ambient temperature to 1500 °C at the heating rate of 30 °C/min in a high purity
(99.9999%) argon atmosphere with the flow rate of 50 ml/min. Once the desired
temperature reached the sample was kept at that temperature for 10 minutes under Ar
and then the gas atmosphere switched to (99.999%) CO. for 30 minutes with the
flowrate of 50 ml/min to minimize the resistance around the particles resulting from
the stagnant gaseous film. The mass loss of the sample was continuously recorded to
analyse the effect of rapid heat treatment on each carbonaceous material in comparison
to their parent materials. The test samples are subject to buoyancy effects, therefore,
to eliminate the errors caused by these effects, the correction measurements were

carried out by filling alumina crucibles with 20mg of inert Al.O3z powder and perform
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similar test procedures to actual test samples, then the results of the inert tests were
subtracted from the test results. To ensure the reliability and reproducibility of the
method, the test for the same sample has been repeated three times to produce
concordant results. The gasification test results are used to calculate parameter such
as char conversion and reactivity index for each material. Carbon conversion due to
gasification is defined by equation (13). While the gasification reactivity is evaluated
by the reactivity index (Ros) which has units of %/min and expressed by equation (25)
[141].

Ros =— (25)

where tos is the time when char conversion is 50%.
7.3.4 Char structure analysis

Scanning electron microscopy (Sigma Zeiss SEM) images were obtained for each
carbonaceous material sample before and after rapid heat treatment to investigate
changes in shape and structure. Some random particles of each material were mounted
to the carbon stub and placed in the SEM chamber. Magnification degree between 200
X to 400 X with the imaging conditions of 10 kV voltage applied for detailed study of

SEM images for single particles e.g., surface roughness and porosity.

N2 (77K) adsorption was applied to determine the carbonaceous material specific
surface area, pore volume, and average pore diameter based on the multipoint
Brunauer-Emmett-Teller (BET) method [138]. Approximately 1g of both raw and char
samples for each carbonaceous material was degassed by heating at 200 °C under
vacuum for 12 hours. Then using BET equipment (Micromeritics ASAP2020) the N>
adsorption isotherms were obtained at liquid nitrogen temperature (77 K) and relative

pressures between 0.011 and 0.996 for the degassed sample.

7.3.5 Direct observation under high temperature confocal scanning laser
microscope (HT- CSLM)

The real-time changes in the char particles shape from different carbon sources under
high temperature was observed using HT-CSLM microscope shown in Figure 4.3. A
small quantity of dispersed particles from each material was added into the Pt crucible
(height 4 mm x diameter 6.5 mm). The Pt crucible with the test sample was placed on

alumina (Al,Oz3) spacer on the platinum stage within the reaction chamber, the alumina
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spacer is used to prevent fusing between Pt crucible and the platinum stage at high

temperatures.

Before starting experiments, the chamber was evacuated using rotary vacuum pump
for a few seconds and being refilled with a high purity (99.9999%) argon gas. This
procedure was repeated three times to ensure an inert gas atmosphere achieved. The
experiments were then performed under continuous argon flow of 300 ml/min to
remove volatiles released by the sample and maintain an inert atmosphere within the
reaction chamber. The furnace was first heated from the atmospheric temperature to
200 °C, at the heating rate of 60 °C/min and held at that temperature for 60 seconds to
dry the samples, to condition the bulb and evaporate isopropanol which was used for
cleaning. Then the sample was heated to 1000 °C at the heating rate of 100 °C/min, to
ensure the sample is devolatilized and clear images are captured to measure all the
changes in the particle structure. Using an X5 objective lens the optical system
positioned directly above the heating chamber was set to simultaneously record 2D
plane images at a rate of 15 frames per second, which can be viewed as either a video
or still images. Using ImageJ software, the change in the particle size was measured
in terms of their 2D area at different temperatures. These measured areas were then
used to calculate the swelling ratio of the particle at temperature (SRt) which is defined
by Equation (26) where Ao is the area of the particle at the beginning of the test and At

is the area of the particle at temperature t.

SR, =2+ (26)

0

To ensure representative results are produced, five particles in each sample were
focused on and the changes in particle shape and size at different temperatures were

measured to calculate mean particle change.
7.4 Results and discussion
7.4.1 Devolatilization results

To investigate the effect of rapid heating and high temperature devolatilization on
carbonaceous materials and determine the difference in the behaviours of these three
materials, DTF was used to produce chars. The produced char particles were
considered to have similar physical and chemical properties to those encountered in

the Hlsarna process. During the rapid heating of carbonaceous materials several
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reactions take place simultaneously, including break-up of chemical bonds,
vaporization, and condensation. The moisture and volatile matter content decreased
significantly because of the effect of high temperature, while the fixed carbon
increased resulting from the vaporisation of the moisture and the release of the volatile
matter. Using the ash tracer method, the char yield for TC, CC and BGC was
calculated as 78.0 %, 69.9% and 80.2% respectively. This indicates that CC has gone
through the highest conversion degree (30.1%), followed by TC (22.0%) and BGC
(19.8%) which has lowest conversion degree during injection. According to the
proximate analysis results CC has the lowest volatile matter content with the highest
fixed carbon, yet the conversion degree was the highest, which indicates that oxidation
of the carbon was most significant for CC during injection. These results agreed with
char yield calculation determined by weighing the carbonaceous material before and
after the rapid heat treatment (described in section 6.3.3) at temperature of 1500 °C.

On the other hand, the conversion of both TC and BGC was much lower than CC and
the conversion due to rapid devolatilization agrees with the volatile matter content in
their raw materials. This behaviour for CC confirms that injection of CC can lead to
lower char yield in HlIsarna’s SRV bath compared to TC and BGC, but higher
combustible gas yield which could affect the Hlsarna reactors behaviour. For example,
it may be necessary to increase the Hlsarna’s CCF efficiency (i.e., the efficiency of
iron ore pre-reduction in CCF by CO off-gas evolved from the SRV) to utilise the
extra reductive gas proportion produced during CC injection to maintain the overall
efficiency for combination of CCF and SRV. Furthermore, the results reveal that
despite the lower VM content in CC, its conversion is significantly higher, therefore
the char yield is not determined by VM content only, but also the physical and
chemical properties of carbonaceous materials directly influence the solid char yield

during rapid devolatilization.
7.4.2 Gasification analysis using Thermogravimetric analyser (TGA)

To compare the gasification behaviour of the carbonaceous materials selected and
study the effect of rapid devolatilization, the reactivity with CO> is analysed using
TGA for the char particles produced during DTF injection and their parent materials.
The relative reactivity of the three carbonaceous materials and their chars prepared
under rapid devolatilization are compared using their weight-loss profile in TGA, as

shown in Figure 7.2.
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Figure 7.2: The isothermal weight loss profile under carbon dioxide at 1500 °C for (a)
raw carbonaceous materials and (b) chars produced during rapid devolatilization in the
DTF.

Clearly, the raw CC has the fastest gasification reaction with CO,, followed by the
BGC raw and TC raw (Figure 7.2a). The CC char produced from rapid devolatilization
has the fastest gasification reaction with CO., but the BGC and TC chars produced
from rapid devolatilization showed very similar behaviour as can be seen in Figure
7.2b. Based on this weight loss profile, the reactivity index values with the error bars
representing average uncertainty in either side of the mean are calculated and shown
in Figure 7.3. As shown in Figure 7.3, rapid devolatilization causes the carbonaceous
materials to be less reactive with CO3, and this effect has been more significant for
BGC. Previous studies have reported that rapid devolatilization could promote the char
gasification characteristics due to the accelerated release of the volatile matter, which
can increase the internal pressure of pores and destroy their structures to increase the
specific surface area [139, 140]. However, the rapid devolatilization at high
temperatures (e.g.,1500 °C) reduces the chemical functional groups and increase the
ash content, while the carbonaceous materials ranking is upgraded (e.g., fixed caron
and energy content increased). This results in more compact stable structures
hindering the char gasification [71]. The reactivity index for all three chars produced
by rapid devolatilization process at 1500 °C was lower than that for the raw
carbonaceous materials with the index ratio for BGC 1500 °C, TC 1500 °C and CC
1500 °C being 84.21%, 92.11% and 94.23% of their raw materials respectively.
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Figure 7.3: Reactivity index for raw materials and devolatilized chars produced under
rapid heating at 1500 °C. Error bars represent uncertainty in average either side of the

mean.

The results in Figure 7.3 further confirm that CC will be the most reactive
carbonaceous material in Hlsarna SRV, while TC and BGC have very similar
gasification behaviour. The higher reactivity for CC may cause instability in the SRV
due to behaviours such as foaming from faster CO formation and changes in furnace
temperature, and may lead to lower efficiency in SRV, therefore it is necessary to
enhance the productivity of the CCF during CC injection to utilize the extra CO

generated from the CC devolatilization.
7.4.3 Qualitative SEM analysis

SEM images of all three raw materials and their chars produced from rapid
devolatilization at 1500 °C are shown in Figure 7.4. These images represent a bulk
behaviour for each carbonaceous material. furthermore, an individual particle from
each material before and after rapid devolatilization is magnified for an in-depth study

and represented in Figures 7.5 and 7.6 respectively.
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Figure 7.4: SEM images of bulk materials (a) TC raw; (b) CC raw; (c) BGC raw; (d)
TC 1500°C; (e) CC 1500 °C; and (f) BGC 1500 °C.

Comparison of these chars from rapid devolatilization and their corresponding parent
materials shows significant morphological changes caused by the rapid
devolatilization process. These images are taken after a preliminary analysis of a large
sample to ensure that typical morphologies observed for each sample. The difference
in size, shape and surface roughness can be noticed for parent materials and their chars
produced from rapid devolatilization. The TC particles are observed very compact
with irregular shape and smooth and non-porous surface as can be seen in Figure 7.5a.
However, both biomass samples (CC and BGC) have maintained their fibrous
structure, and the cross-section view of CC shows that the capillaries from the wood
are still present with a large number of micropore and mesopores of non-uniform size
on the plane surface which will contribute to the relatively larger specific surface for
CC as shown in Figure 7.5b. Less capillaries of small diameter and coarser particle

surface can be observed through the BGC particle (Figure 7.5c¢).




Figure 7.5: SEM images of raw materials (a) Thermal coal TC (b) Charcoal CC (c)
Bana grass char BGC.

The oblong particles observed for BGC with the length of the particle is larger than
the sieve range (90-300 um) used. During sieving process only the width of the particle
is considered, since oblong particles may pass through the mesh with its minor size,
as a result the representative size is much higher than it is counted for, which has also
been reported by other researchers [143]. In contrast, CC is the mixture of more

irregular shape with some spherical and oblong particles.

As it can be noted in Figure 7.6 all the char particles produced from rapid heating at
1500 °C maintained similar shapes to their parent materials, however the size of the
char particles is reduced compared to the parent materials, although some of the
particles are sintered for TC. This change can be linked to mechanisms such as particle
shrinking or fragmentation depending on the thermal treatment. Both biomass samples
were able to maintain the morphology similar to their parent materials, because the
natural porosity within the materials allows the release of the volatile products without
severe change in the particle structure. In contrast, TC sample has gone through much
more severe transformation, as it can be seen in Figure 7.6a, large openings on the
char surface are observed, which are caused by the release of volatile products through

a melting surface of the char during the rapid devolatilization at 1500 °C.

Figure 7.6: SEM images of chars produced from rapid devolatilization at 1500 °C for
(a) Thermal coal TC, (b) Charcoal CC, and (c) Bana grass char BGC.

During the rapid heating, the solid matrixes of carbonaceous materials are softened,
resulting in some of the pores to be clogged. Then the volatile matters generated inside

the particle creates an overpressure, which leads to bubbles formation and
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subsequently burst to the openings on the char surface [70]. This phenomena is more
evident in the TC particle due to more compact structure and thermal coal also known
to have higher thermoplasticity [130], as a result swelled surfaces and large cavities
under the surface can be seen in Figure 7.6a. It can be speculated that this behaviour
in TC particle can create smoother surface, which can cause the material to be less
reactive for the subsequent steps of oxidation. Although the chars of CC and BGC
after rapid devolatilization retained their parental shapes, this rapid heating is likely to
have caused collapsing phenomena due to melting of ash and softening in the solid
matrix, as a result more compact structure has been produced than their parental
materials. This explains the slowdown in the gasification behaviour during the
reactivity tests for all carbonaceous materials, BGC with the highest ash content is
expected to suffer the most, followed by TC and CC as shown in Figure 7.2 and Figure
7.3.

7.4.4 Quantitative BET analysis

The porosities of the raw carbonaceous materials and their chars produced by the rapid
devolatilization at 1500 °C are measured by the N2 adsorption—desorption isotherms
and shown in Figure 7.7. According to the International Union of Pure and Applied
Chemistry (IUPAC) classifications the isotherms for both TC raw and TC 1500 °C
belong to type I11 isotherm as can be seen in Figures. 7.7a &7.7d respectively. The flat
region corresponds to the monolayer formation, which indicates weak interaction
between the adsorbent-adsorbate, and this could be due to non-porous or existent of
macroporous only on the TC structure [144]. The rapid devolatilization caused the
adsorption isotherm to increase slightly for TC, and it has resulted in an increase in
the average pore diameter and BET surface area as shown in Table 7.1. The adsorption
isotherms for both CC raw and BGC raw shown in Figures. 7.7b & 7.7¢ belong to type
| isotherm, which indicate more microporous in these materials [143-145]. Also for
both materials steep uptake is visible at very low p/po, which is due to high interactions
between adsorbent-adsorbate in narrow micropores as a result micropores are filled at

very low p/po [144].
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Figure 7.7: Nitrogen adsorption—desorption isotherms of (a) TC raw; (b) CC raw; (c)
BGC raw; (d) TC 1500°C; (e) CC 1500 °C; and (f) BGC 1500 °C.

As shown in Figures 7.7e and 7.7f, both CC 1500 °C and BGC 1500 °C belong to type
Il isotherm, which confirms changes in the pore structure for both materials under the
rapid heating [144]. Although steeper uptake is visible for the BGC raw compared to
the CC raw at low p/po, the isotherm for CC 1500 °C (Figure. 7.7¢) is significantly
steeper than the isotherm for BGC 1500 °C (Figure. 7.7f) at low p/po. This could be
due to higher collapsing of micropores in BGC compared to CC from the results of
higher ash content in the BGC which can melt and soften the solid matrix during the
rapid heating at 1500 °C. As it can be seen in Figures 7.7b & 7.7c, both CC and BGC
raw isotherms present a non-reversible desorption branch, and this is due to presence
of constricted micropores which limits the adsorption of the N2 at 77K. In contrast, all
the other materials including CC 1500 °C and BGC 1500 °C produced a hysteresis

loop at the relative pressure between 0.45 and 0.99. Similar findings has been reported
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by Wang et al. [148] which has been linked to the difference in the evaporation
behaviour compared to condensation within the pores due to capillary condensation in

mesopores.

The BET surface area, pore volume and average pore diameter determined are shown
in Table 7.1 for all three raw materials and their chars after the rapid heating at 1500
°C. Despite the slight increase in the BET surface area and average pore diameter after
rapid devolatilization, both TC raw and TC 1500 °C appear to have significantly
smaller surface area compared to the biomass materials, which results in the lower
reaction rate for the TC samples. As expected, CC raw has very large surface area that
was further increased by the rapid devolatilization at 1500 °C, while the average pore
diameter decreased significantly. This could be due to particle fragmentation during
the rapid heating resulting in the smaller particles and high surface area, subsequently
larger amount of N adsorbed while the average pore diameter decreased which could
be due to blockage or collapse of some of the original pores [147].

Table 7.1: BET surface area and pore characteristic parameters for both raw
carbonaceous materials and chars produced during rapid devolatilization at 1500 °C
(Data obtained by Dr Volkan Degirmenci School of Engineering- University of
Warwick).

Samples BET Surface Pore volume® Average Pore diameter®
area® /m? gt lem3g™t 1A
TC raw 1.1 0.004 216.7
TC 1500 °C 1.5 0.005 249.0
CC raw 36.0 0.025 459.8
CC 1500 °C 61.7 0.060 52.7
BGC raw 48.6 0.032 553.5
BGC 1500 °C 13.4 0.030 111.4

®BET equation was applied between p/po=0.05-0.3 at adsorption branch of the
isotherm. PTotal pore volume at p/po=0.99. “Desorption average pore width by BJH

method.

BGC raw appears to have higher BET surface area compared to other raw materials,
but the BET surface area and average pore diameter decreased quite significantly by

the rapid heating. This behaviour in BGC again could be due to the high ash content,
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ash composition and morphology in the BGC raw and the ash in BGC raw material
will melt during the rapid heating and create more compact structure with smaller
surface, hence this is also evident in the gasification tests. The BET results show that
the gasification behaviour influenced by several parameters such as particle shape,
porosity, ash content and chemistry rather than the surface area only for the materials
selected for this study.

7.4.5 Temperature effect on char size and shape variation

It is apparent from Figures 7.5 & 7.6 that rapid devolatilization results in changes in
size and shape of the carbonaceous materials caused by the release of the large amount
of volatile products in a short period of time. The size and shape of the solid
carbonaceous materials may play an important role in the Hlsarna reactor due to their
effects on the fluid dynamics and the diffusion mechanisms. To better understand the
variation in size and shape under thermal treatment, the high temperature confocal
laser scanning microscope (HT-CSLM) has been applied. The main advantage of
using this technique is that HT-CSLM allows continuous imaging of 2D plane of
particles at the temperature under controlled high heating rate (up to 100 °C/min) while
the changes in the size and shape are taking place. Figure 7.8 shows the comparison
of the average change in the particle size and shape for all the parent carbonaceous
materials studied. The results show that the final swelling ratio for all materials is
smaller than 1, which confirms that devolatilization results in decrease in the particle

size for all the materials.
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Figure 7.8: A comparison of an average swelling profile for five particles of each raw
carbonaceous material under argon at heating rate of 100 °C/min in the HT-CSLM.

The swelling ratio profile for TC shows that at the temperature between 380 °C and
470 °C the swelling ratio increases in a series of oscillation. This behaviour in TC can
be linked to the formation and rupture of bubbles due to the release of volatile products
and reformation of bubbles within that temperature range as shown in Figures. 7.9b to
7.9d. This phenomenon is most obvious in particle one and particle five which are
highlighted. It is believed that this variation in the swelling profile in that temperature
range is attributed to the release of different volatile products due to decomposition of
different components at a specific temperature. This behaviour agrees with the
authors’ previous findings for the same thermal coal material, which shows that each
volatile products such as CO, CO», Hzand light hydrocarbons is released at specific
temperatures within the temperature range between 400 °C and 500 °C during thermal
decomposition [125]. After reaching the maximum swelling ratio at 460 °C the
reformation of bubbles no longer takes place, and the particle size decreases rapidly
due to severe bubble ruptures and particle shrinking. As a result, the average particle
size is reduced to around 72% of the particles’ starting surface area, which proves that
higher degree of transformation (i.e., structural change) takes places in TC than

biomass samples.

102



Figure 7.9: lllustration of swelling behaviour of TC at (a) 200 °C; (b) 457 °C; (c) 460
°C; (d) 464 °C; (e) 468 °C; and (f) 996 °C during heating in the HT-CSLM at 100

°C/min.

The behaviour of biomass samples (CC and BGC) differs from that observed for TC.
No swelling was observed for either biomass sample, but the particle size for both
materials was observed to decrease. The decrease in the swelling profile starts at
different temperatures for each biomass sample. The decrease in the average particle
size for CC starts at temperature around 350 °C, at a very slow ratio but it accelerates
at the temperature > 450 °C with the final particle size being around 76% of starting
particle. Again this result agrees with previous finding by Khasraw et al. [125] on
devolatilization behaviour for the same material, and this confirms that the size
decrease is due to release of volatiles and reactions at the particle surface. As shown
in Figures. 7.10d to 7.10f the decrease in the swelling ratio for BGC was observed to
start at the temperature >550 °C, this could be related to the fact that BGC has already
been pre-treated to 500 °C during production and as such lower molecular
weight/lower boiling point volatiles may have already undergone some

devolatilization.
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(e)

Figure 7.10: Hlustration of changes in particle size and shape of CC at (a) 200 °C; (b)
600 °C; (c) 996 °C; and BGC at (d) 200 °C; (e) 600 °C; and (f) 998 °C.

The final average particle area for BGC was reduced to 80% of the starting particle
area. Furthermore, there is no change in shape of biomass samples, and both CC and
BGC retained the shapes of their parental materials, but TC particles suffered much

more severe physical changes and the particle roundness increased.
7.5 Conclusion

To understand the behaviour of carbonaceous materials during injection in the novel
Hlsarna ironmaking process, chars of three different carbon sources are produced by
rapid devolatilization at 1500 °C which is similar to the thermal conditions the injected
carbonaceous materials undergo in the Hlsarna process. The behaviours (reactivity,
morphology change, surface area and swelling) of three different carbon sources and
their chars produced from rapid devolatilization at 1500 °C were investigated using
analytical and morphological methods. The following conclusions can be drawn from

this study:

e CC has gone through the highest carbon conversion degree (X) during rapid
devolatilization, followed by TC and BGC, 30.1%, 22.0% and 19.8%
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respectively. This confirms that the devolatilization conversion is not
determined by the volatile matter (VM) content only, but the physical and
chemical properties of the carbonaceous materials also directly influence the
conversion degree during rapid devolatilization.

CC has shown the fastest gasification reaction before and after rapid
devolatilization, followed by BGC raw and TC raw. Rapid devolatilization
caused the chars produced from all materials to be less reactive with CO2, but
this behaviour was more significant for BGC. As a result, both TC 1500 °C and
BGC 1500 °C have shown very similar gasification reaction.

Rapid devolatilization resulted in the decreased particle size for all carbonaceous
materials due to the release of volatiles and fragmentation. SEM images showed
that chars produced from TC have gone through severe degree of structural
transformation while chars from biomass samples (CC and BGC) maintained
their parent structural shapes. This is confirmed by the direct observation of the
structural change for all three carbonaceous materials using HT-CSLM.

The BET results indicate that TC is non-porous or contains macroporous only,
while both raw biomass samples (CC and BGC) contain a large number of
constricted micropores and mesopores which resulted in significantly larger
surface area for biomass samples. However, the average pore diameter
decreased significantly for both CC and BGC because of rapid heating leading
to blockage or collapse of some of the original pores. Furthermore, the
gasification reaction is controlled more by parameters such as particle shape,

porosity, ash content and chemistry rather than the surface area.
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Chapter 8

Reduction of FeO in molten slag by solid carbonaceous materials for

Hlsarna alternative ironmaking process

8.1 Hypothesis to be investigated

Hypothesis 5 — Biomass chars will react differently with FeO-containing molten slag

in comparison to thermal coal chars.
8.2 Introduction

It is known the in the literature that there are five possible rate-limiting steps which
will control the reduction mechanism for FeO reduction in the molten slag by solid
carbon. Most of the research conducted in this field has been reviewed in section “2.4
Reaction mechanism of FeO reduction in smelting slag by solid carbon”. Among the
research reviewed here, there are some discrepancies in the rate controlling step and
mechanisms for the reaction between iron oxide contenting slag and carbon from
different sources. Limited information is available in the literature about the reaction
kinetics for smelting reduction of FeO in the slag by solid carbon injection concerning
Hlsarna technology. Therefore, the purpose of this work is to investigate the reduction
of FeO in synthetic Hlsarna slag by injecting solid chars produced from different
carbonaceous materials, i.e., thermal coal which is used in Hlsarna trials and biomass
which has potential to be trialled. To conduct this study a novel technique using drop
tube furnace coupled with an online quadrupole mass spectrometer (DTF-QMS) was
employed to study the reactions under thermal conditions similar to Hlsarna SRV. The
amount of CO and CO:evolved from the reactions are measured using the online QMS
to calculate FeO concentration in the slag and determine the overall reaction Kinetics
in the temperature range from 1450 to 1525 °C. The extent of FeO reduction in the
reacted slag samples is also quantitatively measured by Wavelength Dispersive X-Ray
Fluorescence (WDXRF). Based on the experimental results, the kinetic parameters,
the reaction mechanisms, and the rate limiting steps for the reduction of FeO in the

synthetic Hlsarna slag are found for different carbonaceous materials.
8.3 Experimental

8.3.1 Slag and carbon preparation
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The synthetic slag with the weight composition of 41.7% CaO, 33.3% SiO2, 13%
Al;03, 6% MgO and 6% FeO was prepared using reagent grade oxide powders
(supplied by Sigma-Aldrich). The FeO powder used has purity > 99.7%. The
chemicals were mixed carefully to homogenize, and then stored in well-sealed dry
containers. Thermodynamic calculation by FactSage indicates that the first liquid slag
forms at 1240 °C and the slag is fully molten at 1398 °C.

The solid chars used were prepared from three different carbon sources one coal and
two biomass materials (thermal coal (TC), charcoal (CC) and Bana grass char (BGC)).
All the samples were crushed into small particles with the size range from 90 to 300
um, and then chars were prepared by heating each material to 1300 °C in high purity
(99.999%) argon atmosphere at the heating rate of 10 °C/min and held for 3 hours to
ensure all the volatiles are removed. The proximate and ultimate analysis data of the
carbonaceous materials used in the preparation of chars are given in Table 6.1.

8.3.2 High temperature slag-carbon reaction

Experiments to study the reduction reaction of FeO in the slag by solid char were
performed in the DTF described in section 4.2 which is schematically shown in figure
6.1. The injection method reported in section (6.3.2 Rapid devolatilization) applied to
deliver the char particles into a molten slag and Quadrupole Mass Spectrometer
(QMS) used to measure the reaction off-gas. DTF-QMS combination allowed the slag
samples containing FeO to be heated to pre-set reaction temperatures of 1450, 1475,
1500 and 1525 °C and then injected chars particles into the molten slag. The reduction
reactions in chapter needed to conduct at temperatures higher than the melting point
of the slag to simulate the smelting reactions taking place in the Hisarna SRV. The
furnace used for this study have limitations to go much higher than the temperatures
selected for this study, as a result wider temperature range could not possibly be
selected for these experiments and 25 °C increments chosen as suitable range for the

study.

Approximately 20 g of slag samples were placed in an alumina crucible (height 65
mm X diameter 42 mm) on the alumina pedestal and lifted to the hot zone of the DTF.
The char particles were injected into the molten slag in the pre-set temperature zone
through the lance connected to the particle feeder on one side and positioned on the

top of the crucible containing the slag on the other side. Considering the ash content
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of each material is different and assuming the volatile matters are completely liberated,
the carbon element with FeO is calculated to be 1:1 within the char weight to fully
reduce iron oxide to metallic iron and if the reaction products are Fe and CO only.
Before the experiment starts, a char sample of approximately 225.5, 204.2 and 226.9
mg produced from TC, CC and BGC respectively was placed on the seat of the bottom
ball valve on the “off” position, and Ar (with a 99.999% purity) flush through the
feeder to create an oxygen-free atmosphere and then closed all the valves. While the
furnace was heated to the desired temperature at the heating rate of 10 °C/min, a carrier
gas (Ar, 99.999% purity) at the flow rate of 1 L/min was purged from the furnace

bottom to ensure an inert atmosphere.

When the furnace temperature reached the pre-determined high temperature, the
alumina lance was lowered into the crucible directly above the slag. The valve holding
the char sample was then opened, and at the same time the valve controlling the Ar
gas was switched to the feeder for ~10 seconds to maintain the Ar atmosphere while
the char particles were injected into the molten slag in the furnace. The experiment
was continued for 1 hr, and during that time the QMS was set to measure readings of
the following gaseous products: N2, O, CO, CO2, Ar, H20, Hz, CH4 and C2He. Then
the furnace was cooled down at the rate of 5 °C/minutes to room temperature in an Ar

atmosphere, and the samples were collected for further analysis.
8.3.3 Wavelength dispersive X-ray fluorescence (WDXRF)

The wavelength dispersive X-ray fluorescence (Rigaku Primus IV WDXRF with a
Fluxana RAW package) was used for chemical analysis of the reduced slags to
determine the total iron content to measure the extents of reduction. Prior to
commencing the sample tests, the machine was calibrated against standards fused
beads to produce accurate results. The samples were prepared into 40 mm fused beads
using fully calibrated Fluxana Vitriox Electric fuser. The powders were fully dried
prior to weighing (1 g sample to 8 g flux). These prepared sample beads were placed
in the XRF machine, and then the XRF chamber was evacuated, and the sample was
ionized with X-rays, which allows the iron content to be measured accurately in a cross

section.

8.3.4 Analytical Techniques for reacted samples
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The metallic iron produced from the slag-carbon reaction was separated from slag
using magnets, which was found to be very effective to recover metallic iron [149].
Then the carbon and sulphur contents in the metal droplets were determined using an
ELTRA CS-2000 carbon sulphur determination PC controlled model. The machine
was calibrated by performing three tests using calibration standard for carbon/sulphur
under the same condition used for sample tests. Approximately 350 mg of iron was
placed in the crucible and 250 mg of tungsten accelerator was added, and then the

crucible was placed on the pedestal for the analysis to start in the software.

Scanning electron microscopy (TM3030PIlus) images were obtained for the slag-
carbon (char) reaction samples. The technique was used in the research for
clarification of the Fe-C alloy and reveal information about the samples before and
after reaction including external morphology (texture), chemical composition, and
crystalline structure by mapping the samples. Different magnification degree between
40 X to 1000 X with the imaging conditions of 10 kV voltage applied for detailed
study of iron droplets e.g., carbon content and carbon dissolution in the Fe-C alloy.

8.4 Results and discussion
8.4.1 Effect of temperature

To understand the effect of temperature on the reduction rate of FeO in molten slag
and gas evolution, the DTF experiments for TC, CC and BGC char injections were
conducted at four temperatures of 1450, 1475, 1500 and 1525 °C, respectively. It was
observed that the rate of FeO reduction increases with increasing the reaction
temperature and the ratio of gas composition measured changes. As an example, figure
8.1 shows the rate of CO and CO: gas evolution with the time during the reduction of
molten FeO in the slag by injection of solid chars produced from CC at various
temperatures. Note that the rates are in ml/s with no surface area included. This is
because there is no fixed contact area, and the particle size are expected to change
(swell or shrink) during the reaction therefore the contact surface was unknown. There
was a short incubation period (15 to 20 seconds) at the beginning of each reaction due
to slow reaction at that time and the time required for gases to travel from the reaction
zone to the detection point at the online QMS, which is similar to the findings reported
by Bafghi et al. [53] and Sun and Easman [150]. The travelling distance and gas

mixing within the furnace may cause consistent slight delay in the gas detection as a
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result there is a small amount of gas measured for a period after the process is
completed.

The char particles injected were devolatilised and to confirm the gas species generated
are from slag-carbon only, the QMS was set to analyse CO, CO», H20, H,, CH4 and
C2Hs gases. These gases are the main gas species produced during thermal treatment
of carbon materials (determined through a calibration run where m/z (the mass-to-
charge ratio) 0-50 scanned). The main gas species detected were CO and CO: in the

Ar balance, while the content of the other gas species was insignificant.
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Figure 8.1: Rate of CO and CO. formation for char particle injection produced from
CC into 20g of molten slag containing 6% FeO at 1450, 1475, 1500 and 1525 °C

respectively in a high purity argon atmosphere.

Some common phenomena can be observed for the reaction at all the temperatures, as
shown in Figure 8.1 The gaseous product from all the tests consists of both CO and
CO- and there are two peaks for CO with one sharp peak which requires different time
length to reach its maximum value depending on the reaction temperature. The second
peak is partially superimposed on the late phase of the first peak, and it could be from

the bubble explosion. This behaviour is more obvious at lower reaction temperature
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due to slower reaction rate, and it suggests that the mechanism for reduction reaction
change during the test. When the char particles are first injected the FeO concentration
in slag is high, therefore the reduction rate is controlled by Boudouard reaction. After
a short period of reaction, FeO concentration is decreased and Boudouard reaction is
weakened. Therefore, the reaction controlling mechanism shifts from the chemical
reaction to liquid phase mass transfer or mixed controlling mechanism which agrees
with the other researchers’ findings on similar reactions [41, 42, 45]. As shown in
figure 8.1. the rate curve for CO. appears to be approaching zero after ~500 s for all
temperatures, this means the reaction slows down beyond that point and the gas-slag
reaction (Equation (2)) is slower than gas-carbon reaction (Equation (3)) which again
confirms the shift in the controlling step. Moreover, the time required for the first CO
peak to reach the maximum value decreases with an increase in the reaction
temperature, approximately 190 s for 1450 °C, 170 s for 1475 °C, and ~100 s for both
1500 °C and 1525 °C.
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Figure 8.2. The amount of CO and CO- detected during reaction of TC, CC and BGC
chars with 20g slag containing 6% FeO for 1 hour at 1450, 1475, 1500 and 1525 °C
in an argon atmosphere. Error bars represent uncertainty in average either side of the

mean.
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Figure 8.2 shows the volume of gas species generated from the slag—char reactions at
different temperatures. The results in Figure 8.2 show similarity in the behaviour of
all three carbonaceous materials, i.e., in general, the gas volume increases with an
increase in the reaction temperature. TC produced a larger amount of CO. at all
temperatures compared to the two biomass materials (BGC and CC). This behaviour
indicates that the reduction rate is controlled by the Boudouard reaction, since carbon
gasification is responsible for gas variation. Gas diffusion in the halo can also be
considered to have an influence on the rate controlling step at the first stage of the
reaction. In the previous findings by Khasraw et al, [151], TC was shown to be less
reactive with CO2 while CC was the most reactive material. From this it can be
assumed that the chemical reaction at the gas-carbon interface (Equation (3)) is the
rate limiting step for the first stage of the reaction. Also, these results confirm that the
gas variation and reaction paths are critically dependent on carbon type used as a

reductant.
8.4.2 Extent of FeO reduction in the molten slag by different chars

The degree of FeO reduction in the molten slag by char particles produced from the
three carbonaceous materials was determined at the temperatures ranging from 1450
to 1525 °C. The extent of the reduction and the rate were determined from CO and
CO2 gas measurements recorded by QMS during the reactions. The amount of oxygen
removed, which equates to the moles of FeO reduced, is calculated from CO and CO;
gas measurement. By knowing the initial weight of the FeO in the slag, the amount of
FeO remaining in the bulk slag can be obtained with time by the QMS measurement.
To confirm the results obtained via QMS, the reduced slag sample at 1500 °C was
examined using WDXRF for quantitative analysis. The reactions observed for
different chars at temperatures ranging from 1450 to 1525 °C are presented in Figure
8.3, where decrease in the FeO content of the slag with reaction time is shown. The
extent and rate of FeO reduction in slag vary with the chars made of different
carbonaceous materials, suggesting that the reaction kinetics are influenced by
chemical and physical properties of solid chars. The reduction process proceeds
through two steps, i.e., an initial fast reduction period and a slow secondary stage when
the FeO concentration in slag is low. Clearly, the initial reduction rate of FeO by CC

chars is the fastest, followed by TC chars almost for all temperatures.
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Figure 8.3: Reduction curves of FeO in a molten slag with different char particles at
(a) 1450, (b) 1475, (c) 1500, and (d) 1525 °C.

However, the final concentration of FeO in the slag was similar for all three
materials at 1450 °C and 1475 °C. The TC char particles appear to have higher
reaction rate at initial stage compared to BGC chars but the final concentration of
FeO in the slag was similar after 1 hour. The extent of FeO reduction achieved in the
first 500 s under same conditions is over 60% for CC char, ~50% for TC char and
just over 40% for BGC char. The extent of FeO reduction with char particles under

different temperatures are presented in Table 8.1.

Table 8.1: The degree of FeO reduction by chars from different carbon sources at the

temperature range of 1450 -1525 °C.

Temperature °C TC wt% CC wt% BGC wt%

QMS gas analysis

113



1450 66.01 66.10 65.10

1475 67.29 69.71 65.38
1500 75.76 81.88 74.70
1525 82.19 88.20 77.75

WDXREF slag chemical analysis
1500 73.48 76.77 73.59

The QMS results in Table 8.1 show that the slag reduction degree with CC char was
the highest at all temperatures and it has become more significant at 1500 and 1525
°C. TC and BGC chars are shown to have similar reducibility with TC char performing
slightly better, however at 1525 °C the gap was widened, and TC char performed much
better (82.19% reduction degree) compared to BGC char (77.75 % reduction degree).
On the other hand, WDXRF analysis on the reacted slags (Table 8.1) confirmed that
the extent of reduction was the highest for reaction with CC char at 1500 °C, while
TC and BGC chars achieved similar reduction degree. The extent of reduction
determined by QMS gas analysis was slightly greater than those measured by WDXRF
for all reactions at 1500 °C. Overall, the reduction degree by different char particles
calculated by QMS gas analysis is in good agreement with that calculated by WDXRF

slag analysis.

With regards to the obvious difference in the reduction degree by different char
particles in the initial stage (the first 500 s in Figure 8.3), this may be attributed to the
difference in their physical and chemical properties of different char particles such as
crystalline structure, particle surface roughness and ash content, which ultimately
control the slag interaction with solid carbon particle and governing carbon reactivity
[151], Biomass samples (CC and BGC) have non-compact, low dense fibrous
structure, and capillaries from the parent materials are still present, while TC char
particle are very compact with more spherical shape and smooth and non-porous
surface [151]. The structure and capillaries on biomass char surface contribute to the
relatively larger specific surface for interaction. The Raman spectroscopy results in
section 6.4.1 confirms that CC contains disordered graphite structure and is more
amorphous carbon compared to TC which will enhance the reactivity of CC. The study
by Huang et al. [54] proposes that the FeO reduction by solid carbon is controlled by
wetting characteristics of the carbonaceous materials and the carbon crystalline

structure governs the interaction with the slag. While the same study suggests that
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carbonaceous material ash content does not influence the slag—carbon interaction. In
contrast many other researchers [14, 44, 149, 150] suggested that the ash content has
strong influence on the reaction rate between slag and carbon. Assuming the chemical
reactions (at char-gas and slag-gas interfaces) control the reduction process, then direct
contact is not required, but gas diffusion between carbon and slag is necessary. The
minerals (oxides) in carbonaceous materials can be partially or fully fused to form a
physical layer on the carbon surface which can act as a physical barrier to inhibit or
even prevent CO and CO: penetration in the halo. The ash content of the carbonaceous
materials selected are 8.8 %, 1.8 % and 9.6 % for TC, CC and BGC, which shows that
there is a correlation between ash content and FeO reduction rate for different char
particles. Hence, it can be concluded that an increase in the ash content has a negative

effect on the carbonaceous materials reducibility.

8.4.3 Quantitative and qualitative analysis of reduced slag and resultant iron
droplets

The slag-carbon reaction produced metallic iron droplets which can clearly be seen
and easily separated, as shown in Figure 8.4. Chemical composition of the reduced
slag and the metallic iron droplets produced as well as the morphology of the droplets
were then analysed using WDXRF, carbon/sulphur, and SEM images, respectively.
Since there was no metallic iron in the initial slag sample, these iron droplets seen on

the slag surface are the product of the slag-carbon reduction reactions.

(c)

Figure 8.4: Iron droplets in the slag produced by slag-char reaction by (a) TC; (b) CC;

and (c) BGC chars at 1520 °C contained in the crucible with 42 mm diameter.

According to equation ((7) and Figure 2.7) when the solid carbon injected contacts the

molten slag, solid iron and gas are generated, and the gas then forms a film (gas halo)
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around the carbon particle. The iron droplets formed can exist in liquid and solid
phases at the slag-carbon interface [25]. However, under the experimental
temperatures in this study, the droplets are expected to be in the solid phase unless
they are carburised. Solid iron nuclei initially formed in the liquid slag close to the
carbon surface. The nuclei then grow to form larger droplets, and the growth of these
nuclei as well as their composition and morphology depend on the droplets contact
with the slag, gas, and solid carbon. The iron droplets can be carburised by solid
carbon and CO gas diffusion. Carburisation can lower the melting temperature of iron
droplets (i.e., Fe-C alloy) and the Fe-C alloy formed can re-react with the slag to
reduce iron oxide. Several studies concluded that the rate of FeO reduction by Fe-C
alloy is much faster than by solid carbon, thus carbon dissolution rate can play an

important role in the overall rate of reduction process [40, 45, 150].

The carbon and sulphur contents in the reduced iron droplets are presented in Table
8.2. During the reduction process carburisation and decarburisation of the Fe-C alloy
occurs, through reactions with the slag, solid carbon, and existing gases, and this will
determine the iron alloy states. If the rate at which carbon removed from the iron
droplet is faster than the rate of carbon supply then the carbon content decreases as a
result the iron droplet formed will remain completely solid [25]. The result in this
study demonstrates that the carburisation was highest for the reaction with TC char
particles, while carburisation by CC and BGC chars were significantly lower which
shows the carburisation and carbon dissolution strongly dependant on the carbon type.
The reaction temperature is shown to have influenced the carburisation level for
droplets for all three carbons, and at both temperatures of 1475 and 1500 °C, CC char
resulted in lowest carburisation. There was no significant difference for sulphur
content for these reactions, this could be linked to the reaction between CaO and

sulphur which results in CaS compound formation.

Table 8.2: Carburization of the iron droplets formed from FeO reduction by chars from

different carbonaceous materials.

Materials Carbon % Sulphur %

Slow cooling at °C/min
TC 1500 °C 3.97 0.0084
TC 1475 °C 4.99 0.0044
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CC 1500 °C 0.87 0.0075
CC 1475 °C 1.39 0.0057
BGC 1500 °C 1.48 0.0117
BGC 1475 °C 3.04 0.0095

The mophology observation from cross section of the reacted slag samples containg
Fe-C alloy formed during slow cooling are shown in figure 8.5. The microstructure of
the droplet produced during slag reaction with TC char is shown to have higher carbon
content and during slow cooling different phases formmed predominantly flaky
graphite. The Fe-C droplet formed by BGC char is very simlar to TC char but slighly
less carbon saturated as for CC droplet less dissolved carbon is evedenced and the

existing phases are mainly pearlite.

@sphie Nakas

Well mixed Fe0 partidles

pearite

graphits fates

graphite Habes

Kinh graghite

Figure 8.5: Morphology of sample cross section of (a) unreacted slag and reduced slag
samples by (b) TC char; (c) CC char; and (d) BGC char formed at 1475 °C.

Furthermore, Figure 8.5 shows that there is significant change in the slag texture from
the unreacted slag (Fig. 7(a)) to the reduced samples to the reduction of FeO in slag.

The existence of FeO particles (brighter gray phase) in the slag matrix is visible and
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this confirms FeO is evenly distributed within the slag. The visibility change of these
particles after reaction confirms nearly all FeO reduced to metallic iron.

8.5 Isothermal Kinetics analysis
8.5.1 kinetic models of FeO containing slag reduction

The reduction degree () of iron oxides in the slag is defined as the ratio of the oxygen
removed by solid carbon at a given time t to the initial oxygen (i.e. the total oxygen of
FeO in the starting salg), which can be expressed by equation (27) [154]. Please note
the removed oxygen by reaction with solid carbons is determined through off-gas
measurements for (CO and CO2) recorded by QMS. These results are subsequently
used to calculate the real-time conversion of FeO in the slag system to allow the
model-fitting method to be used for kinetic analysis.

o(:l—ﬂt (27)

mi

where mi is the initial weight of the total oxygen in FeO, mt is the instant weight of
the the total oxygen in FeO at time t, which is calculated from the amount of oxygen
removed at the time, forming CO and CO: gases measured by QMS during the

reactions.

The reaction rate for FeO reduction being function of (a)) can be described by equation
(28).

& = k(T)f(c) (28)
where a, i—f , K(T) and f(a) denote the reduction degree, reduction rate, temperature-

dependent rate constant and reaction function, respectively.

The reaction rate constant k (T) can be expressed by the Arrhenius equation (29):

k(T) = A e(~x7) (29)

By combining equations (28) and (29) the overall reaction conversion rate can be

expressed by Equation (30):

‘31_‘: PWE %)f(a) (30)

An integral form of equation (30) is written as equation (31) [149, 152].
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qw=g%%=AﬁJﬁ%m=kan (31)

where G(a) is the integral form of reaction models shown in table 8.3, while T, R, t,
A and E, are the absolute temperature (K), ideal gas constant (J mol X K %), the time

(s), pre-exponential factor (s %), and activation energy (kJ mol 1) respectively.

Table 8.3: Some common rate and integral kinetic models for isothermal reactions
[150, 153, 154].

Code Models G(o)=kt n
Diffusion models

D1 () One dimension (parabolic) 02 0.62

D2 (o) Two-dimensional (Valensi—Barrer) (1-0) In(1-a) +a. | 0.57

D3 () Three-dimensional (Jander) [1-(1-a)*%)?> | 0.54

D4 (o) Ginstling—Brounshtein (1-2/3a) -(1-a)?® | 0.57

Avrami—Erofeev models

A2 (o) Random nucleation and 2D growth [-In(1-0)]"2 2.00

A3 () Random nucleation and 3D growth [-In(1-a)]*3 3.00
Geometrical contraction models

R2 () Contracting area 1-(1-a)*? 1.11

R3 () Contracting volume 1-(1-a)'? 1.07
Chemical reaction-order models

FO (o) Zero order A 1.24

F1 (o) First order - In(1-0) 1.00

F2 (0) Second order (1-a)t-1 0.83

8.5.2 Conversion degree (o)

The isothermal reduction of FeO in the slag by chars from the three carbonaceous
materials was conducted at the temperature range of 1450 — 1525 °C. The reduction
degree of FeO is obtained for each reductant through measurement of evolved gas
from their reactions with the slag using equation (27). As an example, Figure 8.6b
shows the FeO reduction degree by CC chars as a function of time and temperature. It
can be seen from Figure 8.6 and Table 8.1 that the reduction rate and conversion
degree of FeO increased sharply with increasing temperature. There is a linear increase

in the conversion degree at the initial stage of reduction for all temperatures, which
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then plateaued after a certain reaction time. The temperature increase resulted in the
earlier completion of the initial stage and earlier occurrence of the plateau. When the
temperature increased from 1450 to 1525 °C, the completion time for the initial stage
reduced from ~300 s to 270 s for the reaction with CC char, also the conversion degree
at the initial stage increased from ~35% to over 50% (Figure 8.6Db).
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Figure 8.6: FeO reduction degree (a) as a function of time by (a) TC, (b) CC, and (c)

BGC chars at different temperatures.
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8.5.3 Reaction mechanism

As previously stated, the reduction of FeO in slag by solid carbon may be controlled
by chemical reactions at carbon-gas or slag-gas interface, mass transfer in the slag to
interface, and or diffusion through liquid or gas halo formed around solid carbon
particle. The kinetic models which can describe these reaction mechanisms to
determine the reaction rate are categorized into, Random nucleation and subsequent
growth (A), diffusion (D), geometric contraction (R), and chemical reaction-order
models (F) [153, 155, 156]. Dickinson and Heal [153] reported 27 kinetic models in
total and those well-established models are listed in Table 8.3.

8.5.3.1 In—In Analysis Method

The Avrami-Erofeev equation is widely used to analyse isothermal Kkinetics [159],
[160] therefore the model is employed to describe the reduction kinetics of slag
containing FeO in this study. The Avrami—Erofeev equation can be written as below
[160]:

1—q=elkO" (32)
By taking the logarithm of both sides of equation (32), equation (33) is derived:
In[—In(1 — a)] = nInt+ nInk (33)

Where a is the conversion degree, K is the reaction rate constant, t is the time, and n is
Avrami exponent, which provides information about the conversion mechanism
involved during the reduction process [160]. The n values for all the selected models

are presented in table 8.3.

To evaluate experimental data and select the suitable model, In [-In (1-a)] is plotted
against Int using equation (33). The slope and intercept of the fitting lines are n and
nink, respectively. Figure 8.7 shows the experimental data fitted into equation (33) for
CC char reaction, the slop n and intercept nink for reactions with different reductants
are presented in Table 8.4. Regardless of the reductant used the first stage values of
the slope n were between 0.79 - 0.90 for the temperature range studied. These values
are closely matching with n value for F2 model 0.83 in Table 8.3. Therefore, it can be
speculated that the rate limiting step is chemical reaction for the first stage of the
reaction, then the second order model F2 is proposed and represented by the Kinetic

equation: (1-o)*-1= kt.
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Figure 8.7: Avrami plots of In[—In(1 — a)] vs Int for CC char reductant at different
temperatures (a) 1450, (b) 1475, (c) 1500, and (d) 1525 °C.

On the other hand, the slope n vales for second stage are between 0.38 -0.57, and

considering most of the values are less than or closely matching with 0.54, then three-

dimensional diffusion is the proposed model, and represented by the kinetic equation:

[1-(1-a)*®]%= kt. From these results it can be stated that gas diffusion or mass transfer

of FeO in the liquid phase to slag-carbon interface is the rate limiting step when FeO

concentration decreased in the second stage of the reaction.

Table 8.4: Data - fitting values determined by In—In analysis method at different

temperatures for slag reaction with chars produced from TC, CC, and CC.

First stage Second stage
Reductant Temperaturelconversionjslope|Intercept o2 conversion|slope(Intercept o
°C (@) | ()| (Ink) () | ()| (Ink)
1450 0-0.30 |0.90| -6.02 [1.00/0.30 -0.62/0.57| -4.23 [1.00
1475 0-0.32 |0.88| -5.86 (1.00/0.32 -0.63/0.55| -4.06 [1.00
1e 1500 0-0.42 |0.85] -5.30 [1.00(0.42 -0.73/0.44| -3.04 [1.00
1525 0-0.46 |0.88] -5.28 [1.00/0.46 - 0.80/0.48| -3.03 [0.99
1450 0-0.35 |0.84] -5.32 [1.00{0.35-0.63/0.38| -2.80 [0.99
CC 1475 0-0.36 |0.79] -5.05 [1.00/0.36 - 0.68/0.46| -3.28 [0.99
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1500 0-0.49 |0.83| -4.32 (1.00[0.49 - 0.81/0.43| -2.67 |0.98
1525 0-0.52 |0.90| -5.28 [1.00[0.52 -0.85/0.48| -2.93 |1.00
1450 0-0.29 |0.83| -5.82 [0.99/0.29 -0.57/0.56| -4.36 [1.00
1475 0-0.32 |0.82| -5.67 [0.99/0.32-0.60(0.53| -4.00 |1.00
1500 0-0.35 |0.81| -5.29 [0.99/0.35-0.73/0.53| -4.32 |1.00
1525 0-0.37 |0.80| -5.04 [1.00/0.37-0.74{0.52| -3.59 [1.00

BGC

Moreover, the reaction with CC char resulted in much higher conversion in the first
stage of the reaction followed by TC and BGC chars. This phenomenon is due to the
higher reactivity of CC chars compared to the other selected carbons [151]. This
indicates that the carbon type can have a great influence on the rate of reaction, and
chemical reaction is the controlling mechanism for the first stage. Regardless of the
carbon type used, the conversion degree is more similar at a given temperature for
reactions at the second stage. This shows the influence of the carbon type on the rate
is weakened and the controlling mechanism shifts at the second stage.

8.5.3.2 Model-Fitting Method

Figure 8.8 shows the linear fitting of G(a) against time (t) for selected model functions
for the two reduction stages using equation (31). The slope is representing the reaction
rates k(T) at given temperature for reaction with chars from different carbon sources.
The values of k(T) obtained at different reduction stages and the details of the

mechanism which is likely to control the reaction steps are represented in Table 8.5.

Based on the data fitting for In—In analysis method for the first stage, the best fitting
function was confirmed as (1-o)* -1 for all tests, which represents a second order
model. As shown in table 8.5, the correlation coefficients (R?) values for the first stage
of the reactions are between 0.98 and 1.00, which confirms that the regression model
fits very well with the observed data. Regardless of the materials used as a reductant,
the value of k(T) increased with the temperature increase. CC char as a reductant has
the highest k(T) values which is related to the material’s higher reactivity in the first

stage while the values for TC and BGC chars were much closer.
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Figure 8.8: Integral function of conversion G(a) versus time (t) at different

temperatures for CC char reaction with the slag at two reduction stages.

As for the second stage, the best fitting function is [1-(1-a)*®]?, which describes three-
dimensional diffusion model. The correlation coefficients (R?) values for the second
stage of the reactions are between 0.93 and 1.00, the correlation is good for most of
the linear graph in table 8.5. Again, the reaction rate k(T) with CC chars is the highest
followed by TC and the BGC chars, this shows higher reactivity of CC char also

influences the second stage of the reaction.

Table 8.5: Reaction rate k (T) values for slag reaction with chars from three carbon
sources at different temperatures determined by model fitting method at two reduction

stages.
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Probable Probable
ReductantTemperature °C|__First stage rate Second stage rate
] controlling ] controlling
K(t) 10 3 R? step K107 R step
1450.00 155 |1.00] ‘z 472 1100 <
T 1475.00 1.68 |1.00 ? 512 100 | &
1500.00 276 |1.00] £ 619 | 099 | &
1525.00 336 |100] ¢ 1050 | 0.97 | =
1450.00 238 0.9 3 388 | 097 | 3
cc 1475.00 244 09| 25 557 | 0.97 e
1500.00 3.95 |1.00] §- 890 [094| =75
152500 | 426 [1.00| & 11.25 [ 099 | S
1450.00 122 ]0.99 Ej) 355 | 1.00 é
BGC 1475.00 147 1098 & 427 100 | 3
1500.00 204 [0.99| S 752 | 0.99 8
1525.00 260 [1.00] & 7.33 | 1.00 =

8.5.4 Reaction activation energy

The activation energy Ea values for two reaction stages can be obtained based on the
Arrhenius equation. By taking logarithm of equation (29), the Arrhenius equation is

written in the below form [159]:
- _Ea
Ink(T) = InA — — (34)

Figure 8.9 shows the linear fitting of Ink(T) versus 1/T for different char reaction at
different reduction stages using equation (34) to calculate Ea. The CC char has the
lowest Ea of 229 kJ/mol for the first stage of the reaction, while TC and BGC chars
have higher Ea with 290 kJ/mol and 267 kJ/mol respectively. These Ea values
correlate reasonably well with others findings in the literature that the range of 41 to
97 kcal/mol (171.5 - 405.8 kJ/mol) has been reported for reaction between slag with
similar properties and solid carbon from coal char or graphite [42, 51]. Min et al. [44]
has predicted the chemical reaction at the carbon surface likely to be the rate limiting
step measured Ea of 60 kcal/mol (251 kJ/mol) for reaction of the slag containing 10%
FeO with graphite at similar temperature range. The values obtained in this present
study are in the good agreement with the results obtained by Min et al. [44], therefore
chemical reaction at carbon interface is likely to be rate controlling for the first stage

of the reduction reaction.
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Figure 8.9: fitting curve of Ink vs T at different temperatures for slag reaction with
TC, CC, and BGC chars at different reduction stages: (a) first stage and (b) second

stage.

In contrast, reaction with CC char resulted in the highest Ea (369 kJ/mol) for the
second stage which is much higher than the first stage for the same material. The Ea
values for both TC and BGC char reactions were (265 and 282 kJ/mol respectively)
for the second stage which are much closer to their first stages and smaller than the Ea
obtained for CC char. As shown in table 8.4, the conversion degree for first stage
reaction with CC char was the highest for all temperatures, while TC char was the
second highest. This higher conversion leads to much lower FeO concentration when
the second stage begins for CC reductant compared to the second stage for TC and
BGC chars. It appears that the lower FeO concentration resulted in higher Ea value
for the second stage for CC, due to lower gas formation which results in lower
agitation of the slag layer. As for second stage reaction with TC char, the Ea value
was lower than the first stage despite achieving the second-best conversion for the first
stage. This indicates that the liquid phase mass transfer influences the reaction
mechanism for second stage of the reaction. On the other hand, despite achieving the
lowest conversion (o) in the first stage as shown in Table 8.5, the second stage of the
reaction with BGC was slower which indicates that the chemical reactions at char
interface is still likely to influence the controlling mechanism. Therefore, it can be
speculated that this slower reaction behaviour for BGC in the second stage is due to
higher ash content. As the carbon particle shrinks due to conversion on the surface the

ash content increases, and it covers the surface of the carbon particle to act as a
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physical barrier to inhibit or even prevent CO and CO: penetration in the halo.
Considering these concerning elements, the second stage reaction is likely to be
controlled by more than one mechanism, and the mechanism controlling the reaction

is expected to be the mixed limiting step.

As shown in Table 8.2 and Figure 8.5, TC reaction resulted in significantly higher
carburisation of the iron droplets and it has been reported in the literature that the
chemical reaction rate of carbon from an Fe-C alloy is much faster than solid carbon
with FeO in the slag [48, 158]. Therefore, it can be speculated that this higher
dissolution of carbon into the iron droplets during the first stage of reaction for TC
char has subsequently improved the overall reaction kinetics and resulted in lower Ea.
This behaviour again confirms the second stage reaction controlled by more than one
mechanism; therefore, the overall reaction will be governed by a mixed control

mechanism.
8.6 Conclusion:

The focus of this study has been on the reduction of Hlsarna synthetic slag (CaO-SiO.-
Al>,03-MgO-FeO) using chars from three carbon sources. The reduction rate of FeO
in the slag was measured using the mass spectrometer confirmed with slag analysis,
and the kinetic parameters are evaluated from these results. The following conclusions

can be drawn from this study:

e A strong impact of temperature on the reduction rate of FeO in slag by chars is
found that the reduction rate increases with the increase in temperature. This is
also demonstrated by the significant effect of temperature on the variation of gas
products CO and CO..

e The FeO reduction process can be divided into two steps: the first stage with a
sharp increase in the conversion degree with time and a slow second step. In the
first 500s , the reduction degree achieved at 1500 °C was over 60 % by CC char,
~50 % by TC char and just over 40 % for BGC char. Furthermore, the slag
reaction with CC char resulted in the highest final degree of reduction under all
temperatures, but the difference between TC and BGC char was smaller with
TC performed slightly better at higher temperatures.

e The metallic iron droplets produced from TC char reaction have undergone the

highest degree of carburisation under all conditions. The carbon content of the
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Fe-C alloys formed were 3.97, 0.87 and 1.48% for reaction with TC, CC and
BGC chars, respectively. These results suggest that the carbon structure controls
the rate of carbon dissolution into liquid iron. Therefore, a more ordered graphite
structure and complex bonding for TC means a longer time required for its
particles to be fully dissolved in the hot metal, therefore decarburisation is
slower.

The first stage of the reaction is represented by the second order model (F2), and
the activation energy values obtained for the reactions with TC, CC and BGC
chars were 290, 229 and 267 kJ/mol, respectively. The initial stage of reaction
rate is controlled by chemical reaction at the solid carbon interface, while the
second stage described by three-dimensional diffusion model (D3) and mixed
influence from gas diffusion, liquid phase mass transfer, chemical reaction and

carbon diffusion are likely to control the reduction rate.
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Chapter 9

Conclusions and Suggested Further Work

9.1 Conclusions
9.1.1 Development of novel techniques

A novel technique, drop tube furnace coupled with a quadrupole mass spectrometer
(DTF-QMS), has been applied for real time measurement of the reduction rate of FeO
in the molten slag. This technique allows Hlsarna synthetic slag to be melted and solid
char particles from different carbon sources injected into the melt under heating
environment similar to Hlsarna SRV. The mount of CO and CO; evolved due to
injected char reaction with the slag measured continuously using the online QMS to
calculate FeO concentration in the slag.

The closely controlled atmosphere within the furnace and the ability to flush through
the feeder to create an oxygen-free and to carry the particles into the melt allows to
simulate the reactions that are taking place during carbon injection into SRV. These
experiments provide information required to understand the reaction controlling
mechanism and Kkinetic parameter under similar temperature conditions to Hlsarna

process.
9.1.2 Devolatilization characteristics of coal and biomass materials

The non-isothermal devolatilization experiments were performed to compare the
thermal behaviour of four coals with notable differences in volatile matter content
(with low to high volatile matter content) and two biomass samples sourced from wood
and grass origins. The results show that similar types of volatiles components were
produced for all the carbonaceous materials. However, the wt% of reducing gases e.g.,
H>, CO, and hydrocarbons, and the temperature required for these gases to evolve were
notably different, but the respective maximum peaks of evolution of these gases
corresponded well to the maximum rate of mass loss recorded by TGA. It can be
concluded from the outcome of this study that the devolatilization is affected by the

material properties which in turn is linked to volatile mater and oxygen content.

Despite pre-treatment of both biomass materials (torrefied grass and charcoal), the
weight loss at low temperature from 100 to 200 °C which is mainly associated to

removal of H2O was significantly larger than that for thermal coals. This could be due
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absorption of H>O from atmosphere due to their porous structure, therefore materials
handling may need to be different for biomass (compared to thermal coal) to avoid
H20 absorption. Overall, the biomass samples produced significantly larger amount

of H>O and CO, but coal samples produced more CHa4, C2Hg and Ho.

Furthermore, the off-gas analysis reveals that torrefied grass contains a large amount
of H20 and CO. which are released at low temperatures up to 600 °C. These gases can
cause temperature drop in the Hlsarna furnace which needs heat compensation and
may result in increased carbon consumption. Therefore, pre-treatment to the
temperature of ~ 500 °C is necessary to produce chars with similar properties to coal
injected in Hlsarna process and for Bana grass material to be utilised effectively.

9.1.3 Evaluation of rapid devolatilization and behavior of resultant chars

The thermal coal (coal A) and charcoal used in Hlsarna trials and Bana grass chars
produced at pyrolysis temperature up to 500 °C were analysed under thermal
conditions similar to Hlsarna SRV using drop-tube furnace with quadrupole mass
spectrometer (DTF-QMS). Through this combination the devolatilization behaviour
of the carbonaceous materials under rapid heating and at high temperatures were
studied. The experiments demonstrated strong impact of temperature on the rate of
volatile formation, which was increased with a temperature increase. The variation of
gas species released was also affected by temperature change, that is, the yield of
hydrocarbons, CO2 and H>O decreases with temperature increase while both H; and
CO increase consequently. This behaviour indicates that temperature increase can
enhance both carbon oxidation and secondary reactions which are taking place during
devolatilization. The gas species detected were found to be similar for coal and
biomass samples but char oxidation for charcoal (CC) was significantly faster.
Therefore, despite high fixed carbon and low VM content, the weight loss (under rapid
devolatilization) for charcoal (29%) was higher than that for thermal coal (23%) and
Bana grass char (22%) at 1500 °C, which could lead to low solid char yield during CC
injection.

Furthermore, the reactivity test conducted at 1500 °C has shown that CC chars
produced under rapid heating has the fastest CO> gasification reaction with reactivity
index of (0.077) while the value was (0.053) for both TC and BGC chars produced

under same temperature conditions. This behaviour is likely to be governed by a
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combination of low ash content, ash composition, crystalline structure, and char
morphology. CC produced at 1500 °C has the largest BET Surface area (61.7 m?/g)
compared to TC produced at 1500 °C (1.5 m?/g) and BGC produced at 1500 °C (13.4
m?/g), but lowest ash content. The crystalline structure suggests that charcoal has less
ordered graphite structure, but it is more amorphous carbon compared to TC and BGC
implying its being more reactive. These results confirm that gasification reaction is
controlled by more than one parameter, e.g., high surface area and less ordered
graphite structure can enhance gasification reaction while higher ash content can have
a negative effect.

9.1.4 Reaction mechanism for FeO reduction in the molten slag

The reactions between carbonaceous materials and molten slag under simulated
Hlsarna thermal conditions were carried out by injecting chars produced from different
carbonaceous materials (CC, TC and BGC) into a molten synthetic Hlsarna slag in
laboratory. The gas analysis from these reactions indicates strong temperature impact,
and the reduction rate is found to increase with the temperature increase which is
demonstrated by temperature effect on the variation of gas products (CO and COy).
The results show that the FeO reduction proceeds through two stages, starting with an
initial rapid reduction and followed by gradual levelling off until the end of the
process. The reduction rate of FeO in the molten slag was highest with CC chars,
achieving over 60 % reduction at 1500 °C in the first 500s, compared to only ~50 %
and just over 40 % with TC and BGC chars respectively for the same reaction time.
Furthermore, the slag reaction with CC char resulted in the highest final degree of
reduction under all temperatures, but the performance between TC and BGC chars was

similar with TC performing slightly better at higher temperatures.

The kinetic analysis suggests that the first stage reaction is controlled by chemical
reactions at the carbon-slag interface and represented by second order model (F2). The
apparent activation energy values for the first stage were 290, 229 and 267 kJ/mol for
reactions with TC, CC and BGC chars respectively. On the other hand, the second
stage can be described by three-dimensional diffusion model (D3) and the following
activation energy values 265, 369, and 282 kJ/mol were obtained for reactions with
TC, CC and BGC chars respectively. The rate controlling mechanisms for the process
were determined by analysing the experimental data and activation energy values. It

appears that the first stage is controlled by chemical reactions on the carbon surface,
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and the mixed influence from gas diffusion, liquid phase mass transfer, chemical
reaction and carbon diffusion are likely to control the reduction rate for second stage.

9.2 Potential industial impacts

The findings in this study suggest that different reactions take place during
decomposition of carbon materials, which link to the chemical properties of the
materials. Therefore, these results have a direct implication on the biomass material
slection for Hlsarna process and the pre-treatment conditions required to produce the
chars with similar properties to the injected coal.

The rapid devolatilization experiments indicate that despite low volatile matter content
charcoal conversion due to devolatilization is extremely high compared to thermal
coal. Therefore, coal substitution with charcoal will result in significantly lower solid
char yield in Hlsarna’s SRV but higher reducing gas atmosphere for CCF will be
produced. On the other hand, charcoal has much faster gasification reaction with CO3,
and this can result in chars to burn prematurely before they penetrate into the metal
bath during injection. The extra CO produced from gasification and the reducing
volatiles from devolatilization can combust in the post combustion zone and may
result in the change of the furnace temperature, pre-reduction degree of iron ore in

CCF and may lead to underperforming for SRV.

Finally, the reaction rate for chars produced from charcoal with FeO in the slag was
much faster than with coal chars. This higher rate could potentially have a greatly
effect on the behaviour of SRV bath due to increase in the rate of CO formation and

could possibly change the slag composition.
9.3 Further Work

To build on the current findings and for efficient use of biomass or other alternative

fuels, the following points for further research are suggested:

1. This study indicates that charcoal injection results in low solid char yield due to
high devolatilization conversion and gasification reaction. The biomass (e.g.,
charcoal) / coal blending can help to increase solid char yield in the SRV bath to
maintain process efficiently. This can be done by blending charcoal and coal with
specific physical and chemical properties (e.g., low reactivity coal, and specific
ash and volatile matter content) to create a balance between solid char and

reducing gases atmosphere.
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In the literature it is known that the increase in the particle size of carbon sources
(biomass and thermal coals) will influence the performance of the carbonaceous
materials. The effect of particle size could be further investigated with the
potential that it may help to increase the solid char yield and slow down
gasification reaction.

The continuation of slag - carbon reaction by quenching reacted samples into cold
water from reaction temperature after certain reaction time. By rapid cooling the
reacted samples real-time composition and microstructure present at the reaction
temperature is preserved unchanged. Using quantitative and qualitative analysis
methods, the morphology and composition of the reacted slag and the iron

droplets produced can be analysed.

Slag chemical composition (e.g., different FeO content) plays an important role
in the bath smelting, heavily influencing the reduction of FeO in slag/carbon
reaction. The influence of slag composition could be studied for reduction of FeO
in the slag with biomass and thermal coal chars in Ar atmosphere and under

HIsarna’s thermal conditions to find optimal composition.

Various impurities from raw materials could affect the reduction rate of FeO-
containing slag by solid carbon. The impurities including TiO2 coming from Ti-
containing iron ore will affect fluidity and foaming of the slag and residuals from
scrap addition will compete for free oxygen, and sulphur from carbon sources will
act as an interface inhibitor blocking reaction sites. The influence of impurities

could be studied for both biomass and thermal coal.

The results of this study suggest that ash content and ash chemistry may influence
the reactivity of carbonaceous materials. The effect of ash content and chemistry
could be further investigated to determine the extent of these influences on the

char gasification behaviour and on the slag chemistry.

The Fe-C droplets created in the SRV by coal injection into the iron melt play an
important role in FeO reduction in the slag during the smelting process. Fe-C
formation rate can differ for reaction with carbonaceous materials with different
chemical properties. The carburisation of metal bath is expected to happen from
the injected carbon sources, therefore the rate at which carbon dissolves in molten

iron is a key aspect to be investigated. This study can be conducted by injecting
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solid chars into molten metal. When the carburization completed and if the
samples are rapidly cooled by quenching, the amount and the depth of carbon
diffusion in the metal can be analysed.
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