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Summary

Iron and steel are essential components of the world’s infrastructure and have applications
across all industries. Demand for steel across the world has lead to 1900 million tons being
produced annually, with this number expected to keep increasing. This means that the waste
coming from the steelmaking process will most likely also keep increasing. Basic oxygen
steelmaking (BOS) slag is a waste product from the secondary steelmaking process. However

much of the BOS slag goes to landfill and does not get utilised as well as it could be.

This thesis explores several different ways BOS slag can be utilised and looks at how effective
it is in each application. The first application tested is the ability for the BOS slag to capture
CO; and how this then makes it suitable for applications within the concrete industry. The
slag’s reaction to sea water was then assessed and what harmful effects it could possibly have
on the environment. Slag is well known for being a good fertiliser for plants due to its desirable
composition made up of Calcium, Silicon, Iron and others. The slag was tested to see if this
specific kind of slag could provide fertiliser properties. It was also explored if the slag could
be functionalised with carboxylic acids in order to become hydrophobic or hydrophilic
meaning that when the slag is used as fertiliser for plants, water can be channelled towards the

seed and not be absorbed before it reaches the seed.
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Glossary
Anoxic
Anthropogenic

Biota
Crystalline

Eutrophic

Ferromagnetic

Homologous
Hydrolyzed
Immiscible
Microbial

Mesocosm

Mesotrophic
Oligotrophic

Paramagnetic

Stochastic

Wettability

Greatly deficient in oxygen.

(chiefly of environmental pollution and pollutants) originating in human activity.
The animal and plant life of a particular region, habitat, or geological period.

A Crystalline material is one in which the atoms are situated in a repeating or
periodic array over large atomic distances. Meaning long range order exists such
that upon solidification the atoms will position themselves in a repetitive three
dimensional pattern in which each atom is bonded to its nearest neighbour atoms.

(of a lake or other body of water) rich in nutrients and so supporting a dense
plant population, the decomposition of which kills animal life by depriving it of
oxygen.

having a high susceptibility to magnetization, the strength of which depends on

that of the applied magnetizing field, and which may persist after removal of the
applied field. This is the kind of magnetism displayed by iron, and is associated
with parallel magnetic alignment of neighbouring atoms.

Having the same relation, relative position or structure.

Breakdown by chemical reaction with water

Not forming a homogeneous mixture when mixed.

Relating to or characteristic of a microorganism, especially a bacterium causing

disease or fermentation.

An outdoor experimental system which examines the natural environment under
controlled conditions.

Containing a medium level of nutrients

Relatively poor in plant nutrients and containing abundant oxygen in the deeper
parts.

Very weakly attracted by the poles of a magnet, but not retaining any permeant
magnetism.

Having arandom probability distribution or pattern that may be analysed
statistically but may not be predicted precisely.

The ability of a liquid to maintain contact with a solid surface and it is controlled
by the balance between intermolecular interactions of the adhesive type ( liquid

to surface) and cohesive type (liquid to liquid)
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Chapter 1: Introduction and Literature

Review
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1.1: Thesis Structure

Chapter 1 begins by stating the aims and objectives of the research project as well as providing
reasoning behind carrying out the project. The chapter will then examine some of the more
recent applications and literature available in the area. This provides an idea of the valuable
properties that can be used to exploit steelmaking slags and allows the reader to look at what
makes them an attractive product to be used in the circular economy. Further information on
the steelmaking process and production of steelmaking slag, as well as further applications,
can be found in my MSc thesis entitled "The Use of Steelmaking Slags in Marine Applications"
(Fisher, 2018).

Chapter 2 explains the chemicals and methods used through this body of work. Further
information on the collection of the slag samples can be found in my MSc thesis, "The Use of
Steelmaking Slags in Marine Applications" (Fisher, 2018). This thesis also includes a complete
characterisation study of the slag material. Chapter 2 first talks about the various chemicals
used and which experiments they were used in, and finally, the theory behind how each

analytical technique used throughout the body of work functions.

Chapter 3 is the first experimental chapter of the thesis, which presents work previously
published in a peer-reviewed journal called 'Recent Progress in Materials'. Lidsen Publishing
published this. The work characterises the CO2 sequestration ability of 3 different types of
steelmaking slag collected from Tata Steel and assesses their suitability to alleviate steel

industry emissions.

Chapter 4 evaluates the interaction of BOS slag and model seawater. Examples were taken
from all 4 grades of BOS slag that were supplied for the research. Two main experimental parts
make up this chapter, one of which looks at the interaction over 12 months with the slag in
static seawater in a dark environment in order to simulate undersea conditions. The other looks
at what happens when the water is agitated using a mechanical stirrer and what effect this

causes.

Chapter 5 takes a new direction, assessing what happens when the BOS slag is modified, and

the material's surface properties are changed. The BOS slag is modified with several carboxylic
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acids in different ratios to find the optimum conditions to create a hydrophobic and hydrophilic
slag. This chapter is written in the format of a conference paper, as the work was presented at
an online conference. The work was introduced in an online Zoom conference format. The
online conference was the 8th Brunei International Conference on Engineering and Technology

2021. The conference was from the 8th-10th November 2021.

Chapter 6 evolves the ideas spoken about in Chapter 5 and looks at using both the hydrophobic
and hydrophilic slag as fertiliser to enhance the growth of wheatgrass plants. This chapter was
previously published in a peer-reviewed journal, ' Resources, Conservation and Recycling
Advances' published by Elsevier Publishing. It has been inserted into this thesis with

permission from the original publisher.

Chapter 7 draws all of the work from the PhD together and is a chapter of reflection and
discussions of the future work that could lead on and be completed from the work completed

in this thesis.

1.2: Thesis Aims and Objectives

The steelmaking industry produces 20 million tons of waste slag annually in Europe. Around
half of this waste is basic oxygen steelmaking slag (BOS slag). BOS slag is a by-product of a
secondary steelmaking process in which pig iron from the blast furnace primary steelmaking
step is refined into steel using basic oxygen steelmaking. BOS slag is mainly a non-metallic
by-product of silicates, alumina silicates, calcium aluminium silicates, iron oxides and other
crystalline compounds (Fisher & Barron, 2019, 2021; C. Liu et al., 2016; Shen & Forssberg,
2003). BOS slag is also not as heavily recycled as other types of slag; therefore, much of it is
not utilised. It is harder to reuse BOS slag than other slag types, such as blast furnace slag, due

to the high calcium carbonate content (Fisher & Barron, 2019).

BOS slag contains many valuable components; recycling the BOS slag is a more favourable
option than letting it sit in a landfill, where it is a financial liability to the operator. There are
also considerable amounts of BOS slag classed as legacy slag sitting in landfills in the UK.
This is an untapped resource of valuable material that could be utilised (Riley et al., 2020).

Therefore, there is a growing need within the UK steel industry to use this resource, which
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yielded this project's aims and objectives. As is highlighted throughout the literature, there are
many different applications that BOS slag can be applied in (Fisher & Barron, 2019). However,
when designing and scoping out the experiments in this thesis, there was very little information
surrounding how UK steelmaking slags may perform in specific applications. It cannot be
assumed that UK-produced BOS slag will yield the same results in a specific application as
BOS slag produced in Japan, for example. This is due to the fact that BOS slag produced in
different countries can be inherently different due to its chemical composition. The chemical
composition is influenced by the grade of steel that was being made when the slag was being
produced. Grades of steel worldwide will be very different due to market factors and the
applications it is being used for in each region. Therefore, the overarching aim of this study is
to determine if UK BOS slag is suitable for reuse applications and, if yes, what applications it

would have the most impact in. The scope of this study will only assess BOS slag.

The first aim of this work is to quantify the amount of CO2 sequestration that could be achieved
using UK BOS slag, as this was one of the applications reported on the most in the literature.
Experiments were therefore designed to quantify the amount of CO2 UK BOS slag could
sequester and store. In the literature, there were examples of sequestration being completed in
a moist environment and an un-moist environment, as well as variations in pressures (Chang
et al., 2012; Sipiléd et al., 2008). The experiments herein test the UK BOS with differing

variables in line with this.

At the time of designing the experiments in this thesis, there was a promising project happening
in the Swansea Bay, South Wales area known as the Swansea Tidal Lagoon Project. More
information about this can be found in Chapter 4. Therefore, it was pertinent to assess UK BOS
slag for use in a marine environment to look into whether the slag would be useful to the
developers as a construction material or lagoon defence material, for example. Herein, the
experiments in this thesis can be used to assess the effects between model sea water and BOS

slag. This forms the second aim of this body of work.

There is considerable work available in the literature on the functionalisation of alumina oxides
and iron oxides, as well as others. In this subject area, the raw starting materials can be
functionalised to become hydrophobic or hydrophilic, yielding applications in areas such as
water purification (Hill et al., 2019, 2020; Maguire-Boyle et al., 2012; Maguire-Boyle &
Barron, 2011). Therefore, the third aim of the thesis was to look into whether BOS slag could
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be used as a raw starting material for functionalisation as well as to quantify the performance

of the material that is produced.

As mentioned in Section 1.3.7, steelmaking slag has been reported to do well at being used as
a raw material for fertiliser; therefore, the fourth aim of this body of work is first to assess UK
BOS slag's ability to aid plant growth and secondly to assess how various materials conditions
can aid or hinder plant growth. By testing unfunctionalised, hydrophobic and hydrophilic
variants of BOS slag, This work is aimed at alleviating water scarcity pressures in arid regions,
where it would be helpful to have a hydrophobic material that can channel water towards a
seed/roots and aid in irrigation (Karanisa et al., 2021). The growth of the Cereal Wheat
(Triticum aestivum) plant was assessed as this has previously responded well and displayed

enhanced growing characteristics in the presence of iron oxides (S. M. Lee et al., 2018).

1.3: Recent Applications

1.3.1: Leaching Behaviour of Steelmaking Slag

Several researchers have assessed the leaching behaviour of steelmaking slag and if it elutes
any hazardous chemicals. In testing completed by Li et al. in 2018, four different size fractions
of crushed BOS slag were placed into a glass bottle and agitated in deionized water for 8 hours.
The pH was then measured after the experiment. It was found that the pH increased more when
the size fraction of the slag was smaller; this was because the smaller particle size allowed the
CaO in the BOS slag to leach out, raising the pH of the water and making it more alkaline. It
was also observed that under lower temperature conditions, the pH value of the slag was
greater. The pH value caused by the smaller size fraction of steelmaking slag rose above safe
levels which meant it could be considered hazardous waste. However the pH produced by the
larger size fraction did not rise above hazardous levels. Therefore, it can be said that the slag
should be used in the original form it comes in if it is to be used for a marine application (Y.

Lietal., 2019).
Kashiyawa et al., found similar results when they completed a batch leaching test in which 4

different types of slag of different particle sizes were mixed with distilled water for 3 hours at

a constant temperature. The pH of the solution was then measured. The solution was then
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filtered, and the liquid was analysed using inductively coupled plasma optical emission
spectroscopy (ICP-OES). A kinetic model was then applied to the data from the batch-leaching
experiments. In samples with smaller particle diameter, calcium elutation tendency was found
to be higher due to the smaller surface area. It was also observed that the amount of calcium

elutation is not particularly affected by the FeoO3 content (Kashiwaya et al., 2020).

Kato et al. set up an experiment in Japan that assessed the effect steelmaking slag had on marine
life over 5 years. The experiment was done in 2 aquarium tanks that were both agitated using
a wave-making device with controlled high and low tides. Lighting was used to simulate
seasonal fluctuations in light. Both tanks had dredged soil from the Japanese ocean spread

along the bottom, except one had been enhanced with steelmaking slag to be used as a soil

stabilisation medium.

' y ‘ = L ’\. » " '."‘ - ;
Figure 1. 1: Image showing an example of the aquarium tanks used in the slag leaching

experiment (Kato et al., 2020).

In both tanks, plants native to Matoya Bay, Japan, were planted. Seawater from Tokyo Bay

was used as the example seawater in the experiment. The water was replenished and changed
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throughout the duration of the experiment. The effects on 3 separate marine species were
assessed, including bioluminescent bacteria, microalgae and copepod crustaceans. It was found
that the slag-modified soil was stabilised and not affected by the wave-making. When
compared to the other tank with the non-slag-modified soil the soil moved around much more.
It was found that over the 5 years, the 3 marine species were not affected by the slag and

potential toxic effects (Kato et al., 2020).

Foekema et al. did a study in which the effect of BOS slag on marine ecosystems was analysed
over 12 weeks. During the experiment, 3 different test materials were used, e.g. BOS slag,
natural quarry rock and pebbles. Each of these was added to mesocosm systems containing live
organisms that had been set up to simulate the environment found in nature. One mesocosm
system simulated the environment found at the Oosterschelde estuary in the Netherlands, where
BOS slag had been previously applied to the estuary in order to act as an erosion defence on
the river bank. The effects of the water replenishment rate on the mesocosms were also
assessed. The BOS slag was found to have no detrimental effect on the mesocosm ecosystem.
It was also observed that vanadium was the most reliable element that could be traced in the
mesocosms, meaning the BOS slag concentration could be reliably traced. However, it should
be noted that vanadium was only observed in low background concentrations. The mesocosm
data helped to interpret field data taken over 4 years at the Oosterschelde estuary, which has
shown that the BOS slag has had no detrimental ecological effect on the ecosystem at the

estuary (Foekema et al., 2021).

The recycling of steelmaking slag is currently very low in Vietnam due to a lack of consistent
and reliable recycling processes that would lead to suitable quality steelmaking slag being
recycled. In 2021 a paper was published that assessed if it would be suitable to reuse
steelmaking slag produced in Vietnam for road construction material. Both BOS and EAF slag
were tested during the experiment. The material was evaluated using two methods, which
assessed the material's leachability potential, US-EPA 1311 and JIS K 0058. US-EPA 1311 is
a US standard that is the ‘Toxicity Characteristic Leaching Procedure’. So it measures how
likely it is hazardous chemicals will leach out of slag. JIS K 0058 is a Japanese standard for
measuring the amount and type of chemicals in slags. Both methods had different parameters.
JIS K 0058 used deionised water as the leachant and mixed the slag at 200 rpm for 6 hours.
Whereas EPA 1311 used acetic acid as the leachant and mixed the slag for 18 hours at 30 rpm.

The pH of both the solutions was measured, and the concentration of elements was measured

17



using ICP-OES. The results of the two test methods yielded different results. When the leachate
solution had a lower pH, a higher amount of elements were leached out. The lower pH during
this test method was caused by using acetic acid during the test method. The test method JIS
K 0058 that used deionised water as the leachate had higher pH results, but the elements
leached out were below detectable levels for the ICP. The author suggests that the BOS and
EAF slag are suitable for roadbed material (Huong Nguyen et al., 2021).

The effect of natural weathering on steelmaking slag has also been evaluated by assessing slag
that has been exposed to a forest environment for 35 years. Ladle and EAF slag were used to
repair 2 forest tracks 35 and 19 years ago, respectively. Researchers then sampled the slag from
these 2 tracks to assess how its composition had changed and its effect on the environment
around it. The samples were analysed using Raman Spectroscopy, SEM/EDS and XRD. It was
found that in both slag samples, CO; had been absorbed, as the presence of CaCO3 had been
observed. Hashemite (Ba(S,Cr)O4) and Crocoite (PbCrOs) were both found to be present in the
slag. These are both Cr(VI) containing minerals. Cr (VI) can be harmful if it leaches out to the
environment around it, so the author suggests that these slags be reused with caution. Brucite
(Mg(OH),) and Portlandite (Ca(OH),) were also found in the slag suggesting that overtime the
slag had absorbed water. This also suggests that the slag had expanded over time, which led to
the broken footpath surface that was observed (Gomez-Nubla et al., 2018).

1.3.2: Construction Applications

In 2019 Lin et al., found that optimal mechanical properties can be achieved when a BOS slag
in a very fine powder form is used. They found that when coarser aggregate was used, there
was a reduction in mechanical properties. The optimum BOS slag aggregate ratio was a 10
wt.% replacement for traditional aggregate. They found that the more BOS slag was used, the
more the concrete suffered from expansion and cracking problems. It is unclear whether the
slag underwent any pre-treatment, e.g., a weathering treatment to stop the expansion effects.

The concrete also set faster the more slag was used (W. T. Lin et al., 2019).
Andrade et al., explored this concept further. They found that the BOS slag caused better

compressive strength than the other concretes made with natural aggregates. The interface

transition zone (ITZ) is the transition zone between the aggregate and cement. It was found
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that the ITZ in the natural aggregate concretes was not uniform and was also very porous. The
ITZ was less porous and more uniform in the BOS slag concrete, which is highly desirable in

strong concrete (Andrade et al., 2021).

A review study on steel slag as aggregate by Chandru et al. concluded that the rough and porous
texture of BOS slag contributes to a more bonded ITZ zone. In turn, increasing the mechanical
properties of the concrete. They found that the presence of B-C.S in BOS slag improved the
long-term compressive strength of the concrete due to its slow hydration nature. The authors
found the concrete to be stronger when it was used as coarse aggregate rather than fine

aggregate or a combination of both fine and coarse (Chandru et al., 2020).

In similar studies, Jexembayeva et al., and Chen et al., found that 5%-15% BOS slag was the
optimal proportion to add to a cement mix (Y. L. Chen & Lin, 2020; Jexembayeva et al., 2020).

In light of the issue, Lin et al., found that a more significant proportion of BOS slag being used
caused the concrete to crack. Research by Zareei et al., states that nano-silica particles in
combination with BOS slag should be added to the concrete to prevent this cracking
phenomenon. If a crack forms, they found that the nano-silica suppresses the crack propagation,
and the crack does not become as wide. This is because the nano-silica particles react with the
slag to form additional calcium silicate hydrate (CSH), which is a critical component in the
strength development of concrete. This results in a denser concrete matrix and a less porous
structure. However, the modifications do lessen the workability of the concrete, meaning it
does not flow well, and if it is to be used, the appropriate compaction method must be used

(Zareei et al., 2019).

Raw materials, e.g. limestone and clay, are customarily used to create cement clinker, but when
supplemented with steelmaking slag, the sintering temperature can be significantly reduced.
Using the steel slag as clinker in cement plants would also improve their carbon emission
outputs. Gao et al., calculated that the emissions could be reduced dramatically since less power
is needed for clinker production. The purchase of steel slag is also cheaper for the cement

production facility than purchasing limestone (Gao et al., 2021).

Leading on from this, Cao et al., completed a study in which heat treatment was used to modify

the properties of BOS slag. The slag was heated to between 1300-1450 °C in different variants
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of the experiment, held at this temperature for 30 minutes and then rapidly cooled back down
to room temperature. The slag was then ground into a powder using a ball mill. This was done
for different time durations, e.g. 15 minutes, 25 minutes, 35 minutes, 45 minutes and 55
minutes. The slag samples were mixed with traditional clinker materials such as limestone,
sandstone and shale. The mixtures then underwent a clinker sintering procedure in which they
were held in a furnace for 30 minutes at 850 °C and then rapidly cooled back to room
temperature. This process improved the grindability and hydration activity of the steel slag,
making it more suitable for use in the steel industry. They found that the iron and calcium
ferrite phases were reduced, which have both been known to make the slag harder to grind. The
experiments found that the sintered product containing 16.86 % slag was sintered at 1400 °C

performed the best (Cao et al., 2019).

In some cases, however, the iron content can pose a problem in the cement clinker as it can
cause a problem with the durability of the matrices. This could mean limiting the amount of
steel slag used as a clinker. The iron content increases the material's ductility, meaning it is
harder to grind the material into the desired shape. However, this can be easily remedied by
the slag undergoing crushing and magnetic iron removal. In a review conducted in 2021 of all
available technologies, it was concluded that in most cases, steel slag typically has high
angularity and a rough surface texture which both can contribute to the higher performance of
the cementitious matrices. It was found that when ground into a powder, steel slag can improve
the overall mechanical properties and increase compressive strength by up to 20% when the
steel slag is evenly distributed throughout the cement. During testing, the addition of
steelmaking slag initially increases the porosity of the cement, so during chloride and
carbonation tests, the performance is terrible. However, when the slag concrete is allowed to
cure for around 90 days, the test performance is equal to portland cement clinker and, in some

cases, superior (Martins et al., 2021; Pan et al., 2019).

Unfortunately, the fire resistance of concrete created using steelmaking slag has not been
overly researched. In the little research, researchers compared traditional and slag-based
concrete that had both been exposed to an elevated temperature of 300 °C. They concluded
there was no noticeable change to the properties of both the concrete. Nevertheless, when the
concretes were exposed to a temperature of 400 °C upwards, there was a noticeable decrease
in the indentation hardness of the material, suggesting that the mechanical strength of the

concrete had decreased (Sandanayake et al., 2020).
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Other kinds of steelmaking waste, e.g. stainless steel slag and blast furnace slag, have also been
shown to be suitable replacements for natural aggregates. In a study done in 2021, it was shown
that both could enhance concrete properties. For example, the slump and flow characteristics
of the concrete were both high, meaning the concrete would be easily workable in a real-world
scenario. The compressive and tensile strength increased with a higher proportion of blast
furnace slag. The stainless steel slag did not cause as much of an increase in tensile strength.
The paper found the optimum amount of replacement to be a combination of the two types of
slag, with the optimum combination being 20 % blast furnace slag and 10 % stainless steel slag

(H. Y. Wang et al., 2021).

In specific applications, such as concrete structures with complex geometries, more substantial,
more ductile concrete is required, known as steel fibre-reinforced concrete (SFRC) (Neves &
Fernandes de Almeida, 2004). This concrete can also undergo natural aggregate replacement
and still have the same properties. Kim et al., explored whether blast furnace slag could be used
in this type of concrete and how it would react in a marine environment. They tested the
concrete using two different replacement ratios for the blast furnace slag, 30 % and 50 %. The
NT build 492 test was used to determine the level of chloride ion migration into the samples
(Nordtest, 1999). The samples were also immersed in seawater in South Korea. The research
found that the rate at which the chloride ions can penetrate the concrete decreased with a higher
proportion of blast furnace slag. This is due to the concrete being denser. The service life of
the concrete was predicted through Life 365 software, where it was predicted it would take
more than 100 years for the chloride ions to penetrate 50 mm into the sample. These results
were reflected in the samples immersed in the sea; however, the author mentions that more
prolonged testing needs to occur in this experiment. The authors conclude that by including
blast furnace slag in SFRC, the service life of the concrete structure would be extended (S. Kim
et al., 2021). A similar study was completed by Ouda in which BOS slag concrete’s reaction

to water was assessed, and similar results were found (Ouda, 2019).

Another application BOS slag concrete has been tested for is its use in concrete paving blocks.
Researchers found that paving blocks can be made of portland cement using up to 70 % BOS
slag aggregate in the mixture. The concrete paving slabs passed all tests associated with BS

EN 1338:2003, which is the standard for creating paving blocks (Jalull & Ganjian, 2019).
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In an actual world application study on the use of steelmaking slag concrete as a building
material in a residential home in a tropical location, it was found to be suitable. Thermal
simulations were conducted between 3 homes one built with EAF slag concrete, one built with
BOS slag concrete, and one built with natural aggregate concrete. It was found that the homes
with steelmaking slag had a lower thermal conductivity than the aggregate natural homes,
meaning they were generally cooler in the summer simulation. In the winter simulation, the
natural aggregate homes were 1°C warmer. Both results are very positive results as it shows
that steelmaking slag-based homes would save on the cost of air conditioning and heating

throughout the year (Franco et al., 2019).

Another positive aspect of the application is that the slag can be multi-use. In section 1.8.9.4,
it is mentioned that slag has good phosphorus adsorption capacity, Roychand et al.,
experimented with slag that had previously been used for phosphorus capture and then used it
as a coarse aggregate in a cement application. This shows how the use of BOS slag can be used

to encourage a more circular economy (Roychand et al., 2020).

1.3.3: Geopolymers

Mine tailings are a waste solid rock material that is a by-product of mining minerals from the
ground. They are mainly composed of aluminium and silicon. Geopolymers are made when
aluminium/silicon-rich materials are combined with alkali and cured at an elevated
temperature. Therefore mine tailings can make excellent starting materials for geopolymers;
however, they are highly crystalline, requiring further additions to enhance their activities.
BOS slag and fly ash are suitable for this application because they contain CaO, SiO and AlO.
BOS slag and the mine tailings are combined with potassium hydroxide (KOH) and then cured
at elevated temperatures for some time to form the geopolymer. When tested, the BOS slag
geopolymer was found to have a higher compressive strength of 21.44 Mpa than the fly ash
geopolymer. The tests were conducted on a stress controlled compressive strength machine
with a stress rate of 0.25 MPa/s. This was due to the formation of calcium silicate hydrate
phases. These phases also served another purpose and immobilised any Fe and heavy metals
in the geopolymer that the mine tailings may have introduced. A 12-month static leaching test
on the geopolymer found that neither the BOS nor fly ash geopolymer allowed any harmful

elements to leach out. This is a promising application for waste materials in green construction
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materials (Falayi, 2020). Sithole et al., also found BOS slag geopolymers to have a similar
metal removal effect on acid mine drainage that contained high levels of Fe, Al, Mn, Zn, Ni

and Cu (Sithole et al., 2020).

In an alternative application, BOS slag can be made into a geopolymer coating and applied to
the surface of the concrete. Due to the coatings high emissivity value, it has the effect of being
able to reflect heat and provide cooling properties to what it is coating. Wu et al., recorded a
temperature drop of 5.9 °C due to the coating in a simulated sunlight experiment. The coating
bonded as well as a commercial paint coating due to the BOS slag reacting with Ca(OH). on

the surface of the concrete (Wu et al., 2020).

1.3.5: Slag use in Road surfaces and Pavements

In recent years, steel slag usage in road surfaces and pavements has become popular in Japan
and Australia; it can create road shoulders and the hot asphalt mixture used to create road
surfaces. Its application in this field has become so popular due to its properties, such as being
a tough and dense material which allows a thinner layer of asphalt to be paved. The angular
slag particles interlock very well together, therefore increasing the asphalt's resistance to tyre
track marks and resistance to skidding (Kehagia, 2009). The durability and anti-peel resistance
of the surface is excellent also. The slag-asphalt mixture retains its heat for a long time,
meaning the road surface or pavement surface is easier to put down. Slag does however have
a very high specific gravity making transport costs 20 % more expensive. However, these
transport costs can be tolerated due to the slags other desirable properties (Gencel et al., 2021).
In order to overcome the volume expansion problems previously seen by several researchers
of road surfaces, including Gauthier et al., the road surface can undergo a weathering process
to prevent expansion caused by hydration (Gautier et al., 2013). This weathering process is
around 6 months long; however, steam weathering can be used for faster production (Gencel

etal., 2021).

The top layer of aggregate applied on a road surface is an open-graded asphalt friction course
(OGAFC). OGAFC is usually a layer around 25-50mm thick. This layer leads to the road
surface not facilitating the quick runoff of stormwater. OGAFCs provide good skid resistance,

reduced spray, and less chance of hydroplaning. One of the significant problems with using
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traditional aggregate to create this layer is moisture damage traditional aggregate allows.
Causing deterioration in the adhesive bond between the asphalt cement and the aggregate
surface. Acidic and more neutral rainwater pHs can also affect the longevity of OGAFC. Pathak
et al., looked at how suitable BOS slag would be as an aggregate in this application and how it
would be affected by different pH values. Natural aggregate and BOS slag were trialled
together in different ratios and with two different asphalt binders. These were polymer-
modified bitumen (PMB) of grade 40 and crumb rubber-modified bitumen (CRMB) of grade
60. The different combinations of samples were each tested using a modified boiling water test,
tensile strength ratio test and wet abrasion loss test. The modified boiling water test tested the
durability of the bond between the aggregate and the binder to find out how durable the bond
was. This testing found that there was a much lower stripping index in the samples with more
BOS slag, meaning that the binder did not come off the aggregate as quickly or as easily. This
was true even in the much harsher acidic environment. The rough morphology of the BOS slag
allowed a much thicker asphalt film to be created, allowing a better bond. This provides more
evidence as to why BOS slag is suitable for use in aggregate for road surfaces (Pathak et al.,

2020).

Skid resistance can be analysed using a circular vehicle simulator consisting of four car tyres
that rotate over different asphalt samples for a prolonged time. Each tyre provides 40KN of
force which is about the same as a normal passenger car. The simulator can be seen in Figure
1.2. This test simulates how long the anti-skid resistance of a road may last. The researchers
tested the simulator using different asphalts made up using different BOS slag and granite
ratios. The ratios were 0 % BOS slag replacement, 25 % replacement, 50 % replacement, 75
% replacement and 100 % BOS slag replacement. At the end of the experiment, it was found
that the samples with 50 % BOS slag replacement provided the highest anti-skid resistance.
The 75 % and 100 % ratios did not achieve the same performance as they polished too fast and
did not provide a surface with friction. BOS slag can be said to be less wear-resistant and softer
than granite. The two differing hardness profiles of the aggregates meant that one wore faster
than the other creating an uneven, rougher surface, which in turn provided a surface with more
friction, increasing the antiskid resistance. It would seem that the 50 % replacement ratio

provided the optimum balance of the two aggregates (L. Hu et al., 2021).
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=
nggure 1. 2: Circular vehicle simulator (L. Hu et él., 2f021)
The amount of free lime present in steelmaking slag can effect the volume expansion properties
of it e.g. if the slag is used in a road surface it can lead to issues with the road surface cracking
(Fisher & Barron, 2019). Therefore it can be useful to measure the amount of free lime present
before the slag is utilised. Imashuku et al, performed experiments in which
cathodoluminescence (CL) was used to determine the percentage of free lime. In the method,
the BOS slag is bombarded with electrons, and the spectra produced can be used to determine
the amount of free lime present. The free lime emits an orange spectrum. This is due to the
dissolved manganese (II) ions in the free lime. The method suggests using X-ray excited optical
luminescence (XEOL) to gain a quick analysis of the amount of free lime present in the slag,
which could be used on-site at the steel plant (Imashuku & Wagatsuma, 2020). This method
can help decide if the slag would be helpful for road building.

With this idea, if a situation arose in which only some of the slag a plant was producing was
suitable for road construction, it could be mixed with another material to create the road, so it
does not go to waste. Harbour sediment is often dredged to alter the depth of docks where ships
may be docking. This harbour sediment is often dumped back into ocean disposal areas, where

it is wasted and not used at all. BOS slag can be mixed with this dredged harbour sediment to

25



create a road surface. Researchers found that the appropriate strength for a road surface can be

reached with a ratio of 50 % BOS slag to 50 % harbour sediment (Lim et al., 2021).

As previously mentioned Another big concern in recycling BOS slag is its leaching effect, as
many of the elements in the composition of the slag are soluble in water and can leach out and
harm the environment around it. Cui et al., have explored the microstructure BOS slag creates
in the asphalt, and if the leaching behaviour of the slag is enhanced or suppressed. The BOS
slag underwent hydrodynamic testing. It was found that the release of heavy metals was
inhibited by the encapsulation effect of the asphalt, reducing the leaching concerns. The slag
was also found to reinforce asphalt and enhance the strength of the microstructure (Cui et al.,
2021). Hu et al., found that the adhesive strength of the BOS slag to the asphalt was extremely
good, even better than traditional asphalts such as andesite and limestone. This was tested using
a moisture stripping test. They found this was due to the rough surface texture and alkaline
nature of the BOS slag (R. Hu et al., 2020). This suggests that the BOS slag would stay
encapsulated in asphalt infinitely, and the leaching of harmful heavy metals would not be a

concern.

Whereas Xie et al., found the leaching effect to be a concern in a slag aggregate asphalt-based
pavement system after 15 years. They found that high concentrations of Cr, Pb, Ni, Cu, Zn, Cd
and As in the soil under the pavement. They analysed the weathered BOS slag from the
pavement and found the weathered BOS slag had a lower concentration of these elements

suggesting the elements had leached out into the soil (Xie et al., 2020).

Li et al., also observed the excellent adhesion of BOS slag to asphalt when the two are
combined in a pavement application. The researchers performed experiments to assess the
radiation-cooling effects of the BOS slag on the surrounding environment and measured how
much heat energy could be absorbed. This was done using emissivity measurements, thermal
conductivity, and indoor and outdoor temperature measurements. Three different proportions
of BOS slag replacement were tested, e.g. 45 wt.%, 55 wt.% and 75 wt.%. They found that the
most heat was absorbed 3 cm below the surface with the asphalt with 75 wt.% BOS slag
replacement, absorbing the most heat at the end of the experiment. With the world's rising
temperature due to climate change, BOS slag pavements that provide a radiation-cooling effect
would be very useful in areas that suffer from the urban heat island effect. The urban heat island

effect is when cities are built out of materials that retain and absorb heat, creating a warmer
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environment (Y. F. Li et al., 2021; Rosenzweig et al., 2006). Researchers in Egypt showed
that BOS slag was suitable for concrete pavements. They used it to replace natural aggregate

traditionally used in concrete pavements (Tahwia et al., 2020).

In order to achieve the highest strength of the road surface, steel slag aggregate and bitumen
can be heated together, resulting in a pavement where 90-95 wt % is composed of aggregates.
A pavement with a thickness of around ~5cm can withstand 90-140 tons of heavy equipment

passing over it without deformation (Gencel et al., 2021).

Liu et al., points out that there is little research on using slag asphalt in roads in colder climates,
e.g., places where the ground frequently goes through freeze-thaw cycles. In 2019 research was
conducted on how steel slag reacted when going through freeze-thaw cycles, as well as the
mechanical properties and if the slag would crack under low temperatures. Slag replaced
traditional basalt aggregate in five different ratios (0 %, 25 %, 50 %,75 % and 100 %) in order
to find the optimum ratio. Marshall stability is a test in which the stability of the mixture is
measured in order to predict how it would react to multiple compressive stresses from vehicles
going over its surface of it. They found that the marshall stability increased linearly with the
added slag. The indirect tensile strength of the mixtures was found to decrease with more slag
added. However, the mixture could withstand more stress before fracturing and failing. This
indicated that the addition of slag had a positive effect on the low-temperature cracking
resistance of the material. The sample tested with 100 % slag had the best water stability and
highest indirect tensile strength even after 15 freeze-thaw cycles. Meaning the sample had the
best freeze-thaw resistance. The authors concluded that a 100 % slag asphalt material would
be suitable for road building in colder regions and fulfil the need for more sustainable road

materials (H. Liu et al., 2019).

Even though BOS slag has many impressive properties, as discussed above, it is essential to
remember that the material's life cycle analysis can also impact if it would be suitable to use
on road surfaces or pavements. Pavements made using ordinary stone were used as a
comparison. The study was assessed using Simapro using an uncertainty analysis methodology.
It was found that using BOS slag for pavements can lead to a 12 % reduction in emissions
compared to using ordinary stone. This reduction in emissions can be attributed to the fact that
BOS slag is produced as a by-product of steel production, and no energy has been consumed

in producing it. Whereas with ordinary stone, much energy goes into the mining of the stone
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as well as energy going into transporting it to its final destination. The distances from BOS
slag to be transported before it is added to the asphalt are also significant. Suppose the BOS
slag is transported more than 430 km, then it becomes non-cost efficient and produces more
emissions than natural stone production. This suggests that if BOS slag is to be used in
pavements and road surfaces, then the asphalt production facility should be set up in the same
area as a steel production plant, for example, as this would eliminate the emissions from

transport (Xie et al., 2021).

1.3.6: Slag use as Railway Ballast

Several researchers have previously commented on the suitability of steelmaking slag as
railway ballast due to its similarity in shape and properties to traditional limestone ballast
underneath the tracks. A comparison experiment conducted in 2017 by Esmaelli et al., found
that the slag provided 27 % more lateral resistance than limestone ballast (Esmaeili et al., 2017;
Gencel et al., 2021). A study done in 2021 by Jia et al., showed similar results, with the slag's
resistance to shear breakage being found to be 16.46 %-19.48 % higher than traditional railway
ballast materials (Jia et al., 2021).

1.3.7: Fertiliser

In 2020 Wen et al., studied the effect that modified BOS slag and unmodified BOS slag may
have on the nitrogen concentration in soil and the effect on the microbial community contained
within the soil. Quite often, nitrogen can leach out of soil too fast for plant growth. This is
caused by it leaching out when the groundwater level is high, for example, in farmland. Raw
BOS slag waste was collected from a steel plant in China. The waste was then crushed and
sieved. Then it was washed using deionised water, dried at 105 °C for 4 hours, and cooled back
to room temperature in a desiccator. Some of this slag was then used in a modification process
in which it was mixed with aluminium hydroxide (AI(OH)3) and deionised water. It was then
aged at room temperature for 10 hours, calcinated and heated to 800 °C for 2 hours, and cooled
back down (Yang et al., 2017). Soil leaching experiments were conducted on the raw BOS slag
and modified raw BOS slag. The slag was mixed with the soil in a leaching column with water
periodically to simulate a leaching cycle. The leachate was collected at the bottom of the

column to measure the soil's nitrogen concentration. It was found that the column with
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modified BOS slag had a lower nitrate concentration in the leachate, suggesting that the
nitrogen was being released in a controlled way. The addition of both kinds of slags raised the
pH of the soil, but the modified BOS slag had less of an effect than the other slag. The modified
slag's effect on the microbial community was also very good, with a broader range of bacteria

in the soil (Wen, Yang, Dang, Yang, et al., 2020).

In coastal areas, excess sodium is often found in the soil due to its proximity to seawater. This
poses a significant problem for farmers who farm there. In Italy, BOS slag was applied to the
soil over a 3-year Lysimeter trial on wheat and tomato plants. A lysimeter is a device that can
measure the amount of precipitation an area receives as well as the amount of precipitation lost
to soil (Howell, 2005). At the end of the trial, it was found that the BOS slag had lowered the
sodium level in the soil and increased the tomato yield available to the farmers. This was
because the soil contained Ca?" and Mg?" bivalent cations, which competed with the sodium
for sorption sites and prevented the sodium from staying in the soil. The durum wheat did not
manage to grow as well, which could be caused by the higher levels of V and Cr that were
found in the soil. V and Cr are known to cause toxicity to plants. The author suggests that if
the BOS slag is used as a fertiliser, the V and Cr concentrations should be assessed before use

to prevent crop harm (Pistocchi et al., 2017).

However, even though BOS slag is helpful as a fertilizer, it must also be noted that due to its
unpredictable composition, there is a risk that it may contain heavy metals, which can have an
adverse effect on the crops it was meant to fertilise. A recent study was completed in Havana
in which plant grown on land contaminated by slag was analysed. The slag was from a nearby
abandoned steel plant. The concentrations of Cadmium (Cd), Chromium (Cr), Nickel (N1) and
Lead (Pb) were assessed using ICP-OES. The crops tested were all crops that were available
for human consumption. It was found that Cd, Cr and Pb were all present in the soil at higher
levels than is safe for human consumption. Cd was found in the highest numbers, mainly in the
edible part of the plant, for example, the leaf of a vegetable. The main human exposure route
for Cr, Cd and Ni was if the consumer were to ingest the vegetable, they would have 70 % of
the allowable daily dose in that one vegetable. In comparison, the main digestion route for Pb

was through contaminated soil particles that may still be on the vegetable (Alfaro et al., 2021).
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1.3.8: Slag use as a catalyst

The composition of steelmaking slag generally contains many catalytically active components,
making it suitable for reuse in catalytic applications. Slag can undergo different treatments
such as acid modification, alkali modification, high-temperature modification and mechanical
modification. These can all be used to increase the slag's surface area and pore size, creating
more catalytic sites. Most studies found that the best catalysis results come from using a
combination of these methods. Some applications slag can be used for include catalytic
pyrolysis, organic degradation, electrocatalysis, photocatalysis, transesterification and carbon

capture and storage (F. P. Wang et al., 2021).

For example, in a study done in South Korea on the CO, pyrolysis of waste tyres to produce
Ho, steel slag was used as a catalyst. With the addition of the catalysis, the pyrolysis was
enhanced by 400 % when performed at 400 °C (Cho et al., 2020). In a similar pyrolysis process,
steelmaking slag was used as a catalyst in the CO> pyrolysis of pine sawdust to produce syngas.
The syngas can produce other fuels, such as methanol and diesel (Capodaglio & Bolognesi,
2019; S. Lee et al., 2020). Similar research on pine sawdust pyrolysis found that the catalytic
ability is enhanced even more if the steel slag is combined with nickel through a mixing
process. Researchers found that a higher yield of syngas could be achieved (Guo et al., 2019).
In a similar application, steel slag can also be used to prepare electrodes in the form of Sn/Mn-
loaded steel slag zeolite particles. These particles can then be used to degrade rhodamine B, a
common pollutant in water. Rhodamine B is used in manufacturing as a dye (Kaur et al., 2014;

Z. Zhang et al., 2020).

1.3.9: Metal Recovery from Slag

In the Panzhihua-Xichang areas of China, vast amounts of vanadium-bearing steel slag (VBSS)
are produced yearly during the steelmaking process. Vanadium titanium magnetite ore goes
through a mineral separation process to refine what is to go into the blast furnace. This produces
some tailings. Tailings are then refined to recover TiO: using a sulfuric acid (H2SOs)
decomposition process, which results in titanium dioxide waste acid. The process from the
blast furnace produces VBSS, which has a high vanadium concentration. Zhang et al., proposed

an idea in which the titanium dioxide waste acid could be used as a leaching agent for the
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vanadium steelmaking slag. It was found that the titanium dioxide waste effectively allowed
vanadium recovery from the slag. H>SO4 concentration in the acid played a prominent role in
the leaching process, with a concentration of 300 g/L being the optimum concentration. This
concentration effectively recovered 95 % of the vanadium from the slag. The leach residue
contained traces of V at 0.06 % and some Fe, Ti, P, and Mg impurities. The residue can be

further filtered to allow the further recovery of V (W. Zhang et al., 2021).

In a similar acid-leaching process, Siedlecka found that Fe could be recovered from basic
oxygen furnace (BOF) sludge. BOF sludge is similar to BOS slag but contains significantly
higher amounts of Fe. BOF sludge is a by-product of the flue gas produced during the basic
oxygen steelmaking process. Scrubbers purify the flue gas before it is released into the
atmosphere. This causes the transfer of pollutants from the gas into the water used to scrub.
This results in a solution with suspended solids known as BOF sludge. 1M hydrochloric acid
and 2.5M sulfuric acid were mixed in a reactor with several different experimental conditions,
e.g., different temperatures, time duration, solid-to-liquid ratio and stirrer speed. The remaining
sludge was then filtered and separated into two separate waste streams. An Fe oxide sludge is
left after the reaction, which can be dried and sent for a magnetic separation process to recover
a concentration of Fe;O3; and Fe3O4. The Fe oxides can then be reused in the steelmaking
process. The other waste stream is a leachate of FeSO4 which can be further processed by
washing with ethyl alcohol to obtain FeSO4.7H20, which can be used as a coagulant in the

sewage treatment process or as an additive in fertilizer mixes (Siedlecka, 2020).

Electric arc furnace slag is similar to BOS slag and can undergo a two-stage pyro-
hydrometallurgical process in which valuable slag components can be recovered. The first
stage is a carbothermic reduction stage in which Fe, Mn and Nb can be recovered. The second
stage, which involves acid baking and then water leaching, recovers elements from the Fe-

depleted stage, such as Al, Ti and Mg (J. Kim & Azimi, 2021).

A reduction reaction can also be performed with BOS slag. BOS slag can be crushed and mixed
with stone coal and held in an Argon atmosphere furnace for a period of time. This can then be
quenched using cold water. The remaining product is a foaming slag interspersed with metal
droplets. The metal droplets can be easily separated from the slag product for chemical
analysis. The metal droplets consisted of Fe, Mn, P and V. These metal droplets can either be

returned to the steelmaking process or can be further processed to recover the elements
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contained in the droplets. The remaining slag product is rich in CaO, SiO,, MgO and Al>O3
etc. This can be recycled to produce a glass ceramic product with a maximum bending strength
of 95.83 Mpa. This property would make it suitable for use as a building decoration material

(Y. Lin et al., 2021).

A similar application known as InduRed also exists in which slag is carbothermally reduced,
which separates the phosphorus from the slag in a gaseous form. This then leads to an iron-rich
alloy being left behind as well as the remaining components of the slag mixture. The
phosphorus gas can then be used as input for the fertiliser production industry, and the liquid

iron can be recycled in the steelmaking process (Breuer, 2021).

BOS slag can also be used in hydrogen production due to the reaction between steam and the

iron oxides in the slag. This reaction can be seen below in equations 1-3.

2Fe0(s) + H,0(g) — Fe,03(s) + H(g) (1)
Fe,05(s) + FeO(l) — Fe;0,4(s) )
3Fe0(s) + H,0(g) — Fe30,4(s) + H,(g) 3)

Li et al., completed experiments on this in which slag was placed in a furnace with an argon
atmosphere. Steam produced from deionised water was passed through the furnace for 5 hours
at various temperatures. The output gases were measured using gas chromatography. It was
found that the optimum temperature for H> generation was under 2000 °C. It was also found
that the slag became more magnetic after the steam treatment, meaning that Fe recovery from
the slag would be easier. This is a promising application as much research is currently being

done into steelmaking that uses H» as the fuel source (P. Li et al., 2020).

1.3.10: The Regeneration of Seaweed and Microalgae

Batch leaching experiments were conducted on slag samples in which 1 g of slag (carbonated
or non-carbonated) was placed into 100 ml artificial seawater. Furthermore, the addition of
gluconic acid was added to some batch experiments. The batch experiments were then shaken
for 192 hours, with sampling conducted at 12, 24, 48, 72, 96, 144 and 192 hours. The pH and
redox potential was measured immediately after the aliquot was taken. The aliquot was then

filtered to remove any solid residue. The Ca, Mg, and Si concentration was analysed using ICP-
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OES, and the total Fe concentration was analysed using mass spectroscopy. It was found that
the carbonated slag suppressed the pH rise of the seawater due to the CaO present in the slag
being stabilised into an insoluble carbonate. The presence of gluconic acid induced the
formation of stable chelated complexes of Fe. The combination of carbonating the slag and
adding gluconic acid significantly increases the amount of Fe in the seawater and showing that
steelmaking slag would be suitable for the application of restoration of seaweed populations

(Sakurai et al., 2020).

Microalgae plays a significant role in several industries, such as medicine, food, renewable
energy and wastewater purification. Microalgae plants are generally present throughout the
oceans and lakes. Their characteristics include fast growth, a short reproduction cycle and rich
nutrition. Steel slag, as previously mentioned, can provide valuable nutrients for the microalgae
such as Fe, Ca, Mg, P and Si. Generally, steelmaking slag contains oxides which can cause an
increase in the pH of the water the microalgae is being grown in, so the pH must be adjusted
to ensure it is optimum for the microalgae. It has been found that citric acid and gluconic acid
are beneficial in adjusting the pH value. Gluconic acid is also known to increase iron solubility
in the aqueous solution as previously mentioned. Another use for microalgae is in producing
biodiesel, which is a sustainable kind of fuel that can be used to replace traditional fossil fuels.
Steel slag had a beneficial effect on the production of biodiesel in relation to this in that it does
not provide nitrogen to the microalgae. This results in the microalgae having reduced protein
synthesis, which results in a large amount of the carbon that should be used in proteins being
instead converted into energy storage molecules, e.g. lipids. This forces the lipid content of the
microalgae to be very high, which means a lot more oil can be produced from the microalgae.
The authors also state that lipid content can increase in a phosphorus or sulphur-deficient

environment (Mata et al., 2010; Yu et al., 2021; L. Zhang et al., 2019).

1.3.11: Phytoplankton Applications

Traditionally microalgae are cultivated in a free cell suspension system in an open pond or a
closed photobioreactor. However, it has been previously shown that a biofilm harvesting
method can lead to higher productivity. For example, Chorella Vulgaris, when grown as a
biofilm, has been found to have a 30.4% increase in yield. The biofilm format increases the
light that can get to the microalgae and makes a more straightforward gas exchange pathway.

All of this means that the photosynthesis efficiency of the microalgae increases. With the
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research that has previously been done into the effect that steel slag has on the growth of
microalgae, Chen et al., studied if a biofilm of algae could be created around samples of BOS
slag. They also assessed the feasibility of using the BOS slag and microalgae hybrid material
to create an artificial reef structure. Three separate microalgal strains were examined: Chlorella
sorokiniana PTCI13, Tetraselmis suecica SC5 and Nannochloropsis oceanica DG. The
common application for these strains is aquaculture feed. 7. suecica SCS5 achieved the largest
biomass. The researchers believe this was down to the strain having a larger size and being
able to adhere to the BOS slag surface more effortlessly. The 7. suecica SC5 were harvested
and found to be composed of 36.2% protein, 27.8% carbohydrate and 16.2 % lipid. These
properties make the algae grown suitable for use as aquaculture feed. The researchers observed
that the BOS slag surface, with its many nutrients, accelerated the alga’'s growth. So therefore,
it concluded that if the slag were to be used as the starting block for an artificial reef structure,
much marine life would be attracted to it. It is cheaper than using other materials, such as

shipwrecks, to create artificial reefs (C. Y. Chen et al., 2021).

1.3.12: Adsorbent Properties

A study done in South Africa showed that BOS and BF slag could be used to treat acidic
wastewater from an aluminium coating process in order not to pollute the municipal water it
runs into. The slag can be used to raise the wastewater's pH level to a safer alkaline pH. For
BOS slag, the pH was raised to 12, and for BF slag was raised to 6. They found that the slag
can remove sulphates from the solution and BOS slag was superior at this as the higher pH
meant that more sulphate was removed from the solution. 80 % of the sulphates were removed

from the solution (Vessal, 2019).

However, the performance of BOS slag absorption varies across different elements. For
example, it was found that if Pb, Cd, Zn and Cu are in a solution together, BOS slag has more
of an affinity to absorb Pb before absorbing the other heavy metals mentioned. This absorption
performance is affected by several factors, such as the heavy metal concentration, pH and solid-

to-liquid ratio (Xue et al., 2020).

In another similar study, BOS slag was first thermally activated at 1000 °C for 24 hours to
improve its surface area and porosity. 0.5 g of BOS slag was then used in batch experiments to

assess its F removal capacity. It was found that F was successfully removed from the solution,
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with uptake being rapid at the start and reaching equilibrium after 35 minutes. The optimum

pH for F removal was around 6-10 (Islam & Patel, 2011).

When these findings are applied to a real-world application, such as restoring acid-
contaminated soil and water near a mine, the results are promising. When applied to soil, the
slag increased the pH, improved the diversity of the bacterial communities in the soil and plant
growth and immobilised the heavy metal ions in the soil such as Pb, Zn, Cu, Cd and Cr. In the
case of the acid mine water treatment, the results are similar, with 99 % of all trace metals, e.g.
Pb, Cr, Cu, Cd, Co, Fe, Mn, Ni, Zn and Al, being removed (Saha et al., 2019; Wen, Yang,
Dang, Miki, et al., 2020).

1.3.13: Arsenic Removal by Steelmaking Slag

Li et al., mentions how steelmaking slag can be used to detoxify wastewater from the copper
smelting process. It is not specified in the study whether the slag was BF or BOS slag. They
mention how normally, steelmaking slag has a low As removal rate and removal capacity, so
they experimented with adding permanganate (KMnQOs). The experiments were conducted by
adding 5 g of steelmaking slag to 100 ml of copper smelting wastewater with differing amounts
of KMnOs. The steelmaking slag released Fe, Ca and Si ions and caused an increase in the pH
levels of the solution. During the reaction, As(IIl) is oxidised to As (V) and Fe(II) is oxidised
to Fe(III). This creates an amorphous FeAsOs precipitate and As-adsorbing Fe(OH)s floc. This
causes an As removal rate of 91.37 %. The released Fe ions were also further hydrolysed to Fe

(OH);3 floc meaning more As was absorbed (Y. Li et al., 2021).

In other batch experiments done using BOS slag without KMnOs, the removal mechanism of
As was found to be adsorption at pH 8-11 and at pH 11-13, amorphous calcium arsenate
precipitation. The researchers found that at a higher ph value, the formation of Ca(OH), and
CaCOs on the surface hindered the removal process of As. They also found that slag was
suitable for removing Pb. Pb was removed from the solution by forming a Pb-OH precipitate

(S. H. Kim et al., 2021).
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2.1: Chemicals

The chemicals used in the experimental work, their supplier, and the Chemical Abstracts

Service (CAS) number are listed in Table 2.1 below.

Table 2. 1: Table of chemicals, suppliers, and associated CAS number.

Chemical name Supplier CAS No: Experimental use
Sodium chloride Sigma-Aldrich 7647-14-5 Model seawater
(NaCl) Company Ltd. production
Magnesium Sigma-Aldrich 7791-18-6 Model seawater
chloride Company Ltd. production
hexahydrate

(MgCl,e6H>0)

Sodium sulphate Sigma-Aldrich 7757-82-6 Model seawater
(Na2S04) Company Ltd. production
Calcium chloride Sigma-Aldrich 10035-04-8 Model seawater
dihydrate Company Ltd. production
(CaCl202H20)

Potassium Chloride Sigma-Aldrich 7447-40-7 Model seawater
(KC1) Company Ltd. production
Sodium hydrogen =~ Merck Chemicals 144-55-8 Model seawater
carbonate Ltd. production
(NaHCO:3)

Potassium Bromide Sigma-Aldrich 7758-02-3 Model Sea Water
(KBr) Company Ltd. Production
Strontium Chloride  Fisher Scientific Ltd. 10025-70-4 Model Sea Water
Hexahydrate Production
(SrCl,e6H,0)

Boric Acid Fisher Scientific Ltd.  10043-35-3 Model Sea Water
(H3;BO3) Production
Sodium Fluoride VWR International 7681-49-4 Model Sea Water

(NaF)

Production

37



Sodium hydroxide
(NaOH)

Potassium
phosphate
monobasic
(KH2PO4)

Isostearic Acid

Lanolin

Lauric Acid

Toulene

Cysteic Acid

Nitric acid

ICP Multi-element

VWR International

Sigma-Aldrich
Company Ltd.

Tokyo Chemical
Company

Sigma-Aldrich Ltd.

Sigma-Aldrich Ltd.

Sigma-Aldrich Ltd.

Sigma-Aldrich Ltd.

Sigma-Aldrich Ltd.

Sigma-Aldrich Ltd.

1310-72-2

7778-77-0

2724-58-5

8006-54-0

143-07-7

108-88-3

23537-25-9

7697-37-2

Several CAS

Model seawater
production and
phosphate
removal
Phosphate

removal

Functionalisation
of slag and the
growth of
wheatgrass
Functionalisation
of slag and the
growth of
wheatgrass
Functionalisation
of slag and the
growth of
wheatgrass
Functionalisation
of slag and the
growth of
wheatgrass
Functionalisation
of slag and the
growth of
wheatgrass
Functionalisation
of slag and the
growth of
wheatgrass

Nutrient leaching
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standard solution

VIII

Silicon Standard
for ICP

numbers due to  experiments
multi-element

nature

Sigma-Aldrich Ltd. 7697-37-2and  Nutrient leaching

7664-39-3 experiments

2.2: Techniques

2.2.1: Microwave Plasma Atomic Emission Spectroscopy (MP-AES)

MP-AES is a powerful technique that can be used to measure the chemical composition of

liquid samples. An industrial magnetron producing microwave energy forms microwave

plasma. This microwave energy then passes through an axial magnetic field and an electrical

field and is then combined with Nitrogen to create a plasma. The nitrogen source of the machine

used had a nitrogen generator that pulled Nitrogen out of a compressed air stream (Agilent,

2021).

Plasma

Excited
Atoms

Sample
Aerosol

Emitted
Light :I R /\/
A ——

Spectrometer Quantification

Figure 2. 1: Schematic diagram of a microwave plasma atomic emission spectrometer

(Agilent, 2021)

Before testing any experimental samples, calibration standards are used to create concentration

curves in the software so the wavelengths in the experimental standards can be quantified. The
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equipment used for the analysis was an Agilent Technologies 4200 MP-AES with MP expert

software. The machine used can be seen in Figure 2.2(Agilent, 2021).

Before MP-AES analysis, it was necessary to remove any solids from the samples, so each
sample was centrifuged at 5000 rpm for 10 minutes. If any solids go into the MP-AES, it can
cause damage. In order to quantify the amount of each element in the sample, it was necessary
to quantify by making up calibration standards. Two standards were used during the
experiments. One was a multi-element standard containing Al, B, Ba, Be, Bi, Ca, Cd, Co, Ctr,
Cu, Fe, Ga, K, Li, Mg, Mn, Na, Ni, Pb, Se, Sr, Te, Ti, and Zn. The other standard was a Si
standard. These standards were used to make calibration solutions at the following ppm
concentrations: 2, 4, 6, 8 and 10. These were always freshly made before any MP-AES analysis
took place. If the machine did not calibrate appropriately, then analysis was not done. 50 ul of
each nutrient-leaching sample was diluted into 10 ml of lab-grade deionised water using a

volumetric flask. This solution was then ready to be tested by the MP-AES.
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Figure 2. 2: The Agilent Technologies 4200 MP-AES used in experiments.

2.2.2: Contact Angle

The contact angle technique can be used to characterise the wettability of a surface by
measuring the angle between the surface of a liquid droplet and the surface it is sitting on. It is
a powerful technique to characterise a surface's properties, e.g., whether hydrophobic or
hydrophilic. The criteria for whether a surface is hydrophobic or hydrophilic can be seen in
Figure 2.3.
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Figure 2. 3: Figure showing the contact angle criteria for a sample to be hydrophilic or

hydrophobic (Lerman, 2017).

The contact angle can be used to calculate the surface free energy of a sample through the use
of young's equation. Young's equation is equation 2.1. y;, is the surface tension of the liquid,
¥ 1s the interfacial tension between the solid and liquid and vy, is the surface tension of the

solid, i.e., surface free energy.

Ysv = ¥Ys1 T Vi COS Qy (2.1)

Young's equation assumes that the surface is flat with no surface roughness and that the
chemical composition across the surface is the same. It also assumes there is no interaction
between the surface and the liquid. Therefore, it is recommended that other types of contact
angle measurement are performed, e.g., static, or advanced and receding dynamic contact
angle. Static contact angles are measured when a droplet is put onto a surface and measured.
The droplet does not move; therefore, the solid-liquid boundary mentioned in Young's equation
1s non-moving. Dynamic contact angles are measured by advancing and reducing the volume
of a droplet on the surface. The advancing angle is measured when the drop is at its maximum
volume, and the receding angle is measured when the drop is at its minimum volume. The
difference between these two angles is known as hysteresis. The hysteresis value is
significantly influenced by the surface and can be used to determine how homogenous the
surface is and how the surface's topography and chemical composition influences the droplet
(Laurén, 2021). The contact angle used was a Kriiss DSA25 Expert Drop shape analyser, shown
in Figure 2.4.

The slag was compressed into a pellet using a pellet press with a 32mm die. The pellet was
then placed onto the sample stage of the machine. A syringe was then filled with type 2, 15
MQ.cm distilled water. The contact angle measurements were then controlled and measured

through the software. The contact angle measured both the sessile drop and advanced and
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receding contact angle. The measurements were completed in triplicate, so the value quoted is

an average. The contact angle was used under standard conditions.

=

Figure 2. 4: Image showing a Kriiss DSA25 Expert Drop shape analyser.

2.2.3: Thermogravimetric analysis (TGA)

Thermogravimetric analysis is a technique in which the mass of a sample is measured as it is
heated up in a controlled atmosphere. The sample is put in a small pan that sits on a highly
accurate balance inside a furnace. The furnace can be programmed to either cool or heat the
sample at a specified rate. The mass of the sample information is then fed back into a computer,
where it is plotted on a graph with the temperature information. An inert gas such as argon or
a reactive gas can be used. The technique can quantify the loss of water or solvent,

decarboxylation, pyrolysis, and many other applications (Perkin Elmer, 2015).

The TGA used for all experiments was a TA instrument SDT Q600, pictured in Figure 2.5.
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Figure 2. 5: Image showing the TA instruments SDT Q600.

2.2.4: Fourier-transform infrared spectroscopy (FTIR)

Fourier Transform infrared spectroscopy is a fast and non-destructive characterisation
technique that can identify different compounds, components, or a mixture. It is widely used
for the identification of organics in organic synthesis or the identification of polymers. It uses
the principle that when infrared (IR) radiation passes through a sample, some radiation is
absorbed, and some interacts with the sample and is transmitted. This causes a unique infrared

spectrum to be recorded, enabling the identification of the components of the sample.

The equipment used to analyse samples in the functionalisation experiments was a Thermo

Scientific Nicolet iIS10 FT-IR-ATR Spectrometer, pictured in Figure 2.6.

At the start of all testing with the FTIR, it was cleaned with isopropanol to ensure any previous
samples were removed from the sample stage. A background scan was then taken to ensure
that any spectra from the environment could be eliminated. The software was set to subtract
the background spectrum from any measured spectrum automatically. All spectrums were
recorded with a scan speed of 64 and a resolution of 4. All the spectrums were also recorded
in transmittance mode. The spectrums and their components were then exported and identified

using spectra from the literature (Merck, 2022).
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Figure 2. 6: Image showing the Thermo Scientific Nicolet iS10 FT-IR-ATR Spectrometer

used for all samples.

2.2.5: Brunauer—-Emmett-Teller (BET) Gas Sorption

Brunauer—-Emmett-Teller (BET) gas adsorption analysis can be used to measure the specific
surface area of a sample and the pore size distribution of a powder sample. BET theory was
first proposed in 1938 by Stephen Brunauer, Paul Hugh Emmett, and Edward Teller, who
proposed equation 2.2, which can be used to determine the number of atoms of gas it would
take to form a monolayer, Xm, of gas across the whole surface. The monolayer the adsorbate
gas forms are well illustrated in Figure 2.7. P/P, is the relative pressure at the time of
measurement, and C is related to the heat of adsorption. The equation describes the linear graph
plot shown in Figure 2.8. As specific surface area is calculated from the first monolayer of gas,
the first 5 points of a BET isotherm are typically used. From the linear plot of the first 5 data
points, the slope and intercept can be calculated from this information and put into equation
2.3, which can be used to calculate the specific surface area of the sample. CSA is the cross-
sectional area of the adsorbate, typically Nitrogen, in most experiments (Anton Paar, 2021;

Brunauer et al., 1938).

1 1 C-1yP (2.2)
X[(P,/P) —1] ~ X,,C + X.C (P_O)
| 1 s (2.3)

~ slope + intercept
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Figure 2. 7: Image showing how the adsorbate forms a monolayer on the sample surface

(Anton Paar, 2021).
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Figure 2. 8: Image showing a typical BET plot to work out the specific surface area of a

sample.

The equipment used in my thesis was a Quantachrome NOVA 2000e Surface area and a Pore
Size analyser. The equipment is pictured in Figure 2.9. It was used in helium mode, and

Nitrogen was always used as the adsorbate gas. The analysis was always performed at 77 K.
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The glass sample tube with a lid is first weighed, and the mass is noted down. The sample is
then added to the sample tube, and the sample, sample tube and lid are weighed. As the samples
were all steelmaking slag, around 22 g was always added to the sample tube for consistency.
The amount of sample to add depends on the sample density, as the experiment can be hindered
if too much or too little sample is added. The technique then works by first degassing a sample
which is effectively a cleaning process for the sample, which can remove any dust, for example,
or other contaminants that may cause a false surface area value to be given. The glass sample
tubes are attached to the machine in the degassing side and put under a vacuum. Heating
pockets are then added to aid the removal of contaminants. The samples were all degassed
overnight at 120 °C. The criteria for choosing a temperature is to choose a temperature that the
sample is stable at and will not alter anything about the sample. Once the degassing process is
completed, the sample tube, sample, and lid are re-weighed to check that the degassing process
has succeeded. Typically, the sample should decrease in mass due to the removal of
contaminants. These weights can then be used to calculate the degassed sample weight. This
information is put into the Quantachrome Novawin software. The sample tube can then be
attached to the analysis side of the machine, and a dewar of liquid Nitrogen is added
underneath. The liquid Nitrogen cools the sample down to the nitrogen boiling temperature of
77 K. If carbon dioxide is used as the adsorbate gas, then an ice bath is typically used. The
analysis can then be started, and the sample tube is put under a vacuum. The first stage of the
analysis involves helium gas going into the sample tube, which is used to measure the volume
of the sample tube that does not have the sample in. After this stage, the sample tube is put
back under vacuum, and the nitrogen adsorbate gas goes in to measure the specific surface area
of the sample. The Novawin software has the BET equations built into the software, so it

automatically calculates the specific surface area of the sample.
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Figure 2. 9: Image showing the Quantachrome Nova 2000e Surface Area and Pore Size

Analyser.
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Chapter 3: Experimental CO;
Sequestration Trials using Basic

Oxygen Steelmaking Slag
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The work that follows has previously been published in a scientific paper that was published
in the Lidsen publishing Journal ‘Recent Progress in Materials’. The paper was published on

16™ July 2021 (Fisher & Barron, 2021).

3.1: Introduction

The worst environmental consequences of the steelmaking industry are the CO2 emissions
from production. In 2020, for example, 1.89 tonnes of CO2 was released into the atmosphere
for every tonne of steel produced worldwide. This represents between 7-9 % of global
anthropogenic CO2 emissions. There is, therefore, a tremendous amount of pressure on the
steelmaking industry to change its processes and lower its overall emissions. The two key ways
that the steel industry can achieve this are to lower the overall emissions of steel production
and to increase the amount of sinks they have for their emissions. In order to reach the targets
set out by the Paris Agreement in 2015, both of these strategies must be adopted by the steel
industry. The Paris Agreement is an international treaty set out by the United Nations to combat
climate change. The treaty states that the global temperature must not exceed 2 °C above pre-
industrial levels (World Steel Association, 2021). As of 2022, the UK was ranked the 27th
most significant steel producer in the world and produced 6.1 Mt. This is a relatively small
number compared to China’s production, which produced 1013 Mt. Worldwide, 1878.5 Mt
were produced in 2022 (World Steel Association, 2023).

One way sinks can be implemented into the steelmaking industry is through carbon capture
technologies. As Fisher and Barron previously mentioned, much promising research surrounds
how slag can be used to capture CO2 due to its favourable calcium silicate composition. It is
not just fresh slag that can be utilised for this purpose, legacy slag that has been landfilled can
also alleviate carbon emissions (Fisher & Barron, 2019). Since 1875, between 490 and 640
million tonnes of slag have been generated within the UK. Much of this has been reused in
applications such as roads and construction (Riley et al., 2020). However, Branca et al.,
estimates that 9% of these slags are internally stored, and around 14% are landfilled (T. A.
Branca et al., 2020). Therefore, a large reserve of material can be utilised for carbon capture
within different steel businesses. Riley et al., looked at the various slag landfill deposits
throughout the UK. They estimated that through a direct carbonation method, there was the
potential to sequester 296-337 kg CO2/t of slag (Riley et al., 2020).

50



At the time of designing the experiments in this thesis, no experimental data could be found
surrounding the CO2 sequestration of slag produced by UK steel makers. As explained
previously, CO2 sequestration is a valuable strategy to combat the emissions that the UK steel
industry produces; therefore, assessing the capacity of BOS slag to capture CO2 is an important
step. The following study aims to characterise 3 different samples of steelmaking slag from
Tata Steel to assess if they would be suitable for further study in carbon sequestration

applications.

3.2: Materials and Methods

3.2.1: Slag

Three different samples of basic oxygen steelmaking (BOS) slag were used in the study, and
were collected from Tata Steel, Port Talbot, South Wales, SA13 2NG. On site BOS slag is
sorted into two regimes using vibrating screens (45 mm and 5-10 mm) before being stored as
piles. The measurement in the slag description refers to the average diameter of a piece of slag.
Samples were taken from two piles of 45 mm slag (Samples A and B) and a sample was taken
from the 5-10 mm pile (Sample C). The slag is officially designated as a waste product in the

Tata Steel environmental permit (Natural Resources Wales, 2012).

3.2.2: Slag sample crushing

The slag sample to be crushed was placed into a low-density polyethylene (LDPE) plastic bag
with a zip closure. The bag was then placed inside another LDPE bag, and this process was
repeated 5 times. The bags were used to make sure that parts of the slag sample did not get
propelled out of the crushing area. The bags were then placed on a piece of cardboard and then
placed on a wooden workbench. The cardboard was used to prevent damage to the wooden
workbench. A 0.45 kg hammer was then used to crush the slag sample. Once enough pieces of
slag had been broken off in a smaller size fraction, they were placed into a pestle and mortar

to be crushed into a powder suitable for CO; sequestration analysis.
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3.2.3: Characterization

Thermogravimetric analysis (TGA) was performed using a TA Instruments SDT Q600. For
each analysis, the sample was heated up to 700 °C to decompose the sample under argon and
release any CO; that had previously been absorbed during storage. The TGA instrument was
then allowed to cool to room temperature, and the sample was then exposed to wet CO, at a
flow rate of 80 mL/min for 4 hours. Wet CO» has previously been observed to maximize CO»
uptake for oxide mixtures (Lupu et al., 2006, 2007). Wet CO» was produced by bubbling CO,
through a glass bubbler filled with distilled water. The sample was then heated to 100 °C and
held for 5 minutes to remove any mass gain that may have been caused by water in the wet
CO; flow. An accurate representation of the amount of CO; absorbed could be acquired. CO»
gas sorption analysis was completed using a Quantachrome iSorb HP1 high-pressure gas
sorption analyzer. Before analysis, each sample was degassed under vacuum for 4 hours at 180
°C. Each CO; isotherm was conducted at 83 °C to maximize CO; uptake (Polettini et al., 2016)

. For each CO; isotherm, 19 data points were collected from 0 to 10 bar.

3.3: Results and Discussion

Table 3. 1: The CO, adsorption capacity (mmol/g) of basic oxygen steelmaking (BOS) slag

determined by thermogravimetric analysis (TGA) and gas adsorption using iSorb.

CO; Adsorption Capacity (mmol/g)

Sample A Sample B Sample C
TGA (1 bar) 0.077 0.139 0.264
iSorb (1 bar) 0.016 0.005 0.016
iSorb (10 bar) 0.041 0.034 0.034
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Figure 3. 1: iSorb plot of dry CO, adsorption capacity (mmolco>/g) of sample C as a function

of CO; pressure (atmosphere).

The resulting uptakes is summarized in Table 3.1 and representative plots are shown in Figure

3.1 and 3.2.
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Figure 3. 2: TGA plot showing mass loss (%) as a function of temperature (°C) plotted

against time (minutes) in sample C.

As noted above the presence of CaO and MgO in the slag samples offers potential of CO»
capture/sequestration. The uptake measured with dry CO; on the as received slag samples are
shown in Table 3.1. The data for the pressure dependent adsorption may be fitted successfully
with the Freundlich isotherm as defined by Equation 1, where Q. (mmol/g) is the capacity of
adsorption of CO; by the adsorbents, Ky is the Freundlich isotherm constant (mmol/g.atm1/n),

and n is the heterogeneity factor that represents the deviation of the linearity of the adsorption.

53



Qe = K¢ (Pco2)/n (D

Figure 3.3 shows an example of the plot of log(Qe) versus log(PCO2) from which the
Freundlich isotherm constant (Kr) and heterogeneity factor (n) is obtained. A similar analysis
of each of the data is summarized in Table 3.2. When the value of n is between 2 and 10 the
adsorbent is considered to have a high adsorption capacity (Brdar et al., 2012). The Freundlich
model is used for systems with a high degree of heterogeneity, where it is assumed that there
1s an exponential decrease in energy as the coverage of the surface occurs (Barka et al., 2013;

Freundlich, 1907).

Log(Q.)

Figure 3. 3: plot of log(Qe) versus log(Pco2) for dry CO» adsorption by sample C (R? =
0.991).

Table 3. 2: Calculated Freundlich isotherm constant (Kf) and heterogeneity factor (n) for dry
CO, adsorption of basic oxygen steelmaking (BOS) slag determined by gas adsorption.

Sample A Sample B Sample C
Kr (mmol/g.atm/") 0.0154 0.00367 0.0141
n 2.206 2.286 2.668
R? 0.995 0.989 0.991

It has been shown in several previous studies that the amount of CO» captured when using wet
COaz s significantly more than dry CO» (Lupu et al., 2006, 2007; Reddy et al., 2019; Sarperi et
al., 2014). The moisture in the wet CO; gas stream allows soluble calcium from phases such

as CaO, CaxSiO4, and Ca3SiOs to dissolve and create calcium ions, which react with the
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carbonate ions (formed upon CO; dissolution) to form CaCOs (Yilmaz et al., 2013). As such
the uptake of wet COx is significantly higher in all samples than dry CO» (Table 3.1). Therefore,
as the 1Sorb analysis does not use wet CO; and instead uses dry COx it did not perform as well
as the TGA adsorption. Sample C was seen to absorb the most CO> during the wet CO, TGA
experiment. When Sample C underwent ICP-OES and XRF compositional analysis previously

it was found to have a higher concentration of Ca and Si than Samples A and B.

3.4: Conclusions

This chapter presents the CO» sequestration ability of BOS steelmaking slag produced at a UK
steelmaking plant, Tata Steel. The experiments proved that BOS slag produced at UK steel
plants would suit CO> sequestration applications. Sample C had the best performance in both
the wet and dry CO2 sequestration scenarios. When the dry CO; experiments data was fitted to
the Freundlich isotherm model, all 3 samples obtained an n factor that reflected a high
adsorption value, with Sample C achieving the highest value of 2.668. The CO, sequestration
performance across all 3 samples, when wet CO> was utilised, was far superior to dry COa»,

with Sample C performing best.
Therefore, this suggests that the BOS slag from UK steel plants would be suitable to be

reutilised in CO; sequestration applications, helping UK steel producers alleviate some of the

environmental burdens they cause.
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Chapter 4: Nutrient Leaching

Experiment
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4.1: Introduction

As previously mentioned, there is immense pressure on the steel industry to reduce its
emissions to alleviate climate change's effect. A simple way to categorise the emissions
produced by the steel industry is to use the method of Scope 1,2 and 3 emissions set by the
Greenhouse Gas Protocol (GHG). The greenhouse gas protocol is a standard that allows all
businesses to categorise their emissions following a specific framework. Scope 1 emissions are
described as direct emissions from sources owned or controlled by a company. Scope 2
emissions are described as indirect emissions from the company's operation, e.g., emissions
from the production of electricity used within the business. Finally, scope 3 emissions are not
produced by the company but by products or services in its value chain. For example, emissions
from the purchasing, using and then disposing of specific products are accounted for in scope

3 emissions (Todeschini, 2017).

As mentioned in Chapter 3, the steelmaking process, including coal burning, releases many
emissions into the atmosphere. These can be categorised as Scope 1 emissions under the
Greenhouse gas protocol. Scope 2 emissions for the steelmaking industry will come from the
energy it purchases to power all of the steelmaking processes, e.g. the heating of furnaces and
operation of hot, cold and finishing lines. Scope 3 emissions can be categorised as any other
emissions associated with the operation of the steelmaking plant, e.g. the production of raw

materials and consumables.

The Swansea Tidal Lagoon project was a proposed tidal lagoon project in South Wales that
would have been constructed in Swansea Bay. The lagoon was intended to house several water
turbines that could produce between 0.25-3.1 GWh of electricity per day (Todeschini, 2017).
If this project were to go ahead, it would greatly help to alleviate the scope 2 emissions from
the Tata Steel steelmaking process in South Wales, as the tidal lagoon would be producing
electricity with much lower emissions. However, many raw materials are required to produce
the tidal lagoon, such as building and construction materials. As steelmaking slag is a waste
material from the steelmaking process, it is valuable to assess the effect that steelmaking slag
can have on a marine environment. So, to do this, an experiment was designed to look at what
effect steelmaking slag would have on seawater and what effect the seawater would have on

the steelmaking slag. As steelmaking slag contains potentially harmful metals, e.g., chromium
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and nickel, the risk of these metals leaching out had to be assessed (D. Gao et al., 2020; Manso
et al., 2006; Motz & Geiseler, 2001; Yi et al., 2012). If these metals were to leach out, there
would be a high risk of environmental damage. As the ocean's tides can also be powerful and
cause high amounts of erosion, an accelerated leaching experiment was performed in which

the slag samples were agitated to assess their leaching potential when exposed to water motion.

4.2: Methodology and Materials

The methodology for the experiment was adapted from the British Standard BS EN 12457-
1:2002, which outlines a leaching compliance test for granular waste materials and sludges
(Technical Committee, 2002). The standard describes a one-stage batch test in which a liquid-
to-solid ratio of 2 L/kg and the particle size is below 4 mm. However, the project aimed to
investigate an application for steelmaking slag with minimal processing cost. The slag samples
were larger than 4 mm as received, so the guidance that the slag samples should be smaller
than 4 mm was not used as this would mean crushing them and adding to the processing cost.
Which in the real world scenario at the steel plant it would not be feasible or cost effective to
crush the samples so they were used as-received. On average, the samples received were 45

mm in diameter.

Two separate experiments were performed for the slag to assess its leaching behaviour. One
experiment lasted 12 months, in which the slag was not agitated at all, as this was not feasible
for 12 months. The other experiment was done over 24 hours in which the slag was agitated

using a mechanical stirrer to simulate ocean conditions over 24 hours.

A model seawater solution was used so the experiments could be easily replicated. This was
instead of collecting seawater from Swansea Bay, for example, where the seawater nutrient
concentration could be highly variable. The standard ASTM D 1141 was chosen to make the
model seawater, as this was used in a similar research paper (ASTM International, 2003; Shi

etal., 2019).

The jars were numbered as follows:
1. 5-10mm LF BOS Slag (C)
2. 45mm HF BOS Slag (A)
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3. 45mm LF BOS Slag (B)
4. 0-10mm LF BOS Slag (D)
4.2.1: Methodology to produce model seawater

All salts, in their quantities seen below in Table 4.1., were measured using an analytical

balance.

Table 4. 1: Table of the concentration of salts used in the production of model sea water

(ASTM International, 2003).

Compound Concentration (g/L)
Sodium Chloride (NaCl) 24.53
Magnesium Chloride (MgCl») 5.20
Sodium Sulfate (Na>;SO4) 4.09
Calcium Chloride (CaCl») 1.16
Potassium Chloride (KCI) 0.695
Sodium Bicarbonate (NaHCO3) 0.201
Potassium Bromide (KBr) 0.101
Boric acid (H3;BO3) 0.027
Strontium Chloride (SrCl») 0.025
Sodium Fluoride (NaF) 0.003

They were then all added into a beaker containing 1 litre of laboratory-grade distilled water
(Type 2, 15 MQ.cm). This was then magnetically stirred in a beaker in a fume hood with no
heat applied until all salts had been dissolved. After the salts had been dissolved into the
solution, the pH of the solution was measured using a Mettler Toledo FiveGo portable pH
meter with a lab pH electrode LE438. The pH of the solution was then adjusted to pH 8.2 using
a 0.1 M sodium hydroxide (NaOH) solution. The solution was then transferred into a glass

storage bottle with a tight lid for future use.

4.2.2: Methodology for Nutrient Leaching Experiments

4 litres of model seawater were produced using the previously mentioned method. The 4 litres

of model seawater were then distributed between 4 separate glass jars labelled 1, 2, 3, and 4,
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each containing samples A, B, C, and D. 1 litre of seawater was placed in each jar. For Samples
A, B, and C, 12 pieces of slag were randomly selected from the sample containers received
from Tata Steel. 12 pieces of slag were selected from each category. Each piece of slag was
weighed in order to find the average weight of the pieces for each category. Table 4.2 below

lists the average weight of the samples.

Table 4. 2: Table showing the average weight of Samples A, B and C at the start of the

experiment.
Sample The average weight of the slag piece at
T=0 (g)
A 30.23
B 72.74
C 20.75

As Sample D was a powder, it was not possible to collect individual pieces. So as Sample C
was the most similar in composition, 20.75 g of Sample D was randomly selected for the
experiment. Each jar was wrapped in tin foil and placed into a dark cupboard. This was done
to simulate undersea conditions where there is no light. The experiment was run over 12
months. Each month the jars were unwrapped and photographed. The pH of the jar was
measured. A 20 ml aliquot of water was removed each month, and this was diluted and analysed
using microwave plasma atomic emission spectroscopy (MP-AES). As sample D could not be
weighed due to the nature of the sample, surface area analysis was performed on the sample

using Brunauer-Emmett-Teller (BET) surface area analysis.

4.2.3: Slag sample crushing

Due to the nature of BET analysis, the sample was required to be a homogenous powder. The

method below details how this was carried out.

The slag sample to be crushed was placed inside several low-density polyethene (LDPE) plastic
bags with zip closures. The bags were used to make sure the pieces of slag were contained
when being crushed. The bags were placed onto a piece of cardboard to protect the surface

below. A 16 oz hammer was used for crushing the slag in the bags. Once the sample was
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suitably crushed, the sample was sieved using a 212 mm sieve to remove any large bits of slag
that did not get crushed. The sample that remained after sieving was then crushed further into

a homogenous powder using a pestle and mortar.

4.2.4: Accelerated Nutrient Leaching

One piece from samples A, B, C, and D was randomly selected. This experiment was completed

in triplicate.

Table 4. 3: Table showing the average weight of Samples A, B, C and D at the start of the

experiment.
Sample The average weight of the slag piece at T=0 (g)
Trial 1 Trial 2 Trial 3
A 34.202 31.184 30.463
B 31.708 43.252 38.364
C 23.124 19.835 11.927
D 18.295 18.295 18.295

The 4 samples were weighed on an analytical balance before the experiment and then placed
into a polypropylene beaker. The values are shown in Table 4.3 as sample D was the 0-10 mm
LF BOS slag powder-like sample and most similar to Sample C. It was decided that the amount
of sample used in the experiment was dictated by the average weight throughout the
experiments of Sample C. A specified amount of model seawater was made using the
aforementioned procedure in section 4.2.1 (ASTM International, 2003). This amount was
calculated using the British standards publication PD CEN/TS 15862:2012, which suggests a
liquid/ solid ratio of 12 cm?.cm-2. A rough calculation was made of the sample volume so the
correct ratio of model seawater to add could then be calculated (British Standards Institution,
2012). An overhead mechanical stirrer was used due to the magnetic nature of the samples.
This was set to 400 rpm, and the experiment was left stirring for 24 hours. The experiment was
also wrapped in tin foil to be compared to the year-long nutrient leaching experiment. The foil
ensured that no light was allowed in. After 24 hours, the pH of the solution was measured.. A

20 ml aliquot of the model sea water was taken for analysis. This sample was centrifuged,
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diluted, and then analysed using MP-AES.

ot 0..1500 rpm

Figure 4. 1: Example of accelerated leaching experiment set up with overhead mechanical

stirrer.

4.3: Results from Jar 1-5-10mm LF BOS Slag (C)
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06/03/20 03/04/20 29/04/20
Figure 4. 2: Photographic images of Jar 1 from 25/06/19-29/04/2020

Figure 4.2 illustrates the colour change that occurred over the 12-month duration of the
experiment. Over the first 3 months, the colour gets a deeper red/brown progressively. This
suggests that the iron oxide, a known slag component, has leached out into the water. In the 2
images for the final 2 months of the experiment, the iron oxide appears to have settled on the

bottom of the jar and is no longer suspended in the seawater solution.

4.3.1: Weight Change of Slag
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Figure 4. 3: Graph showing the weight of a solid slag sample from Jar 1 during the duration

of the experiment with a trendline.

Figure 4.3 demonstrates the weight change by the slag throughout the experiment. The graph
indicates the weight change, as each piece of slag had a different starting weight. The trendline
in the graph shows that across the 12-month duration of the experiment, the weight showed a

trend of decreasing. This suggests that the leaching of elements was occurring.
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4.3.2: Microwave Plasma Atomic Emission Spectroscopy (MP-AES) of Model Sea
Water
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Figure 4. 4: Graph showing the change in Calcium (Ca), Potassium (K) and Magnesium (Mg)

concentration in model sea water solution measured over 12 months in Jar 1.

Figure 4.4 shows how the concentration of Ca, K and Mg fluctuated over the 12 months of the
experiment. Zinc (Zn), Iron (Fe), Copper (Cu), Manganese (Mn), Aluminium (Al) and Silicon
(S1) concentrations were also measured over the 12 months; however, they were only present
in trace amounts so that data appears in Appendix A in Table A.1. In Figure 4.2 it can be seen
that the Ca concentration fluctuates, but overall it can be said that it increases over the 12
months. It increases from a starting value of 2.62 ppm to 6.39 ppm. K also acts similarly and
increases from 2.08 ppm to 3.38 ppm, with some fluctuations. However, Mg decreased

throughout the experiment from 3.52 ppm to 1.28 ppm.

4.3.3: pH Change of Model Sea Water in Jar 1
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Figure 4. 5: Graph showing the pH change over 12 months for Jar 1: 5-10mm LF BOS slag.

There was an initial increase in pH from 8.2 to 9.54. The pH stayed around this level for 12

months with only slight fluctuations.

4.4: Results from Jar 2- 45mm HF BOS Slag (A)
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Figure 4. 6: Photographic images of Jar 2 from 25/06/19-29/04/2020.

Figure 4.6 shows the colour change over 12 months for Jar 2. There is a colour change between
25/6/19 and 25/7/19, suggesting more elements are being leached out. The model sea water
seemed to get a progressively darker red throughout the experiment, like Jar 1, so it is most
likely iron oxide leaching out and causing a red colour. The images of 7/02/20, 03/04.20 and
29/04/20 show a much lighter liquid appearance. This suggests that the iron oxide has been

removed with each piece of slag. However, in these three images, red at the bottom of the jar
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suggests the iron oxide has naturally separated and sunk to the bottom.

4.4.1: Weight Change of Slag
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Figure 4. 7: Graph showing the weight of a solid slag sample from Jar 2 during the duration

of the experiment with a trendline.

The graph in Figure 4.7 suggests that over the 12-month experiment, the slag samples
decreased in weight, suggesting that elements of the slag were leaching out into the model

seawater.

4.4.2: Microwave Plasma Atomic Emission Spectroscopy (MP-AES) of Model Sea
Water
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Figure 4. 8: Graph showing the change in Calcium (Ca), Potassium (K) and Magnesium (Mg)

concentration in model sea water measured over 12 months in Jar 2.

Zinc (Zn), Iron (Fe), Copper (Cu), Manganese (Mn), Aluminium (Al) and Silicon (S1)
concentrations were also measured over the 12 months; however they were only present in
trace amounts so that data appears in Appendix A in Table A.2. Ca rises from 2.62 ppm to
15.07 ppm over the experiment, which is quite a dramatic rise. There is a significant increase
in pH in months 10/01/2020 and 29/04/2020 suggesting the model sea water has broken the
slag down enough to reach an area that perhaps has a large CaO or CaCOs concentration. K

only rises from 2.08 ppm to 5.42 ppm, and Mg decreases from 3.52 ppm to 0 ppm.
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4.4.3: pH Change of Model Sea Water in Jar 2
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Figure 4. 9: Graph showing the pH change over 12 months for Jar 2: 45Smm HF BOS slag.

There is a steady increase in the pH measurement over the 12 months from 8.2 to 11.17. There
is a significant increase in the measurement taken on 10/01/20. This is similar to the Ca
concentration increase that was seen in Figure 4.8, suggesting that the pH increase is due to a

rise in Ca.

4.5: Results from Jar 3- 45mm LF BOS Slag (B)

25/06/19 25/07/19 25/08/19

70



06/03/20 03/04/20 29/04/20
Figure 4. 10: Photographic images of Jar 3 from 25/06/19-29/04/2020.

From image 25/06/19 in Figure 4.9, it can be said that the slag has made the model seawater
considerably darker over the first month. This is due to this grade of slag having much larger
pieces than the last 2 jars. As more pieces of slag are removed over the 12 months, the colour
gets progressively lighter, and more red iron oxide can be seen in the seawater. Again in the

final 2 months, the iron oxide particles separated and sunk to the bottom of the jar.
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4.5.1: Weight Change of Slag
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Figure 4. 11: Graph showing the weight of a solid slag sample from Jar 3 during the duration

of the experiment with a trendline.

Figure 4.11 shows that the overall trend of the slag’s weight generally trended downwards

suggesting that elements were leaching out into the model sea water.

4.5.2: Microwave Plasma Atomic Emission Spectroscopy (MP-AES) of Model Sea

Water
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Figure 4. 12: Graph showing the change in Calcium (Ca), Potassium (K) and Magnesium

(Mg) concentration in model sea water measured over 12 months in Jar 3.

Zinc (Zn), Iron (Fe), Copper (Cu), Manganese (Mn), Aluminium (Al) and Silicon (Si)
concentrations were also measured over the 12 months; however, they were only present in
trace amounts so that data appears in Appendix A in Table A.3. Figure 4.12 shows there were
increases in both Ca and K concentrations, but the Mg concentration decreased. Ca increased
from 2.62 ppm to 10.23 ppm with some fluctuations, but for the most part, it increased. K
increased from 2.08 ppm to 4.05 ppm with slight fluctuation. Mg decreased from 3.52 ppm to
-0.02 ppm.
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4.5.3: pH Change of Model Sea Water in Jar 3
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Figure 4. 13: Graph showing the pH change over 12 months for Jar 3: 45mm LF BOS slag.

Figure 4.12 shows that the pH increased over the first 2 months of the experiment and then

plateaued at around 11.5. Overall the pH increased from 8.20 to 11.67 over the 12 months.

4.6: Results from Jar 4-0-10mm LF BOS Slag
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Figure 4. 14: Photographic images of Jar 4 from 25/06/19-29/04/2020.

Figure 4.14 shows that the model sea water in Jar 4 stayed a consistently clear colour
throughout the experiment, with the slag consistently sitting on the bottom of the jar during the

experiment.

4.6.1: Surface area change of slag
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Figure 4. 15: Graph showing the change in the slag surface area from Jar 4 over the 12-month

duration of the experiment. The standard deviation is shown by the error bars.

Due to sample 4 being a powder with particles of 0-10mm in diameter, BET surface area
analysis was completed as an alternative to weighing the sample. The BET surface area shown
is an average measurement taken from 3 different BET experiments of the same sample. The
large error bars on the graph are due to the inhomogeneous nature of the samples tested. Figure
4.15 shows that the slag’s surface area increased slightly across the 12-month experiment. The

surface area increased from 30.11 m?/g to 44.02 m?/g.

4.6.2: Microwave Plasma Atomic Emission Spectroscopy (MP-AES) of Model Sea
Water
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Figure 4. 16: Graph showing the change in Calcium (Ca), Potassium (K) and Magnesium

(Mg) concentration in model sea water measured over 12 months in Jar 4.

Zinc (Zn), Iron (Fe), Copper (Cu), Manganese (Mn), Aluminium (Al) and Silicon (Si)
concentrations were also measured over the 12 months; however, they were only present in
trace amounts so that data appears in Appendix A in Table A.4. There was very little change
in the amounts of Ca, Mg and K present in the model sea water throughout the experiment. Ca
increased slightly from 2.62 ppm to 2.84 ppm. K increased from 2.08 to 3.44. Mg decreased
from 3.52 to -0.02.

4.6.3: pH Change of Model Sea Water in Jar 4
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Figure 4. 17: Graph showing the pH change over 12 months for Jar 4: 0-10mm LF BOS slag.

Throughout the experiment, the pH increased from 8.5 to 11.55. It can be seen that the most
significant increase happened over the first 2 months, with the pH then stabilising between

11.50 and 12 for the rest of the 12 months.

4.7: Results from Accelerated Leaching Experiment

4.7.1: Weight Change and Surface area change of Slag in Accelerated Leaching

Experiments
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Figure 4. 18: Bar chart comparing the average percentage weight loss in the accelerated
leaching experiment after 24 hours. The error bars show the standard deviation of the 3

measurements.

The accelerated leaching experiment was repeated 3 times for each variation of slag hence why
the results are averaged. The results show that the 45mm HF slag lost the most weight on
average during the accelerated leaching experiments. However, the error bars show a slight
variation in the results of the 3 repetitions of the experiment, which is due to the variations in

the composition of the slag.

Table 4. 4: Table showing the average BET surface area change after 24 hours in the

accelerated leaching experiment.

After 24 Hrs
T=0 (m?/g) (m?/g) Standard Deviation
Jar 4 0-10mm LF BOS Slag 30.11 72.42 6.37

The results in table 4.4 suggest that the BET surface area of the 0-10mm LF BOS slag sample
increased significantly after 24 hours of the samples being agitated. The agitation of the water
allowed the particles to be continuously moving encouraging soluble elements such as Ca, K

and Mg to dissolve into the water, therefore leaving the slag particles a large surface area.
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4.7.2: Microwave Plasma Atomic Emission Spectroscopy (MP-AES) of Model Sea

Water in Accelerated Leaching Experiment

Table 4. 5: Table showing the Ca concentration after 24 hours of accelerated leaching in
model seawater. The measurement is the average of the 3 experimental repeats completed,

with the standard deviation also shown.

T=0 (ppm)  After 24 Hrs (ppm) STDEV
Jar 1 5-10mm LF BOS Slag 2.62 1.93 0.04
Jar 2 45mm HF BOS Slag 2.62 1.89 0.07
Jar 3 45mm LF BOS Slag 2.62 2.17 0.2
Jar 4 0-10mm LF BOS Slag 2.62 5.63 0.32

The Ca concentration in the model sea water in jars 1-3 decreases throughout the experiment.

The Ca concentration in jar 4 increases from 2.62 ppm to 5.63 ppm.

Table 4. 6: Table showing the K concentration after 24 hours of accelerated leaching in
model seawater. The measurement is the average of the 3 experimental repeats completed,

with the standard deviation also shown.

T=0 (ppm) After 24 Hrs (ppm) STDEV
Jar 1 5-10mm LF BOS Slag 2.08 2.78 0.09
Jar 2 45mm HF BOS Slag 2.08 2.65 0.02
Jar 3 45mm LF BOS Slag 2.08 2.92 0.16
Jar 4 0-10mm LF BOS Slag 2.08 3.47 0.54

The K concentration increased in all 4 Jars, with Jar 4 seeing the most significant increase.

Table 4. 7: Table showing the Mg concentration after 24 hours of accelerated leaching in
model seawater. The measurement is the average of the 3 experimental repeats completed,

with the standard deviation also shown.

T=0 (ppm) After 24 Hrs (ppm) STDEV
Jar 1 5-10mm LF BOS Slag 3.52 3.33 0.08
Jar 2 45mm HF BOS Slag 3.52 3.27 0.03
Jar 3 45mm LF BOS Slag 3.52 3.54 0.12
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Jar 4 0-10mm LF BOS Slag 3.52 1.37 0.28

The Mg concentration decreased in all 4 jars apart from jar 3 where it increased by a minimal

amount.

4.7.3: pH Change of Model Sea Water in Accelerated Leaching Experiments

Table 4. 8: Table showing the pH change before and after 24 hours of the accelerated
leaching experiment for all 4 jars. The measurement is the average of the 3 experimental

repeats completed, with the standard deviation also shown.

T=0 After 24 Hrs STDEV
Jar 1 5-10mm LF BOS Slag 8.20 8.34 0.03
Jar 2 45mm HF BOS Slag 8.20 8.50 0.19
Jar 3 45mm LF BOS Slag 8.20 8.59 0.25
Jar 4 0-10mm LF BOS Slag 8.20 9.62 0.19

In all 4 of the experiments, the pH increased over the 24 hours, with slag in jar 4 causing the

most significant increase in pH levels.

4.8: Discussion

One of the main observations from all four variations of slag used in the experiment was that
Ca, Mg and K leached out in varying amounts. This is complemented by the fact that the
average weight of all samples in 3 of the jars trended downward in the experiments. The
samples in Jar 2 that were 45mm HF BOS slag lost the most considerable weight in both the
24-hour and 12-month experiments. The surface area of the slag in Jar 4 increased in both the
static and agitated experiments, suggesting there was a dissolution of slag particles. This meant
that the slag was left with a rougher surface with more crevices meaning the surface area

increased.

The Ca concentration reached the highest when leaching out of the 45mm HF BOS slag sample
in Jar 2; it reached 15.07 ppm. Increasing Ca concentration is a common effect slag causes in
leaching experiments; Piatak, Li and Kashiwaya have previously seen it. Piatak states that the

dissolution of calcium causes alkaline leachate to be formed, which raises the seawater’s pH
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(Kashiwaya et al., 2020; Li et al., 2019; Piatak, 2018). This can be visibly seen in Figures 4.7
and 4.8, which are both graphs related to Jar 2. They show an increase in Ca concentration and
pH level in the same month, 10/01/20. The K concentration of Jar 2 also begins to increase
simultaneously, suggesting that the Ca and K concentrations were in a similar area inside the

slag. The K concentration increased the most in Jar 2, increasing from 2.08 ppm to 5.42 ppm.

The pH increases across the 4 experiments were not all of the same magnitudes, with Jar 1
increasing by the least from 8.2 to 9.53. This is possibly due to the low Ca concentration of
6.39 ppm observed at the end of the experiment. This suggests that perhaps the pieces of slag
randomly picked for this analysis were not high in Ca concentration. As Chapter 3 highlights
and other work within this thesis, the composition of steelmaking slag can be highly variable.
The final pH value for Jars 2,3, and 4 were all in the same region of 11.17 -11.67. This is
different for the same samples in the accelerated leaching experiment Jars 1,2, and 3’s average
final pH value was 8.34-8.59, whereas Jar 4’s increased to 9.62. This has most likely been
caused by the fact that the slag particles in this sample were much smaller and had a larger
surface area meaning there was a far more extensive area to reach with the model seawater.
This sample also showed the most significant Ca concentration increase across the 24-hour
experiment. Li et Al. has previously seen similar results, and Kashiwaya et al., who both stated
that the smaller the slag size fraction, the higher the pH rose and the more Ca leached out

(Kashiwaya et al., 2020; Li et al., 2019).

The accelerated leaching experiment did highlight that when the slag and model sea water
solution was agitated mass loss could be seen over 24 hours. This suggests that if the slag were
to perhaps used in an undersea structural application, there may be a risk that the slag may
erode away causing the structural application to fail. So if slag were to begin to be used then it

would be worth taking this into consideration.

4.9: Conclusion

The work presented here assesses the effect that steelmaking slag has in model seawater. In
both experimental setups, the weight of the individual pieces of BOS slag trended downwards,
suggesting that particulates were leaching out. Whilst in the powdered slag experiments, the

surface area increased. When the model sea water was tested, it was found that Ca, Mg and K
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leach out throughout the experiment. This then causes the pH of the model seawater to increase,
causing a more alkaline environment. However, as noted, the pH increases in the 4 jars were
not all of the same magnitude, most likely due to the variable composition of the pieces of BOS

slag.

The experiment aimed to assess the environmental impact the slag may have on its surrounding
environment if it were to be used in a marine application. The MP-AES analysis in the chapter
found that no heavy elements such as As, Cr or Pb leached out into the seawater, which was a
positive result. However, the accelerated leaching experiment did highlight that if the slag were
to be used in an undersea structural application, there may be a risk of structural failure due to
erosion. With these results it does show that BOS slag would be suitable to be used in

applications in the Swansea tidal lagoon project.
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Chapter 5: Functionalization of Basic

Oxygen Steelmaking Slag
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The work presented in Chapter 5 was previously presented at the 8" Brunei International
Conference on Engineering and Technology 2021. The conference proceeding were published
online as of 10/1/2023 (Fisher & Barron, 2023) . There are further graphs and images from the
work in Appendix B.
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5.1: Introduction

To find new applications of BOS slag, it is essential to look at the significant individual
components that make up the composition of BOS slag, e.g. calcium carbonate (CaCOs3), iron
oxide (FeO), silicon dioxide (Si0,) and aluminium oxide (Al,O3) and what applications they
can be used in (Fisher & Barron, 2021). Several researchers have previously reported the
hydrophobic properties of calcium carbonate when it has been functionalized using silanes and
carboxylic acids such as stearic acid (Abeywardena et al., 2021; C. Wang et al., 2006, 2007).
In research attempting to mimic natural bio-mineralization, CaCO; was first functionalized
using stearic acid to become hydrophobic rather than hydrophilic through the formation of
calcium stearate (C. Wang et al., 2006). Deionized water was mixed with CaO to form a
Ca(OH); slurry; this allows Ca®" ions to react with the steric acid (HO.CC;7H3s) to form
Ca(O2CCi7H3ss)> precipitate. This precipitate then adheres to the surface and introduces
hydrophobicity. Similar experiments have also been reported to create superhydrophobic
behaviour of the CaCO3 with contact angles in the range of 152 to 162° (Abeywardena et al.,
2021; Arbatan et al., 2011). FeO has been reported to become superhydrophobic by
functionalization, producing contact angles ranging from 150 to 159° (Hill et al., 2019; Z. T.
Li et al., 2018). Interestingly, SiO> is made superhydrophobic when refluxed with silanes
producing contact angles of 113-160°(Athauda et al., 2012; Karunakaran et al., 2011);
however, when using lauric acid [HO>C(CHz)i10CHs] the surface observed was not
superhydrophobic, but instead hydrophobic with a contact angle of 132° (Y. Zhang et al.,
2019); however, superhydrophobic contact angles can be produced using a mixture of two

different Si02 sizes (Karunakaran et al., 2011).

It has previously been demonstrated that aluminium oxide particles and surfaces can be
functionalized with carboxylic acids and that the resultant material can be varied from
superhydrophobic (contact angle = 162°) to superhydrophilic (contact angle <5°) depending
on the choice of the carboxylic acid (Alexander et al., 2016; Al-Shatty et al., 2017; Hill et al.,
2020; Maguire-Boyle et al., 2017; Maguire-Boyle & Barron, 2011). This work has also been
extended to iron oxide particles (Maguire-Boyle et al., 2012). This led to the exploration of is
you can functionalize the surface of BOS slag with various carboxylic acids. Lauric acid and
1sostearic acid [HO2C(CH»)14CH(CH3)2] were chosen as routes to increased hydrophobicity
surface functionalization, while cysteic acid (HO.CCH(NH2)CH>SO3H) was chosen for its
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proven ability to increase the hydrophilicity of surfaces. Finally, the reaction of lanolin was
investigated. Lanolin is a sterol ester (even though it was traditionally called “wool fat”) of
various C12-Ca4 carboxylic acids. Thus, lanolin, a side product from wool production, could act
as a “hidden” source of long-chain carboxylic acids for low cost sustainable hydrophobic

functionalization.

5.2: Experimental Methods

Basic oxygen steelmaking slag was collected from Tata Steel, Port Talbot, UK. Toluene, lauric
acid, cysteic acid and lanolin were purchased from Sigma-Aldrich and used as received.
Isostearic acid was purchased from Tokyo Chemical Industry UK Ltd and used as received.

Millipore distilled water (15 MQ c¢m) was used throughout the experiments.

5.2.1: Synthesis of Functionalized Slag

The BOS slag particles were functionalized using a modification of previously reported
methods (Alexander et al., 2016; Hill et al., 2019). Several different ratios of slag to carboxylic
acid were tested, which are listed in Table 5.1. Several different ratios were used to find the
optimum amount of chemical to starting material. In each experiment 15g of BOS slag was
used as the starting material. The amount of functionalisation chemical was then worked out
from this e.g. in a 1:1 ratio, 15 g of BOS slag: 15g of functionalisation chemical. The BOS slag
used for all refluxes was 45mm HF BOS slag.

Table 5. 1: The ratio of slag:reagent used in functionalization experiments.

Reagent Slag:reagent ratio
Isostearic acid 1:1, 1:1.25, 1:1.5
Lauric acid 1:1, 1:1.25, 1:1.5
Cysteic acid 1:1, 1:1.25, 1:1.5
Lanolin 1:2,1:3, 1:5

For the hydrophobically functionalized slag, the appropriate carboxylic acid was refluxed
overnight in 200 mL of toluene at 110 °C. Due to the magnetic nature of the slag, an overhead

mechanical stirrer was used to stir the reaction. Once the reaction was finished, the
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functionalized slag was centrifuged for 30 minutes at 5000 rpm. The supernatant was removed
and disposed of, and the precipitate was then re-dispersed in fresh 2-propanol and centrifuged
again. This process was repeated three times, and then the same process was repeated twice
using ethanol. The remaining precipitate was dried overnight in an oven at 100 °C. Once dried,
a small portion of the sample was reserved for thermogravimetric analysis (TGA), Fourier
transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) analysis.
The rest of the sample was then pressed into a pellet using a 32 mm die and pellet press for
water contact angle (WCA) measurements. This procedure was repeated exactly for the
synthesis with cysteic acid, except it was refluxed overnight in 200 mL distilled water (15 MQ

cm). All of the syntheses were completed in triplicate.

5.2.2: Characterisation

FTIR measurements were taken using a Perkin Elmer spectrum two FTIR spectrometer. Scans
were done over a range of 400-4000 cm-1 with a total of 32 scans for each measurement. Using
distilled water under ambient conditions, water contact angle (WCA) measurements were taken
using Kriiss DSA25 Expert Drop shape analyzer. Advanced and receding measurements were
taken, as well as sessile drop measurements. For all measurements, the WCA quoted is the
average of three measurements performed across the sample's surface. To measure the WCA,
The Ellipse Tangent 1 fitting method was used. Figure 5.3 shows an example of a contact angle
measurement. For samples functionalized with cysteic acid the contact angle could not be
measured due to the surfaces hydrophilic nature, so instead the time for the water droplet to be

absorbed into the sample was measured.

For all functionalisation experiments in Chapter 5, the sample was placed into an open alumina
crucible under continuous argon gas flow. The sample was ramped to 1000 °C at a rate of 20
°C min’'. The weight loss of the sample was used to calculate the grafting density of the
carboxylic acids onto the BOS slag using equation 5.1. MW is the molecular weight of the
carboxylic acid, and SSA is the specific surface area of the BOS slag. The specific surface area
of the BOS slag was calculated using BET surface area analysis, and it was calculated to be
31.1 £8.4 m? g'!. This value is for 45mm HF BOS Slag. A Quantachrome Nova 2000e surface

area analyzer was used for this measurement
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( Wt% ) (Avogadrosnumber
100—-wt% MWx SSA

)= Grafting Density (ERY)

Table 5. 2: Table showing the molecular weight of each carboxylic acid used to calculate

grafting density.
Carboxylic acid Molecular weight (g/mol)
Isostearic Acid 284.5
Lauric Acid 200.3
Lanolin 508.9
Cysteic Acid 169.2

Figure 5. 1: A photograph showing the placement of a water droplet on a pressed pellet of

BOS slag functionalised with lauric acid in a 1:1 ratio.
5.3: Results and Discussion

Unfunctionalized BOS slag is hydrophilic and a contact angle is not measurable; instead the
time for the droplet to be absorbed is measured as 4s. In contrast, reaction of the BOS slag with
1sosteric acid, lauric acid, and lanolin result in a distinctly hydrophobic surface as is evidenced
by the observation (e.g., Figure 5.2) of a measurable water contact angle (Table 5.3). The
highest contact angle at 141° +4° was produced by the sample functionalized with lauric acid
in a 1:1 ratio. This is similar to the contact angle testing done by Zhang et al. (Y. Zhang et al.,
2019). This sample also produced the largest grafting density at 8.7 £1.7 nm™2, which suggests
that due to the straight-chain nature of lauric acid, more of the carboxylic acid was able to be
reacted with the surface of the BOS slag, thus, increasing the hydrophobicity of the surface.
Four points should be noted about the results. First, each measurement was repeated three times
and across a specific sample, a significant variation in the measured contact angle (e.g., across

the surface of one pellet the contact angle could be around 112° and in a spot on the same pellet
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133°) was found out, resulting in a high error, most probably due to the heterogeneous nature

of the BOS slag. Second, the error in the receding contact angle measurements is significantly

larger than for advanced contact angle, and there is a large hysteresis (50 - 75°) between the

advanced and receding measurements, which suggests that the surfaces are quite rough and not

homogeneous. Third, the results do not follow the expected trend of increased contact angle

with higher carboxylic acid content. This is also likely a function of the heterogeneous nature

of the BOS slag between batches in the same sample, i.e., each reflux reaction was performed

with a random sample of BOS slag that would have slightly different amounts of CaCO3, Si0,,

FeO and Al,O3 leading to the results following an inconsistent trend as compared to what has

been observed for the single-phase alumina analog (Maguire-Boyle & Barron, 2011). Finally,

the results for lanolin are comparable to that of lauric and isosteric acid suggesting that the

lanolin contains similar carboxylic acid components to produce the same hydrophobic effects.

Figure 5. 2: Contact angle measurement of the lauric acid functionalized BOS slag (BOS

slag:lauric acid = 1:1).

Table 5. 3: Contact angle and grafting density for BOS slag functionalized with isostearic

acid, lauric acid and lanolin.

BOS Dynamic contact Grafting

Static H20 '
Reagent slag:reagent angle (°) density

' contact angle (°)

ratio Advancing Receding  (nm-2)
Isosteric acid 1:1 135+8 147 +6 97 £29 2.6+0.7
Isosteric acid 1:1.25 1357 143 +£10 72 £21 2.7+1.3
Isosteric acid 1:1.5 124 +£8 139 45 69 £20 4.5+2.9
Lauric acid 1:1 141 +4 151 £6 76 £10 8.7+1.7
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Lauric acid 1:1.25 138 +6 150 +4 86 £18 4.8+4.5

Lauric acid 1:1.5 123 +11 143 +8 73 £21 7.9£3.9
Lanolin 1:2 13545 150 £7 73 £6 4.9+4.6
Lanolin 1:3 129 £8 141 £5 71 £13 3.5£2.8
Lanolin 1:5 138+4 144 +4 79 £23 2.9+2.1

Table 5.4 compares the water adsorption time for unfunctionalized BOS slag to BOS slag
functionalized with cysteic acid. It can be seen from the results that the addition of cysteic acid
to the slag makes the surface slightly more hydrophilic, and thus water absorption is faster.
This is similar to our prior results with alumina surfaces (Maguire-Boyle & Barron, 2011). It can be
seen that the rate of water absorption does not increase with the addition of more cysteic acid,
which as with the hydrophobic functionality is most likely due to the inhomogeneous nature of
the slag. For example, during the measurement of the samples with a higher ratio of cysteic
acid, one part of the slag pellet would adsorb in under 1 second. At the same time, the water
would take approximately 10 seconds to be absorbed somewhere else on the same surface. This
suggests that due to the heterogeneity of BOS slag, some parts of the sample have not been

functionalized as well as others.

Table 5. 4: Time for water droplet adsorption and calculated grafting density for cysteic acid-

functionalized BOS slag.

Sample Time for absorption (s) Grafting Density (nm2)
Unfunctionalized BOS slag 4.1+£3.0 -
BOS slag: cysteic acid 1:1 1.8£1.3 6.7 £3.8
BOS slag: cysteic acid 1:1.25 1.8 £2.5 8.3+1.8
BOS slag: cysteic acid 1:1.5 3.1£2.8 10.4 +4.4

The TGA of BOS slag (Figure 5.4) shows a mass loss due to dehydration at about 150 °C and
a second loss at 650 °C associated with decarbonization of CaCOs (Fisher & Barron, 2021). Each
functionalized sample shows a significant additional weight loss associated with the
decomposition of the organic substituents (Al-Shatty et al., 2017). Figure 5.5 shows the mass
loss TGA of pure Isostearic acid. The derivative of the plot shows that the largest change in
mass loss happens between 150-325 °C. When this is compared to Figure 5.4 which shows the

mass loss of BOS slag functionalised with isostearic acid in a 1:1 ratio. It can be seen from the
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derivative of this graph that there is an increase in the rate of mass loss between approximately
150-375 °C. This shows that the BOS slag was successfully functionalised with isostearic acid.
In each case the TGA of the reacted product is distinct from the base acid confirming the
covalent attachment of the carboxylic acid to the surface of the BOS slag (Bethley et al., 1997).
The TGA measurements of the products from the reaction of lanolin with BOS slag confirm
its ability to act as a “hidden” source of long-chain carboxylic acids for low cost sustainable
hydrophobic functionalization (Ghobadi et al., 2021; Jiang et al., 2018; Sagiri et al., 2013). As
shown in Figure 5.4a, the TGA plot for lanolin-BOS slag is close to that of lauric acid-BOS
slag, and this is to be expected since both should result in the functionalization with a long
chain aliphatic carboxylic acid. For the hydrophobic substituents, the mass loss due to
decarbonization of CaCOjs is retained (Figure 5.4a). However, in the case of the product from
the reaction with cysteic acid (Figure 5.4b) it is missing, presumably since the reaction is run
in water. Soluble Ca]O,CCH(NH2)CH2SO3H]> derivative has been formed resulting in its
removal from the BOS slag (C. Wang et al., 2006). The hydrophilic nature of the cysteic acid
derivative is also seen in the continuous mass loss associated with adsorbed water. Further
TGA graphs can be found in Appendix B.
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Figure 5. 3: TGA plots under air of (a) BOS slag, lauric acid-BOS slag, and lanolin-BOS

slag, and (b) BOS slag and cysteic acid-BOS slag.
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Further confirmation of the chemical reaction of the acids with the BOS slag is obtained from
the FT-IR spectra (Figure 5.7-5.10), shows the formation of peaks associated with both the
carboxylate functionality and the hydrocarbon substituents. Across all FTIR spectra the C-H
stretch can be seen in the spectra of Isostearic acid, Lauric acid, Lanolin and Cysteic acid. This
peak is then evidenced in the spectra of all the functionalised samples. The IR spectra of the

products from the reaction with the slag contain peaks at 1460—1470 cm™ [Vasymm(CO2)] and
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13801390 cm™! [veymm(CO2)] consistent with bridging structures (Alcock et al., 1976; Bethley
et al., 1997). Importantly, they preclude unidentate coordination of a carboxylic acid group to
the surface whose IR spectrum would contain stretches at 1680—1640 and 1610—1570 cm™'. As
expected, the IR spectrum of the product from the reaction with cysteic acid shows a peak
around 2976 cm' associated with the N-H stretch, while peaks 1066-1148 c¢cm™ can be
attributed to the stretching vibration of the S=O bond (Si et al., 2015; Suzuta et al., 2016).
Further FTIR spectra can be found in Appendix B.

100

VT A

95 -

90 -

~ (o] (o]
(&) o (&)
1 1

Transmitance (%)

~
o
1

——45mm HF BOS
Slag
Isostearic Acid 1:1

»
a

(o]
o
1

Isostearic Acid

55

3650 3150 2650 2150 1650 1150 650
Wavenumber (cm-1)

Figure 5. 6: FTIR spectra of the Isostearic acid functionalized BOS slag (BOS slag: Isostearic
acid = 1:1)
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5.4: Conclusion

It has been demonstrated that BOS slag may be functionalized to create either a hydrophobic
or improved hydrophilic surface. This is favorable as it is a new way for BOS slag to be
recycled and provides a new starter material for surface functionalization research. Although,
each of the carboxylic acid tested, successfully functionalized the surface of the steelmaking
slag and created a hydrophobic surface, lauric acid was seen to produce the highest static
contact angle measurement. However, the simplicity and availability of lanolin as a natural
resource suggest that its role as a “hidden” source of long-chain carboxylic acids that creates
surfaces analogous to those made from petroleum sourced products is a potential green
alternative. Although BOS slag has been used as a fertilizer, its potential to be made
hydrophobic offers the potential use as a base for plant growth where water resources are

limited (S. M. Lee et al., 2018).
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Chapter 6: Effect of Functionalized and
Unfunctionalized Basic Oxygen
Steelmaking Slag on the Growth of

Cereal Wheat (Triticum aestivum)
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Chapter 6 of this thesis was previously published in the Elsevier publishing Journal ‘Resources,
Conservation and Recycling Advances’. The paper was published on 27" May 2022. It has
been inserted into this thesis with permission from the original publisher (Fisher & Barron,

2022).

98



6.1: Introduction

Due to BOS slag containing a high amount of CaCO3, the material has become an ideal
candidate for a fertilizer. Due to BOS slag's alkaline nature and other nutrients. It has
previously caused crops to grow in great abundance (Annunziata Branca et al., 2014). It has
been previously reported that steelmaking slags can promote microalgae growth (T. Liu et al.,
2021). Under the right conditions, the slag can promote algae reproduction and the
accumulation of metabolites and encourage lipids to accumulate. The slag makes an ideal
nutrient to culture the microalgae as it provides a significant source of Fe and reduces the cost
of culturing microalgae. Another study assessed the leaching effect of BOS slag in agriculture
(T. Branca et al., 2019). It was found that the presence of the slag increased the availability of
P and Ca in the soil, and none of the heavy metals, e.g. Cr and V, that may be present in the
slag leached out. In 2018 work was conducted on the ability of BOS slag to decrease CH4
emissions and arsenic levels in rice plants (Gwon et al., 2018). In a greenhouse experiment, it
was found that the grain yield of the rice plants was significantly increased by 10.3%-15.2%,
and CH4 emissions were suppressed by 17.8-24.0%. The rise in yield was attributed to the
higher levels of nutrients in the soil made available by the steelmaking slag. The CH4 reduction
was attributed to the higher Fe availability, which acted as an alternate electron acceptor and
decreased CH4 emissions. Due to the formation of Fe-plaque around the roots of the plants,
arsenic was sequestered (Gwon et al., 2018; Hansel et al., 2001). Research has also been
conducted on the effect of power plant ash and bottom plant slag deposits on different crops
such as autumn rye (Secale cereale L.) and barley (Hordeum Sativum Jessen) (Dzeletovi¢ &
Filipovi¢, 1995). The characteristics of power plant ash are similar to that of BOS slag in that
there are aluminosilicates and Fe, Ca and Mg. It was found that there were no adverse effects
on the growth profile of the samples when grown on the deposits, and in some cases, enhanced
fertilization occurred in the case of autumn rye (Secale cereale L.), alfalfa (Medicago sativa
L.) and Barley (Hordeum sativum Jessen). The effects were not seen to be as prominent in

winter rapeseed (Brassica napus L.) samples.

Lee et al., reported the effect of iron oxide particles and carbon nanotubes on wheatgrass
growth, in which growth is enhanced with iron oxide particles, and the hydrophobic nature of
the carbon nanotubes enhanced the growth of the seeds by providing a water reservoir for the

seeds (Lee et al., 2018). In Chapter 5 it was shown that BOS slag has been functionalized to be
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both hydrophobic and hydrophilic. These findings led to the exploration of if the BOS slag, a
known source of several plant nutrients, e.g. Ca, Fe, and Si, could be used to fertilize cereal

wheat seeds and improve their growth.

6.2: Methods

6.2.1: Chemicals and Materials

Basic oxygen steelmaking (BOS) slag was collected from Tata Steel, Port Talbot, South Wales,
UK. We have previously reported the composition of the BOS slag used in this study (Fisher
& Barron, 2021). Rainwater was collected from Neath, South Wales, UK. Toluene, lauric acid,
cysteic acid and lanolin were purchased from Sigma-Aldrich and used as received. Nitric acid
and hydrochloric acid were purchased from Fisher Scientific. Isostearic acid was purchased
from Tokyo Chemical Industry UK Ltd and used as received. Millipore distilled water (15 MQ
cm) was used throughout the experiments. Cereal wheat seeds were purchased from Aconbury
Sprouts. Analytical reference standards for MP-AES were purchased from Sigma-Aldrich Ltd.

45mm HF BOS slag was used in all experiments.

6.2.2: Functionalized BOS slag synthesis and characterization

The method used for the BOS slag synthesis was previously reported in Chapter 5 as well as
in several scientific publications (Fisher & Barron, 2023; Hill et al., 2019; S. M. Lee et al.,
2018). In order to make the slag hydrophobic isostearic acid, lanolin and lauric acid were used.
Each carboxylic acid was tested in several different ratios to find the optimum amount to
functionalize the BOS slag. The appropriate carboxylic acid was refluxed overnight with 20 g
of BOS slag in 200 mL of toluene. The reflux was heated and wrapped in foil at 110 °C and
stirred using an overhead mechanical stirrer due to the magnetic nature of the slag. Once the
reflux was completed, the solution was centrifuged at 5000 rpm for 30 minutes. The
supernatant was then removed and disposed of, and the slag was re-dispersed in isopropanol
and centrifuged. This process was repeated 3 times, and then the same process was repeated 2
times using ethanol. Once the purification was complete, the slag was dried in an oven
overnight. Part of the functionalized slag was reserved for Fourier transform infrared (FTIR),

and thermogravimetric analysis (TGA), and the rest was pressed into a pellet using a 32 mm
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dye and a pellet press. The pellet was then used for contact angle measurements. The exact
process was repeated for the hydrophilic functionalized samples, which were functionalized

using cysteic acid. Each reflux was also completed in triplicate.

Contact angle (CA) was used to assess the degree to which the slag was functionalized, and a
Kriiss DSA25 Expert Drop shape machine was used for all measurements. All measurements
were performed using distilled water under ambient conditions. Sessile drop water contact
angle measurements were performed on the pellet in three different spots across the surface.
Advanced and receding contact angle measurements were performed on three different spots
on the pellet. For all measurements, the Eclipse Tangent 1 fitting method was used. TGA was
performed using a TA instruments SDT Q600. The experiment was done in an open alumina
crucible using continuous argon gas flow. The sample was ramped from 0-1000 °C at a ramp
rate of 20 °C/min. From the TGA measurements grafting density was also calculated using the
value of the organic weight loss. The surface area to calculate grafting density was calculated
using the Brunauer-Emmett-Teller (BET) method. The surface area calculated was 31.1 +8.4
m2/g. A Quantachrome Nova 2000e surface area analyzer was used for this measurement.
FTIR was performed using a Thermo-fisher scientific 110 Nicolet FTIR. The scans were

performed from 4000 - 400 cm-1. 32 scans were performed for each sample.

6.2.3: Plant growth

In methods adapted from previous work, several petri dishes were filled with cotton wool (S.
M. Lee et al., 2018). All of the variations of slag listed in Table 6.1 were tested as fertilizer. 20
seeds were grown for each variation of BOS slag in order to replicate the testing and be able to
reduce error. A control sample of seeds was also grown, planted without BOS slag. The
deposits of BOS slag were spaced 1 cm away from the next. Each deposit of BOS slag was
weighed out using an analytical balance. The seeds were soaked in distilled water overnight
before planting, as the producer of the seeds recommended. The planted seeds were placed in
a dark drawer with no light. Distilled water (1 mL) was then placed on each seed for 8 days.
Each day the height of each plant was measured and the qualitative visual growth rating system
was used to monitor the plants progress each day. The qualitative visual growth rating system
is shown in Table 6.2 and was previously used by Lee et al., (S. M. Lee et al., 2018). In one

instance, cereal wheat was also watered using rainwater (1 mL) to examine the effect of
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rainwater on cereal wheat seed growth. The pH of the water was measured using a Mettler
Toledo Fivego pH meter. After the analysis was completed, the plant samples were digested
using aqua regia in line with a previously reported method (Rodushkin et al., 1999). The
digested plant samples were then analyzed using microwave plasma atomic emission
spectroscopy (MP-AES). An Agilent 4200 MP-AES was used for the analysis. Analytical
reference standards were used, and the analysis was calibrated for a range of 0-20 ppm. All
elements were calibrated using this range. Optical microscopy was also used to look at the
plants and roots, and a Keyance VHX1000 was used for this work. The plant height data was
statistically analyzed using a one-way Analysis of Variance (ANOVA) test with a Tukey post
hoc test if required. The analysis was performed using Origin Pro 8.5 Software (Kaufmann &

Schering, 2014).

Table 6. 1: Summary of samples and BOS slag dosage used.

Sample o BOS:carboxylic acid ~ BOS Slag dosage

umber Sample functionalization atio (mg)
1 No BOS slag N/A 0
2 Unfunctionalized BOS slag N/A 1.0
3 Isosteric acid 1:1 1.0
4 Isosteric acid 1:1.25 1.0
5 Isosteric acid 1:1.5 1.0
6 Lauric acid 1:1 1.0
7 Lauric acid 1:1.25 1.0
8 Lauric acid 1:1.5 1.0
9 Lanolin 1:2 1.0
10 Lanolin 1:3 1.0
11 Lanolin 1:5 1.0
12 Cysteic acid 1:1 1.0
13 Cysteic acid 1:1.25 1.0
14 Cysteic acid 1:1.5 1.0

Table 6. 2: Qualitative Visual Growth Rating System (S. M. Lee et al., 2018).
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Rating Number Qualitative Visual Growth Rating System

1 No change

2 Very little to almost no root
3 Short root, no shoot

4 Medium length root, no shoot
5 Shoot (<1 cm)

6 Shoot (<3 cm)

7 Shoot (<5 cm)

8 Shoot (<7 cm)

9 Shoot (<9 cm)

10 Shoot (<11 cm)

11 Shoot (<13 cm)

12 Shoot (<15 cm)

13 Shoot (<17 cm)

6.3: Results and Discussion

6.3.1: Optical Microscopy

As shown from Fig. 1, the optical micrograph of the BOS slag shows a particularly rough
heterogeneous texture. The image also demonstrates the material's porous nature, as a large
pore can be seen in the top right-hand corner. It can be seen that dispersed within the material;
several inclusions were consistent with iron oxide formed upon long-term exposure to air.
Several small white particles throughout the material are consistent with CaCOj3; or CaSiO3
since it is known that they represent a significant component of BOS slag (Fisher & Barron,

2021; Mallick, 2018).

103



Figure 6. 1: Optical microscopy image of BOS slag used in the study (x200).

6.3.2: Plant growth

Images of the plant growth can be seen in Fig. 2, where a noticeable difference occurs between
days 1, 4 and 8. On day 1, there was no change to the seeds as they had not had time to absorb
the water yet and initiate the germination process, but the BOS slag deposits can be visibly
seen underneath the seeds. By day 4, the seeds have germinated and sprouted roots and begun
to grow a shoot, but the shoot is still very short in all cases. There is an apparent variance in
the rate that the seeds germinate, as only some of the seeds can be visibly seen to have roots;
this is due to the stochastic nature of the seeds. By day 8, it can be seen that all samples have
grown a healthy green shoot. The shoot lengths do vary; however, the trends of variance in
shoot length continued to be exhibited as there seemed to be a trend of seeds that germinated
later, not being able to grow an as large shoot by day 8. For example, some of the plants in
sample sets 10 and 11. The appearance of the plants is similar to that of plants seen in previous

work (S. M. Lee et al., 2018).
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Figure 6. 2: Photographic images of the plant growth are shown on days 1, 4 and 8. The

sample numbers correspond to those in Table 1.

6.3.3: Mass gain from plants

A plot of plant mass as a function of growth day is shown in Figure 6.3. For the reference
sample (i.e., no slag), the most significant rate of change of mass was on day 2, whereas for
the unfunctionalized BOS slag sample, the greatest change occurred on day 3. For all other
samples, it can be seen that the day on which the most mass gain occurs varies between days 2
and 3 for the samples. The large standard deviation bars show much statistical variability

between the seed's mass gain rates.
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Figure 6. 3: Plots of seed mass gain as a function of time (days) for samples dispersed in DI

water. Error bars represent one standard deviation.

6.3.4: Average height of plants

Figure 6.4 shows the average height of the seeds in each sample set on the final day (day 8).
The standard deviation error bars for all the samples seem to be of similar height; the variation
in plant heights has been caused by the natural variations in the plant seeds. When the sample
set of plants grown with no slag and the samples grown with slag are compared, it can be seen
there is a significantly better amount of growth, suggesting that the slag has worked well as
fertilizer (Annunziata Branca et al., 2014). The samples containing lanolin have performed the
best, with a small number of the samples managing to grow over 12 cm in length (see Figure
6.2 and 6.4). Samples containing lauric acid have managed to grow a significant amount. The
similarity between lanolin and steric acid is reasonable given that lanolin is a sterol ester (even
though it was traditionally called "wool fat") of various Ci2-Ca4 carboxylic acids. Thus, lanolin,
a side product from wool production, has been shown to act as a "hidden" source of long-chain

carboxylic acids, c.f., lauric acid (Fisher & Barron, 2023).

An ANOVA test was conducted across all samples to see if the slag variants significantly

affected the plant growth height. The p-value used for the analysis was 0.05. The calculated p-
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value was 0.02, meaning the difference between the groups is statistically significant. The
calculated values can be viewed below in Tables 6.3 and 6.4. A Tukey post hoc analysis test
was performed in order to find out between which groups the samples were significantly
different. The only samples that were significantly different from each other were Lanolin 1:3
and Isostearic acid 1:1. This comparison had a p-value of 0.05. However, none of the other

samples compared were seen as being significantly different.

Table 6. 3: ANOVA variance table for all samples.

Sample Sample BOS:carboxylic

number functionalization acid ratio Count Sum  Average Variance
1 No BOS slag N/A 20 132.20  6.61 4.52
2 Unfunctionalized N/A

BOS slag 20 15140  7.57 2.79

3 Isostearic acid 1:1 20 124.40 6.22 8.07
4 Isostearic acid 1:1.25 20 147.50 7.38 6.41
5 Isosteric acid 1:1.5 20 146.30 7.32 4.27
6 Lauric acid 1:1 20 169.30 847 10.92
7 Lauric acid 1:1.25 20 144.60  7.23 5.59
8 Lauric acid 1:1.5 20 155.00  7.75 10.27
9 Lanolin 1:2 20 180.30  9.02 13.40
10 Lanolin 1:3 20 18330  9.17 6.51
11 Lanolin 1:5 20 165.50  8.28 9.85
12 Cysteic acid 1:1 20 132.70  6.64 10.00
13 Cysteic acid 1:1.25 20 152.80  7.64 6.24
14 Cysteic acid 1:1.5 20 146.60  7.33 6.24

Table 6. 4: ANOVA summary table of calculated values for all samples

Source of Variation SS df MS F P-value F crit
Between Groups 196.70 13.00 15.13 2.02 0.02 1.76
Within Groups 1996.32  266.00 7.50

Total 2193.02  279.00
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Figure 6. 4: Plot of average plant height after 8 days for all samples studied. Error bars

represent one standard deviation.

6.3.5: Germination rate

The germination rate (GR) was observed to be similar for all the slag samples (Figure 6.5),
although the GR for the sample grown with no slag (0.92 day™') is faster than that for the
unfunctionalized BOS slag (0.66 day™"). This suggests that the presence of BOS slag inhibits
germination. Nevertheless, the functionalized slag samples perform better than
unfunctionalized. While the standard deviation bars are large, the hydrophobic functionalized
slag samples (isosteric, lauric and lanolin) show a decreasing germination rate with increasing
functionality (and hence hydrophobicity). The MGT in Figure 6.6 is in line with the GR as it

shows that samples with a slower rate of germination took longer to germinate.
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Figure 6. 5: Plot of mean germination rate (GR) for samples studied. Error bar represents one

standard deviation.
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Figure 6. 6: Plot of mean germination time (MGT) for samples studied. Error bar represents

one standard deviation.

6.3.6: Composite visual score graphs (CVS)

The CVS graphs in Figure 6.7 show that all the samples seem to grow at a similar rate, as all
the graphs seem to follow a similar S-like curve pattern. On days 3-6 for most samples, the
error bars from standard deviation on most of the samples are small, showing that there is little
to no variance in the growth of the plants in the middle of the growing stage. However, past
day 6, it can be seen that large error bars are saying that there is variance in how well the plants
perform beyond this point. This is again due to the variance between the different cereal wheat
seeds. If the no slag sample and unfunctionalized sample are compared, it can be seen that they

follow a similar rate of growth.
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Figure 6. 7: Plots (a-n) of composite visual growth scores (CVS) for samples studied. Error

bars represent one standard deviation.

6.3.7: Microwave plasma atomic emission spectroscopy (MP-AES)

Although BOS slag is predominantly calcium silicates, iron oxides, and aluminum silicates, it
contains a wide range of trace elements (Fisher & Barron, 2021), some of which may be
undesirable to be up-taken into plants. In order to determine the effects of the slag on the plants,

MP-AES was employed, and the results are shown in Table 6.5.

Notably, there appears to be no statistical change in the presence of Al, Mg, Mn, and Zn

between samples with slag and the reference without slag. In contrast, P shows a slight decrease
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in uptake for all the slag samples compared to the reference, while Si is slightly increased;
however, the ubiquitous nature of silicon makes analysis difficult (Doostdar et al., 2011). There
1s a marked increase in Cu for the sample grown on raw slag but no effect on the functionalized
slag samples. We propose that the carboxylic acid covalent functionality on the surface
(Bethley et al., 1997; Koide & Barron, 1995) inhibits its leaching out of the slag. Interestingly,
Fe is seen to leach out of the unfunctionalized slag but not the hydrophobic versions. Finally,
an increase in Ca is found in all the plants grown on the unfunctionalized and hydrophobic
slags compared to the reference sample and plants grown with hydrophilic functionalized slag

(i.e., cysteic acid functionalized).
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Table 6. 5: MP-AES data for all samples. The error represents one standard deviation.

Sample Sample Al Ca Cu Fe K Mg Mn P Si Zn
number (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
1 No BOS slag 0.03+0.01 0.18+0.04 0.02+0.01 0.12+0.12 1.48+0.06 0.52+0.11 0.04 +£0.01 1.47+£0.19  0.05+0.02  0.02 +0.01
2 Unfunctionalized ~ 0.04 £0.02  0.35+0.05 0.52+0.22 0.21+£0.10 1.34+40.06 0.45+0.06 0.03 +0.01 1.29+0.09 0.10£0.03  0.05+0.02
BOS slag
3 Isostearic acid ~ 0.06 +0.01  0.27 +0.04 0.08£0.06  0.01 £0.01 1.28+0.16 0.45+0.07  0.02 £0.01 1.29+0.24 0.08+0.01  0.02 +0.01
1:1

4 Isostearic acid ~ 0.18+0.16  0.53+0.32  0.07£0.03 0.36+0.01 2.80+2.22 0.45+0.04 0.04+0.02 1.12+0.05 0.28+£0.24  0.03 £0.03
1:1.25

5 Isostearic acid 0.11+0.1  0.394+0.11 0.08 +0.04 0.14+0.01 1.35+0.08 0.47 +0.01 0.02 £0 1.30+0.05 0.14+0.08 0.02 +0.01
1:1.5

6 Lauricacid 1:1  0.03+0.01  0.28+0.06  0.08 +0.09  0.14+0.07 1.25+0.09 0.40+0.02  0.02 +0.01 1.15+0.07 0.07+0.01  0.05+0.05

7 Lauric acid 0.08+0.08 0.37+0.22 0.02+0.01 0.31+0.33 1.38+0.14 0.41+0.09  0.06+0.05 1.14+0.05 0.09+0.07 0.03 +0.02
1:1.25

8 Lauric acid 0.09+0.01 0.52+0.29 0.05+0.03 0.34+0.32 1.58+0.49 0.53+0.12  0.05=+0.03 1.38+£0.05 0.13+0.07 0.04 +£0.02
1:1.5

9 Lanolin 1:2 0.03+0.01 0.30+0.02 0.02+0.01 0.114+0.03 1.13+0.04 0.36+0.05 0.02+0.01  0.99+0.08 0.08 £0.03 0.02 £0

10 Lanolin 1:3 0.08+£0.07 0.68+0.56 0.01+0.01 0.37+0.37 1.2240.18 0.60+0.19  0.06+0.05 1.30+0.09 0.14+0.10 0.03 +0.01

11 Lanolin 1:5 0.05+0.02 0.38+0.04 0.01+0.01 0.15+0.04 1.48+0.01 0.55+0.01 0.04£0.02  1.374+0.06 0.10+0.01  0.02 £0.01

12 Cysteic acid 1:1 0.01 £0 0.18+£0.02 0.01+0.01 0.02+0.01 1.02+0.13 0.32+0.03 0.01 £0 0.84+£0.10  0.03+0.01  0.00+0.01

13 Cysteic acid 0.02+0.01 0.17+0.05 0.01+0.01 0.05+0.02 1.50+0.27 0.45+0.02  0.01 £0.01 1.30+0.19  0.03+0.01  0.02 +0.01
1:1.25

14 Cysteic acid 0.01£0.01  0.14+0.02 0.01+0.01 0.02+0.01 1.61+0.05 0.51+0.01 0.01 £0 1.45+0.07 0.03+0.01  0.01+0.01
1:1.5
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Figure 6.8 shows an optical microscopy image of a plant root from the unfunctionalized sample
set that has been watered with DI water. It can be seen that in the root, there is a black particle,

which could be particles of the slag entrained.

Lens Z20:X150 ¢ 1000.00pm

Figure 6. 8: Optical microscopy image of sample 2 plant root (x200).

6.3.8: Functionality versus growth

From the data, it can be said that the BOS slag had a positive effect on the growth of the cereal
wheat seeds. This is because of the high amount of Ca present in the BOS slag samples, an
essential mineral for plant growth, which assists with cell structure, elongation, and division
(Hepler, 2005). Between the unfunctionalized and functionalized slags, it was found that the
best fertilizer for the plants was BOS slag functionalized with lanolin in a 1:3 ratio. This sample
set was seen to have the highest average height overall, with 9.17 cm. The highest mass gain
for this seed was seen on day 2, with the GR rate being slower also. This sample also has a
higher amount of Fe (Table 6.5), a slight increase in Al, retention of Mg, but no increase of
undesirable elements. Al has been previously reported to increase root growth in low
concentrations (Silva & Uchida R, 2000). In previous studies, Fe has been shown to encourage
plant enzyme production and speed up the metabolism of the plants (Rout & Sahoo, 2015). Mg

also contributes to enzyme activity in plants (Shaul, 2002).
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The increased mass gain of the sample on day 2 may be due to the high Ca content recorded
by the MP-AES measurements at 0.68 ppm. This suggests that the high Ca content encourages
faster cell structure formation and cell elongation leading to the mass gain on day 2. It can be
said that the lanolin component of the sample also played a role in the increased plant growth.
Lanolin is a natural lubricant and has been used in plant research as a carrier for plant growth
regulators (Lv et al., 2021; Redemann et al., 1950; T. Wu et al., 2020). The lanolin does not
have a physiological effect on the plant tissue but instead allows the easier transport of nutrients

towards the seed.

6.3.9: Distilled water versus rainwater

Figure 6.9 shows images comparing the plants grown with no BOS slag, with unfunctionalized
BOS slag watered with distilled water (DI water) and unfunctionalized BOS slag watered with
rainwater. It can be seen that there is no noticeable difference between the seeds on day 1 as
the seeds have not yet had enough time to absorb water and germinate. On day 4, all sample
sets have evidence of considerable root growth, with some shoots being present. On day 8, it
can be seen that all the samples set have grown a considerable shoot with there being some

variation in the height of the plants.

Figure 6. 9: Photographic images of the plant growth shown on days 1, 4 and 8 for Sample 1
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(no slag), sample 2 (unfunctionalized slag with DI water), and sample 3 (unfunctionalized

slag with rainwater).

Figure 6.10 shows the mass gain of the 3 sample sets over a 4-day period, where it can be seen
that there is the most significant mass gain by the rainwater sample set on day 3. This follows
a similar pattern to the other samples fertilized with BOS slag. The sample grown without any
BOS slag being present had the best growth rate on day 2. However, the average height data in
Figure 6.11 shows that the sample set watered with DI water performed better during the height
measurements than the sample watered with rainwater. It can also be seen that the sample set

grown with no BOS slag performed better in the height measurements.

Nevertheless, it can be seen from the variance in the standard deviation error bars on the graph
that, in some cases, the samples did grow to be taller than the sample set with no BOS slag.
The samples were again subjected to ANOVA analysis with a p-value of 0.05. The calculated
p-value for the variance between samples was 0.083, suggesting no significant statistical
difference between the samples and, therefore, no difference between the samples grown with

rainwater vs DI water. The ANOVA summary data can be seen in Tables 6.6 and 6.7.

Table 6. 6: ANOVA variance table for no slag, unfunctionalized slag and unfunctionalized

slag with rainwater.

Groups Count Sum Average Variance
No slag 20.00 132.20 6.61 4.52
Unfunctionalized slag 20.00 151.40 7.57 2.79
Rainwater 20.00 115.40 5.77 11.44

Table 6. 7: ANOVA summary table of calculated values for no slag, unfunctionalized slag

and unfunctionalized slag with rainwater.

Source of

Variation SS df MS F P-value F crit
Between
Groups 32.45 2.00 16.22 2.60 0.08 3.16
Within Groups 356.32 57.00 6.25
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Total 388.77 59.00
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Figure 6. 10: Plots of seed mass gain as a function of time (days). Error bars represent one

standard deviation.
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Figure 6. 11: Plot of average plant height after 8 days for all samples studied. Error bars

represent one standard deviation.
Samples watered with rainwater have germinated faster than those watered with DI water but

not as fast as the sample set grown with no BOS slag, as shown in Figure 6.12. The GR of the

DI water unfunctionalized sample was 0.66 day™!, and the rainwater sample was 0.79 day'. So,
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with the addition of rainwater watering, it can be said that the addition of rainwater increases
the GR rate. The MGT graph in Figure 6.13 shows that rainwater samples germinated faster

than the sample watered with DI water.
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Figure 6. 12: Plot of mean germination rate (GR) for samples studied. Error bar represents

one standard deviation.
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Figure 6. 13: Plot of mean germination time (MGT) for samples studied. Error bar represents

one standard deviation.

The CVS graph depicting the growth of the sample watered with rainwater is shown in Figure
6.14 and can be seen to follow an “S” like pattern where the rate of change is rapid towards the
start, slower towards the middle. Then the change begins to happen faster again towards day 8.
Nevertheless, there is a significant variance between the different samples in the sample set, as

seen in the standard deviation error bars on the graph.
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Figure 6. 14: Plots of composite visual growth scores (CVS) for samples studied for (a) no

slag, (b) unfunctionalized slag with DI water, and (c) unfunctionalized slag with rainwater.

Error bars represent one standard deviation.

In the MP-AES data shown in Table 6.8, it may be seen that the elemental uptake is generally
directly proportional to the composition of the water source. The exception is that the high Ca
content in rainwater is not replicated by the uptake for the sample with unfunctionalized slag,
suggesting that the Ca is absorbed onto the slag rather than the plant. In contrast, there is also

a direct correlation with DI water, except that Cu is leached from the slag into the plants.

We note that the calcium content of the rainwater was measured as having a value of 12.35
ppm, not in line with previous data recorded for rainwater from the South Wales area. Previous
recordings of Rainwater in South Wales have had readings ranging between 0.085-0.448 ppm)
(DEFRA, 2021). This suggests that when the rainwater fell, the precipitation had been

transported from an area with high calcium levels in the rainwater.
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Table 6. 8: MP-AES data for all samples. The error represents one standard deviation.

Sample Al Ca Cu Fe K Mg Mn P Si Zn
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

No BOS slag with DI 0.03 +£0.01 0.18 £0.04 0.02+0.01 0.12+0.12 1.48+0.06 0.52+0.11 0.04+0.01 1.47+0.19 0.05+0.02 0.02 £0.01
water

Unfunctionalized BOS 0.04+0.02  0.35+0.05 0.52+0.22 0.21+0.10 1.34+0.06 0.45+0.06 0.03+0.01 1.29+0.09 0.10+0.03  0.05=+0.02

slag with DI water
Unfunctionalized BOS 0.02 +0 0.22+0.14  0.01 £0.01 0.11+0.02 1.80+0.27 0.52+0.08 0.02+0.01 1.314+0.21 0.07+0.03  0.02 +0.01
slag with rainwater
DI water 0.01 0.16 0.01 0.1 1.22 0.68 0.02 1.45 0.51 0.01
Rainwater 0.02 12.35 0.01 0.11 1.81 0.60 0.02 1.31 0.5 0.01
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It was found that the rainwater had a pH reading of 6.89, and the DI water had a pH reading of
7.03. When the data is compared of samples watered with rainwater and samples watered with
DI water, it is clear that the DI water was better for plant growth as these plants grew taller and
germinated faster than the other plants. This suggests that high levels of Ca can inhibit plant
growth. This has previously been reported that growth is inhibited when cereal wheat is grown
with Ca in a 500 ug/mL concentration (He et al., 2018). This is due to calcium toxicity, which
has previously been reported when excess calcium is detected within the rhizosphere, the area
around the roots, then plant growth rates and germination rates are inhibited (White &

Broadley, 2003).

6.4: Conclusions

Overall it can be concluded that the BOS slag worked well as a fertilizer for the samples. This
can be seen from the fact that after day 8, a large proportion of the sample sets grew taller than
the control set grown with no BOS slag. This can be due to the Ca and Fe nutrients that the
BOS slag has provided to the cereal wheat seed. It could be seen that samples functionalized
with carboxylic acids to become hydrophobic worked the best because of the water reservoir
created around the rhizosphere by the hydrophobic slag; this is in line with previous reports (S.
M. Lee et al., 2018). The data also shows that the sample functionalized with cysteic acid did
not work as well as fertilizer due to the hydrophilic water-loving nature of the sample, where
the water may have been absorbed too quickly by the slag before the seed sample had enough
time to absorb the water. We propose that the use of lanolin makes a viable reagent as a low
cost sustainable hydrophobic functionalization for BOS slag. It must be noted that the ANOVA
tests showed that none of the results were statistically significant. This may suggest that there
is no relationship between the BOS slag as fertilizer or that the sample size for the experiment
was not large enough to gather enough data on the effects of the BOS slag on the cereal wheat

seed.

If BOS slag is to be used as fertilizer, it should be noted that the concentration of heavy metals,
e.g. V and Cr, in the BOS slag should be screened to check that the concentration is not over
the limit and will not do harm to the environment around it. In this case, DI water produced the
best results instead of rainwater due to the high Ca content of the rainwater, which may have

caused calcium toxicity to occur in the seed, meaning that the growth of the sample was
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potentially stunted. This research can be useful in arid regions where water is scarce and is
absorbed too quickly by the soil for the seed to get the full benefit, as a hydrophobic layer of

slag can be used to create a water reservoir that would provide both water and nutrients to the

seed.
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Chapter 7: Conclusions and Further
Work
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7.1: Conclusions

This thesis aimed to assess all available technologies for valorising steelmaking slag in land
and marine applications. The literature review found that there was a wide range of different
applications that steelmaking slag could be used for due to its composition consisting of
precious components to industry, such as calcium oxides and iron oxides. A range of slags
from different parts of the steelmaking process was considered as there may have been an
application that could be applied to a different slag. The review found that the slags were highly
recyclable. There was much research on using slag in the construction industry as aggregate in
concrete, cement clinker, or supplementing the cement matrix with calcium silicates.
Applications where the slags could be used as received, seemed to be popular as this would
mean there was a minimal processing cost for the steelmaking or company using it. Examples
of this come from slags used as railway ballast, fertiliser, adsorbent material and CO-

sequestration; in all examples, the slag can be used as is.

Chapter 3 was a study completed in order to validate if BOS slag from UK steel plants e.g.
Tata Steel could be used to sequester carbon emissions. As there was no research testing if slag
produced in the UK could be used. There was only research surrounding legacy slag deposits.
All the samples proved capable of capturing and sequestering CO,, with the CO» sequestration
ability being enhanced when the studies were done in a moist environment. All samples showed
high adsorption capacity. It was found that Sample C which had a higher concentration of Ca

and Si performed the best out of all samples.

The next area of research completed was static and accelerated leaching experiments looking
at the reaction between model sea water and BOS slag. The static experiments were completed
over 12 months in static water. The accelerated leaching was completed with model seawater
being mechanically stirred over 24 hours. The main findings of the experiments were that Ca,
Mg and K were the main elements that leached out. All other elements assessed were only
present in trace amounts. There was a direct positive correlation between the Ca concentration
and the pH level. The pH level was also heavily influenced by the size fraction of the slag, with
the 0-10mm size fraction slag assessed raising the pH by the most in the accelerated leaching
experiments. The accelerated leaching experiment highlighted the fact that when the slag is

agitated erosion of the slag occurs. This would suggest that if the slag were to be used in a
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marine application it should not be used in a structural application as there may be a risk of

failure.

BOS slag undergoes functionalisation testing to become hydrophobic or hydrophilic using
carboxylic acids in chapter 5. These experiments found that [sosteric acid, Lauric acid, Lanolin
and cysteic acid can all be used to functionalise the slag and changes its surface properties. The
best hydrophobicity result was achieved with Lauric acid in a 1:1 ratio. This sample achieved
a contact angle of 141° +4°. Lauric acid proved the best due to its straight-chained nature,
creating a more hydrophobic surface. However, each sample's advanced and receding contact
angles revealed a large hysteresis between the 2 angles, which suggested the surface had high
roughness and was inhomogeneous. The samples also did not follow the expected trend of a
higher, more hydrophobic surface with more carboxylic acid being added. Instead, there was
no trend, but this was most likely caused by the varying amounts of CaCOs, Si0O,, FeO and
ALOs in each sample. This was successful when cysteic acid was used to make the surface
more hydrophilic, and the surface was shown to absorb water faster. Nevertheless, the
functionalisation level was found to be inconsistent across the surface. For example, in one
area of the pellet, water would absorb in under a second, and in a different section, it would

take around 10 seconds for the same amount of water to be absorbed.

The samples from Chapter 5 then underwent a further study in which the slags were used to
fertilise wheatgrass plants and assess if the carboxylic acids added had any effect on the plant
growth. The study found no significant growth until day 4 of the study, by which point the
seeds had germinated and begun to grow roots and a shoot. Seeds germinating any later than
day 4 did not grow as a significant a shoot by day 8. The mass gain results showed that the
most significant mass gains happened on days 2 and 3 of the study. An ANOVA statistical test
was conducted on the plant height data to determine if any results were statistically
significantly different. The results found that the only significant comparison data was the
Lanolin 1:3 to Isostearic acid 1:1 data. An interesting result was that the germination rate of
the sample grown with no slag was faster than the sample grown with unfunctionalized slag,
suggesting that the slag inhibited growth in some way. Composite visual score graphs showed
that the samples followed a similar growth progression, as all the graphs are similar to S-shape.
The MP-AES data of the plants revealed that the carboxylic acids surrounding the slags
prevented Fe and Cu from leaching out during the experiment. However, the data showed

increased Ca levels leached out of the slag and into the plant in the unfunctionalized and
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hydrophobic samples. This Ca, in increased amounts, most likely contributed to plant growth
as Ca is known to enhance plant growth. The Lanolin 1:3 sample performed best, and this
sample had a high Ca concentration. Lanolin is also a natural lubricant and has previously been
used as a medium to transfer nutrients to plants. The hydrophobic nature of the slag also
enhanced plant growth as it created a water reservoir around the seed. The samples grown with
cysteic acid functionalised slag did not reach the same heights as the others; this was due to the
slag's hydrophilic nature, which absorbed the water too fast before the seed had time to benefit.
In the rainwater to DI water comparison, rainwater was found to inhibit the growth of the
plants. This was thought to be because of the high Ca concentration in the rainwater found in

the MP-AES analysis. Extremely high levels of Ca can be toxic to plants.

7.2: Further work

The experimental studies detailed throughout the thesis provided a good idea of how the slag
could be utilised. However, there is some further work I would have liked to look at and
experiment with. However, this work was not possible due to constraints caused by the
COVID-19 pandemic and the time out of the lab environment, but I would like to detail it

below.

A helpful topic to explore further from chapter 5 would be a different method of making the
contact angle sample. In these tests, a pellet press was used to make a 32mm pellet. However,
this pellet would often crumble, for example. It was tough to achieve a consistently uniform
flat surface on the pellet. An alternative may be to spray a uniform slag film onto a glass slide
and use this to measure the contact angle. It would have also been interesting to see if enhanced
hydrophobic effects could be achieved using a combination of carboxylic acids. Lanolin is a
by-product of the wool trade that is available in large amounts and is a green product. Whereas
lauric acid is not as readily available, It would be interesting to see if the two can be combined

for use in an industry where lauric acid may not be as readily available.

Additional time for testing a more extensive sample set of plants would also have been helpful
as it may have yielded more statistically significant results. As the slag could be made both
hydrophobic and hydrophilic and was not harmful to plants, the research could be applied in

arid regions where water is scarce. The hydrophobic slag could channel water towards the seed
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and prevent it from evaporating or being absorbed by the soil before reaching it. A follow on
from the studies in this thesis would have been to look at the water channelling concept and

test it on a lab scale to assess its viability.

Finally, it is imperative to be mindful of the circular economy with the imminent threat of
climate change, so an exciting area of work may be to combine several of the applications in
this thesis. For example, as received, the slag could be used to sequester CO> from the
steelmaking process. For optimum results it is suggested that this should be completed in a
moist environment. Slag could then undergo a functionalisation process to become either
hydrophobic or hydrophilic and could then go on to enhance plant growth. As the slag is
working as a fertiliser with only a limited amount of nutrients, the slag may need to be removed
and replenished. The removed slag could then go on to be used as one of starting materials for

cement. This would permanently store the slag and the CO».
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Appendix A: Additional Tables for
Chapter 4: Nutrient Leaching
Experiment with Model Sea Water
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Table A. 1: Table showing the amounts of Zn, Fe, Cu, Mn, Al and Si found in trace amounts

in Jar 1: 5-10mm LF BOS slag over the 12 month duration of the nutrient leaching

experiment.
Zn(ppm)  Fe(ppm)  Cu(ppm) Mn(ppm) Al(ppm)  Si(ppm)
T=0 2.72 0.2 0.02 0.03 0 -0.15
24/06/2019 0.7 0.06 0.01 0.003 0.01 0.79
26/07/2019 -0.07 -0.1 0 0.04 -0.01 -0.22
23/08/2019 -0.1 -0.04 0 0.01 0 -0.22
25/09/2019 -0.03 0.03 0 0 0.01 -0.22
18/10/2019 -0.02 0.05 0 0 0 -0.23
18/11/2019 -0.03 0.04 0 0.01 0 -0.22
13/12/2019 -0.02 0.04 0 0 0 -0.22
10/01/2020 0.52 -0.06 0.02 -0.01 0.05 -0.22
07/02/2020 -0.03 0.04 0 0 0 -0.22
06/03/2020 -0.03 0.04 0 0.01 0 0.2
03/04/2020 -0.02 0.05 0 0.01 0 -0.22
29/04/2020 -0.03 0.04 0 0.01 0 0.2

Table A. 2: Table showing the amounts of Zn, Fe, Cu, Mn, Al and Si found in trace amounts

in Jar 2: 45 mm HF BOS slag over the 12 month duration of the nutrient leaching experiment.

Zn(ppm)  Fe(ppm)  Cu(ppm) Mn(ppm) Al(ppm)  Si(ppm)
T=0 2.72 0.2 0.02 0.03 0 -0.15
24/06/2019 -0.01 0.05 0.01 0.01 0.01 -0.09
26/07/2019 -0.14 -0.12 0 0.04 -0.01 -0.22
23/08/2019 -0.04 0 0 0.02 0 -0.22
25/09/2019 -0.03 0.02 0 0.01 0 -0.23
18/10/2019 -0.02 0.05 0 0 0 -0.23
18/11/2019 -0.03 0.04 0 0.01 0 -0.22
13/12/2019 -0.03 0.04 0 0 0 -0.23
10/01/2020 0.03 -0.07 0.02 0 0.05 -0.22
07/02/2020 -0.03 0.03 0 0.01 0 -0.22
06/03/2020 -0.02 0.05 0 0 0 -0.23
03/04/2020 -0.03 0.05 0 0.01 0 -0.22
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29/04/2020 -0.02 0.06 0 0.01 0 -0.22

Table A. 3: Table showing the amounts of Zn, Fe, Cu, Mn, Al and Si found in trace amounts

in Jar 3: 45 mm LF BOS slag over the 12 month duration of the nutrient leaching experiment.

Zn (ppm)  Fe(ppm) Cu(ppm) Mn(ppm) Al(ppm)  Si(ppm)

T=0 2.72 0.2 0.02 0.03 0 -0.15
24/06/2019 -0.01 0.05 0.01 0 0 -0.12
26/07/2019 -0.12 -0.12 0 0.04 -0.01 -0.24
23/08/2019 -0.04 0.02 0 0 0 -0.22
25/09/2019 -0.09 -0.11 0 0.04 -0.01 -0.22
18/10/2019 -0.02 0.05 0 0 0 -0.21
18/11/2019 -0.03 0.05 0 0 0 -0.21
13/12/2019 -0.03 0.03 0 0.01 0 -0.21
10/01/2020 0.02 0.07 0.2 0 0.05 -0.22
07/02/2020 -0.03 0.04 0 0.01 0 -0.2
06/03/2020 -0.03 0.05 0 0.01 0 -0.22
03/04/2020 -0.03 0.05 0 0 0 -0.17
29/04/2020 -0.05 0.05 0 0.01 0 -0.17

Table A. 4: Table showing the amounts of Zn, Fe, Cu, Mn, Al and Si found in trace amounts

in Jar 4: 0-10 mm LF BOS slag over the 12 month duration of the nutrient leaching

experiment.
Zn(ppm)  Fe(ppm)  Cu(ppm) Mn(ppm) Al(ppm)  Si(ppm)
T=0 2.72 0.2 0.02 0.03 0 -0.15
24/06/2019 -0.01 0.05 0.01 0 0 -0.16
26/07/2019 -0.14 -0.12 0 0.04 -0.01 -0.21
23/08/2019 -0.03 0.03 0 0.01 0 -0.22
25/09/2019 -0.16 -0.13 0 0.04 -0.01 -0.23
18/10/2019 -0.02 0.05 0 0 0 -0.22
18/11/2019 -0.02 0.04 0 0 0 -0.23
13/12/2019 -0.04 0.04 0 0 0 -0.22
10/01/2020 0.01 -0.07 0.01 -0.01 0.06 -0.22
07/02/2020 -0.04 0.04 0 0.01 0 -0.22
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06/03/2020 -0.03 0.04 0 0.01 0 -0.23
03/04/2020 -0.04 0.04 0 0.01 0 -0.17
29/04/2020 -0.03 0.04 0 0.01 0 -0.21
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Appendix B: Additional Figures for
Chapter 5: Functionalization of Basic

Oxygen Steelmaking Slag
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Figure B. 1: Contact angle measurement of isosteric acid functionalised BOS slag (1:1)

Figure B. 2: Contact angle measurement of isosteric acid functionalised BOS slag (1:1.25)

O

Figure B. 3: Contact angle measurement of isosteric acid functionalised BOS slag (1:1.5)
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Figure B. 4: Contact angle measurement of Lauric acid functionalised BOS slag (1:1)

Figure B. 5: Contact angle measurement of Lauric acid functionalised BOS slag (1:1.25)

Figure B. 6: Contact angle measurement of Lauric acid functionalised BOS slag (1:1.5)
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Figure B. 7: Contact angle measurement of Lanolin functionalised BOS slag (1:2)

Figure B. 8: Contact angle measurement of Lanolin functionalised BOS slag (1:3)

Figure B. 9: Contact angle measurement of isosteric acid functionalised BOS slag (1:5)
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Figure B. 10: TGA plot used to calculate grafting density of BOS slag: Isosteric acid ina 1:1

ratio.
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Figure B. 11: TGA plot used to calculate grafting density of BOS slag: Isosteric acid in a

1:1.25 ratio.
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Figure B. 12: TGA plot used to calculate grafting density of BOS slag: Isosteric acid in a

1:1.5 ratio.
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Figure B. 13: TGA plot used to calculate grafting density of BOS slag: Lauric acid ina 1:1

ratio.
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Figure B. 14: TGA plot used to calculate grafting density of BOS slag: Lauric acid in a

1:1.25 ratio.
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Figure B. 15: TGA plot used to calculate grafting density of BOS slag: Lauric acid ina 1:1.5

ratio.

139



Sample: Lanolin 1-2
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Figure B. 16: TGA plot used to calculate grafting density of BOS slag: Lanolin in a 1:2 ratio.
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Figure B. 17: TGA plot used to calculate grafting density of BOS slag: Lanolin in a 1:3 ratio.
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Figure B. 18: TGA plot used to calculate grafting density of BOS slag: Lanolin in a 1:5 ratio.
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Figure B. 19: TGA plot used to calculate grafting density of BOS slag: Cysteic Acidina 1:1

ratio.
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Figure B. 20: TGA plot used to calculate grafting density of BOS slag: Cysteic Acid in a
1:1.25 ratio.
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Figure B. 21: TGA plot used to calculate grafting density of BOS slag: Cysteic Acid in a
1:1.5 ratio.
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Figure B. 22: FTIR spectra of isosteric acid functionalised BOS slag (1:1)
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Figure B. 23: FTIR spectra of isosteric acid functionalised BOS slag (1:1.25)
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Figure B. 24: FTIR spectra of isosteric acid functionalised BOS slag (1:1.5)
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Figure B. 25: FTIR spectra of Lauric acid functionalised BOS slag (1:1)
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Figure B. 26: FTIR spectra of Lauric acid functionalised BOS slag (1:1.25)
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Figure B. 27: FTIR spectra of Lauric acid functionalised BOS slag (1:
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Figure B. 28: FTIR spectra of Lanolin functionalised BOS slag (1:2)
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Figure B. 29: FTIR spectra of Lanolin functionalised BOS slag (1:3)
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Figure B. 30: FTIR spectra of Lanolin functionalised BOS slag (1:5)
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Figure B. 31: FTIR spectra of Cysteic acid functionalised BOS slag (1:1)

500

9642 W“\\

e T e N W I
04! e Lt i WL

92!

1635,24’&

90!
86 \

84: \

%Transmittance

52-3
soé
78%
76-E
74!

4000  3s0 300 2800 2000 1500
Wavenumbers (cm-1)

Figure B. 32: FTIR spectra of Cysteic acid functionalised BOS slag (1:1.25)
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Figure B. 33: FTIR spectra of Cysteic acid functionalised BOS slag (1:1.5)
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