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Preface
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Ina Merete Stuen for her guidance throughout our entire degree.
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findings, and we hope that our research will inspire further investigation in this field.
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Abstract

Having the ability to develop and minimize the production of red mud from the aluminium industry
is desirable, since it represents a huge environmental problem today. High alkalinity and the fine
particle size distribution are some of the reasons for its environmental hostility. The industrial

waste does also lead to loss of iron- and aluminium units in the bauxite residue.

In this thesis, the bauxite residue (BR) was pelletised and sintered at 1150°C under atmospheric
pressure. These pellets were then analysed and characterised through several analytical methods,
such as X-Ray diffraction (XRD), X-Ray fluorescence (XRF), scanning electron microscopy
(SEM) supported by energy-disperse spectroscopy (EDS), Brauner-Emmet-Teller (BET) and
Barett-Joyner-Halende (BJH). This analytical practice was also done later to characterise reduced
pellets. To be able to reduce the sintered pellets, hydrogen was introduced in a reduction furnace,
a vertical tube furnace at 600°C and 800°C. The reduction experiments used different Ho-H,O

mixtures, where the humidities used was 0%, 5%, 15% and 25%.

The SEM analyses yielded that at higher temperature coupled with reduced humidity levels led to
more production of metallic iron. It was possible to see which phases were present through XRD.
For example, brownmillerite was present in the sintered pellets, but not after the reduction.
Furthermore, gehlenite was present in all the samples. BET and BJH resulted in that by reducing
the pellets with pure hydrogen gave the largest surface area and pore size. But, by increasing the

temperature, the pores shrunk.

The primary outcome of this thesis is to investigate equilibrium conditions of Hz reductions of iron
oxides in BR. It was found that at higher levels of humidity, the reduction of iron oxides stops
because of thermodynamic conditions. This is especially seen at 800°C with 25% humidity, where
no metallic iron was formed. At lower temperatures, humidity greatly inhibits reduction, as the
reduction degree for 0% humidity was 49,64%, almost twice as high compared to 5% humidity
which yielded 25,56%.

Keywords
HARARE, Bauxite residue, Bayer-process, red mud, sustainability, hydrogen reduction,

valorisation, aluminium industry, reduction degree, humidity, gas, brownmillerite, mayenite, iron.
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Sammendrag

Det er et sterkt gnske & minimere produksjonen av rgdslam fra aluminiumindustrien, da det star
for et stort miljgproblem i dag. Det hgye alkalitetsnivaet og fordelingen av fine partikkelsterrelser
er hovedarsakene til at redslam er sa destruktivt for naturen. Industriavfallet farer ogsa til tap av
jern og aluminium i bauxittresten. Det er derfor av stor betydning & utforske metoder for a redusere

mengde rgdslam produsert og redusere miljgbelastningen fra aluminiumsindustrien.

| dette studiet ble bauxittrester (BR) pelletert og sintret pa 1150°C under atmosfeaerisk trykk. Disse
pelletene ble deretter analysert og karakterisert gjennom flere analytiske metoder, som X-Ray
diffraction (XRD), X-Ray fluorescence (XRF), scanning electron microscopy (SEM), energy
disperse spectroscopy (EDS), Brauner-Emmet-Teller (BET) and Barett-Joyner-Halende (BJH).
Disse analytiske metodene ble etterfglgende anvendt pa de reduserte pelletene. For & redusere de
sintrede pelletene ble hydrogen introdusert i en vertikal reduksjonsovn, ved temperaturer pa
henholdsvis 600°C og 800°C. Reduksjonseksperimentene brukte forskjellige H2-H2O blandinger,
hvor fuktighetene som ble tatt i bruk var pa 0%, 5%, 15% og 25%.

Resultatene av SEM analysen ga en indikasjon pa at gkende temperatur og redusert fuktighetsniva
ga gkt produksjon av metallisk jern. Det var mulig & se hvilke faser som var til stede gjennom
XRD. Et eksempel pa dette er observert i de sintrede prgvene, der brownmillerite var til stede,
mens det ble ikke pavist i de reduserte prgvene. | tillegg var gehlenite pavist i alle pravene.
Resultatene fra BET og BJH analysene viste at reduksjon av pelletene med ren hydrogengass farte
til storst overflateareal og porestgrrelse. Imidlertid forte gkning i temperatur til mindre

porestarrelse.

Denne oppgaven skal undersgke likevektsbetingelsene for Hz-reduksjoner av jernoksider i BR. Det
ble funnet at termodynamiske forhold vil hindre reduksjonen av jernoksider ved hgye
fuktighetsnivaer. Dette kan spesielt sees ved 800°C med 25% fuktighet, da ingen metallisk jern
ble dannet. Ved lavere temperaturer vil fuktigheten i stor grad inhibere reduksjon, da
reduksjonsgraden for 0% fuktighet var 49,64%. Dette er nesten dobbelt sa hayt sammenlignet med

et fuktighetsniva pa 5% som ga en reduksjongrad pa 25,56%.
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1. Introduction

In this chapter, background and the motivation are presented, as well as the main objective for this
thesis.

1.1 Background
The generation of bauxite residue (BR) from the Bayer process is a worldwide problem that poses

a big threat to the environment. As there are no industrial processes that utilises BR to its full
extent, the waste is stored in large pools and, if not treated properly, can cause major problems to
its surroundings due to the high alkalinity of the waste. Since BR contains important elements,
such as Fe, Al and Ti, and rare earth elements (REES), such as cerium, the valorisation of BR is
highly interesting to achieve, and much research have been done to utilise the BR. By now, no
industrial processes take use of BR, mainly because of economic obstacles [1]. This causes
valorisation of BR to be challenging even to this day. Since the demand for aluminium products
increases around the world, the generation of BR also increases. Typically, depending on the
quality of the bauxite ore, the generation of BR is between 55-65% of the bauxite processed [2].
The utilisation of BR today is mainly as additives in cement, around 3 million tons per year, which
only accounts for less than 1% of BR which is present worldwide [3]. Because of the high levels
of Fe and other elements, the valorisation of BR can create huge amounts of profits. BR can also
be an excellent livestock for Fe and other materials if it is valorised properly [3]. During 1927,
Harald Pedersen proposed a different method to extract alumina from bauxite ore. This method
differs from the Bayer process in the form of no BR generation, and therefore it is a more
sustainable method for extracting alumina from bauxite ore. This method was applied in Hgyanger,

Norway from 1927 to 1969, before being discontinued because of economic reasons [4].

1.2 Motivation

In New Innovation Action EU project, HARARE, hydrogen-use to valorise BR is studied. In a Ca-
route of the HARARE project, BR is agglomerated with lime and then reduced by hydrogen. The
produced Fe in the reduced agglomerate is then separated by magnetic separation, while the
nonmagnetic portion is treated to extract alumina and REEs. This bachelor’s thesis in HARARE

focuses on the effects of adding H20-gas to the H-gas during reduction, and how the presence of
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H20-gas will affect the reduction rate. Initially, presence of specific levels of H.O-gas is believed
to inhibit the reduction of the BR pellets. This is based on how different compositions of water
vapour affects the reduction rate, as opposed to pure Ho-gas. Even at a gas composition with small
amounts of water vapour can greatly affect reduction rate [5]. While in an industrial setting,

reduction with gas consisting of water vapour is favourable, because of safety concerns.

1.3 Objectives

In this thesis the main objectives are:

e Toteston laboratory scale how small to great amounts of water vapour in Hz gas will affect
the reducibility of BR-pellets.

e To compare the reducibility of complex Fe-containing oxides in the BR agglomerate with
literature data and outline the proper H2-H20O mixtures for different temperatures.

e To see whether this yields enough metal to be applied to industrial levels of metal recovery.

e To study the effect of gas composition and temperature in hydrogen reduction on the

microstructure, mineralogical and physical properties of the BR-CaO pellets are evaluated.
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2. Theory

The Bayer process to produce alumina, BR problem and valorisation are described in this chapter.
Moreover, the theories related to the hydrogen reduction of BR-CaO agglomerates are studied,

including thermodynamics and kinetics.

2.1 Bayer process
The Bayer process is the main commercially used method for extracting alumina (Al2O3) from

bauxite ore. The process was invented and patented by Carl Josef Bayer in 1888 and has since then
been the leading process for alumina production in the world. The process consists of eight main
stages: Milling, desilication, digestion, clarification, precipitation, evaporation, classification and
calcination [6][7].

In the milling step, the bauxite ore is crushed down into finer particles. This makes it so that the
available surface area is increased for the digestion stage of the process. Additionally, limestone

is added to create a pumpable slurry [6][7].

After the milling step, the slurry moves through a process called desilication, which involves
removing silica (SiO2). The slurry is then digested using a NaOH solution, which dissolves the
aluminium bearing minerals in the bauxite. These minerals include gibbsite (Al(OH)s, boehmite
(y-AlO(OH)) and diaspore (a-AlIO(OH)). When the solution is added, the following reactions
happens for gibbsite and boehmite/diaspore, given by Equation 1 and 2 respectively [6][7].

Al(OH)3(5) + NaOHq) > AL(OH) 34 + Nafy, 1)

AIO(OH) (s + NaOHaq) + Hy00) = Al(OH) 3y + Nafag 2)

During digestion, different conditions such as temperature, caustic concentration and pressure are
needed to process the ores due to differences in properties. For ores with a high concentration of
gibbsite, the temperature needed for processing are no more than 140°C. For ores with a high

concentration of boehmite and diaspore, the temperature needed for processing are between 200°C
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to 280°C. After the processing step, the slurry is cooled down using a series of flash tanks at 1 atm

(61071

Subsequent to the digestion process, the resulting slurry is prepared for clarification where the BR
is extracted and separated away. This is achieved through sedimentation, where chemical additives
assist in driving the BR to the bottom of the settling tanks. BR is transferred to washing tanks,
where the goal is to recover the caustic soda used in the digestion step, for reusing purposes. The
saturated liquid undergoes a series of filtration steps, to ensure that the final product is free from
contaminants. BR is left in disposal areas [6][7].

After clarification, alumina is recovered through crystallisation during the precipitation step. Here,
the slurry is cooled down to form aluminium trihydroxide crystals (AI(OH)3). The reaction is
shown in Equation 3 [6][7].

Al(OH) gy + Nalyy — Al(OH)3(s5) + NaOHqq) ©)

Evaporation of the liquid used during crystallisation takes place in heat exchangers, where it is
subsequently cooled afterwards in flash tanks. The condensate that is created through this process

is re-used for BR washing or as feed water. Recovered caustic soda is then re-added to the digestion
step [6][7].

The crystals are classified into size ranges, using cyclones and gravity classification tanks. For the
coarse crystals, separation from liquid and calcination is performed. For the finer crystals, washing
to remove organic impurities and re-addition to the precipitation step is performed [6][7].

Calcination of the coarse crystals is done by roasting in calciners. The roasting process takes place
at temperatures up to 1100°C. This drives off moisture and water, which eventually creates
alumina solids. The calcination reaction is shown in Equation 4 [6][7].

2AlL(0H) 35 = AlyO05(5) + 3H,0(y) )
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The flowsheet of the Bayer process is illustrated in Figure 1.
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Figure 1: Flowsheet of the Bayer process [8].

2.2 Red mud

Red mud, also known as bauxite residue (BR), is the main by-product generated in the Bayer
process. Typically, for each ton of produced alumina from bauxite ore, about 1,5 tons of BR is

produced [9]. The generated BR from the Bayer process is stored in large holding ponds, where

only 1-2% undergoes recycling [10].

BR is characterised by the presence of iron oxides, which can constitute as much as 50% of its
overall composition. In addition, other compounds found in BR includes silica oxides, titanium
oxides, aluminium oxides and other oxides. It is also highly alkaline, with a pH level ranging from
12-13 [10]. Due to its high alkalinity, the BR that is stored away in holding ponds poses a great
environmental threat to its surroundings. The main way of treating the alkaline BR, is to attempt

neutralizing by adding acidic substances such as HCI [10].
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Table 1 shows an overview of the main compounds found in BR. The compound that is most
present is hematite (Fe203). This is what gives BR its characteristic red colour. Other compounds
that are not present in the table includes goethite (Fe-xAIxOOH), gibbsite (AI(OH)3), boehmite
(y-AlO(OR)), diaspore (a-AlO(OH)), calcite (CaCOs3) and more [11].

Table 1: Typical composition of BR measured by XRF [11].

Composition Wit%
Fep03 30-60
Al;O4 10-20
Si0; 3-50
NayO 2-10
CaO 2-8

TiO; Trace-25

In 2010, an accident related to BR-spillage occurred in Hungary. The accident photo is presented
in Figure 2. A BR reservoir connected to the alumina plant in Ajka collapsed, and about 700 000m?®
of BR was released into the valley of the Torna River, resulting in flooding of the city Devecser,
and the small towns Kolontar and Somlévasarhely. The flood led to disastrous consequences,
killing 10 people and injuring hundreds. Additionally, the flood had huge environmental
consequences, resulting in the destruction of agricultural fields in the area [12][13]. Luckily, the
long-term effects of the spill turned out to be less severe than first anticipated, with traces of BR

in the related areas being almost non-existent today [14].
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Figure 2: Aerial view of the broken dyke near Ajka, Hungary [14].

2.3 BR valorisation, importance, and methods
Since BR poses such a big environmental problem, and because of its iron and aluminium rich
content, the valorisation of this by-product is therefore quite important to achieve a sustainable

and green industry in the future.

2.3.1 BR direct use

Today, BR has been utilised for many purposes, such as construction, additives in cement and
other building materials and lightweight aggregates. In cement industries, BR is used as a binder,
additive, clay material and as a colouring agent in paint and pigment. It has also been utilised much
in ceramics, where BR can be used to make ceramic tiles and ceramic coatings. Some research has
also shown promising results when using BR as a filler and reinforcement in polymer and metal
matrix composites [15]. These are just some examples of what BR can be used for. Figure 3 shows
a flow chart of all the different areas of uses for BR.
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Figure 3: Flow chart about the uses of BR [15].

2.3.2 Material recovery from BR

As seen from Table 1 and Chapter 2.2, BR contains many valuable metals such as iron, aluminium,
and titanium, in addition to silicon. Therefore, it is highly interesting to utilise and extract these
metals from BR. Over the years, much research has been conducted on the methods for achieving
the efficient extraction of valuable metals from BR, including both metallurgical and non-
metallurgical methods. One method for iron-extraction from BR is by roasting it in a muffle-
furnace, followed by magnetic separation, which separates the metallic compounds (such as iron)
from the non-metallic compounds. A previous experiment showed that this gave a 50,5% iron-rich

concentrate, which in turn resulted in an iron recovery at 70% [16].

Leaching represents an alternative method for metal recovery from BR. In this method, the BR is
leached with oxalic acid before being roasted in a muffle furnace. Before being roasted, a leachate
of Fe* and AI** ions are separated from the rest of the oxalic acid residue. After roasting, the
residue is further leached with hydrochloric acid, to give a leachate of Ca* ions that is separated
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out. Finally, the residue is leached with sulfuric acid, giving a leachate of rare earth elements

(REES), such as scandium, cerium and lanthanum [17].

Efforts has been made to create a zero-waste process for alumina production. The ENSUREAL
project is one of these efforts, where the goal was to introduce a new technology which would
enhance the alumina yield from the process. As detailed in Chapter 1.1, the Pedersen process was
the focal point for ENSUREAL, with the project aiming to improve and modernize this approach.
This was due to its potential to significantly reduce waste products, in contrast to the Bayer process.
Although the Pedersen process is more economically demanding, the consensus is that increased
costs of processing will be balanced with an increase of revenue that the different products give.
Furthermore, ENSUREAL proposed a value chain that considered all the processing streams as
valorisable products. Currently, the project has ended, but the primary outcome indicated that the
amalgamation of the Bayer and Pedersen processes exhibits the greatest potential. Figure 4 shows
an industrial process concept from the ENSUREAL project, given in the project’s final
presentation in 2022 [18].

material preparation thermal treatment wet treatment calci-
nation
Lime Offgas Offgas Gray Gray Gray
Stone Filter Filter Mud Mud Mud
Storage ERLIT] Drying Storage
Slag I i-
il - - — Milling :
Storage Storing 3
]
Coke Offgas
Storage Fliter
T
Na,CO; Storage
Storage Water Energy Waste

Manage Manage Water IN ouT Liquid General
ment ment Plant Al,04
Storage

Figure 4: Flow sheet of the proposed process from the ENSUREAL project [18].

Leaching/
Precipitation
Circuit

The HARARE project aims to valorise BR with the use of hydrogen. In an EU report in 2017, the
metallurgical industry stood for 70 million tons of CO.-emissions annually. Furthermore,
importing of materials is another issue related to emissions. By substituting carbon with hydrogen,
the industry can potentially become emissions-free. Moreover, the HARARE project aims to
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utilise raw materials more efficiently, as this will reduce Europe’s dependence on critical raw
materials. The HARARE project has a big focus on valorisation of BR, as this is a critical
environmental problem because of its highly alkaline properties. By investigating the use of
hydrogen to reduce oxides in BR, several problems related to sustainability and environmental

issues can be solved, as well as better utilisation and treatment of waste [10][19].

2.4 Sintering

Sintering is a process where powder, or in this case pellets, is herded into more robust material.
This occurs when the material in question is substantially heated up, while being maintained below
its melting point. Sintering is a pivotal part of the experimental phase, mainly because it reduces
the material’s ability to resist gas flow, which means that the gaseous H>-H>O mixture can more
easily travel through the various layer that the samples may contain. It is also convenient for
transportation and handling, due to the samples becoming more robust and less likely to fall apart
[20].

During sintering of BR-CaO pellets, hematite transforms into brownmillerite (Caz(Al,Fe)20s).
Additionally, complexes such as srebrodolskite (CaxFe2Os), fayalite (Fe2SiOs) and gehlenite
(Al2Ca207Si) forms, thus the weight percentages of oxides increase. Figure 5 shows a normalised
XRD-plot, which highlights the aforementioned phases in sintered BR-CaO pellets performed in

a previous experiment [21]. Chapter 2.7.3 describes more about the analytical method XRD.
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Figure 5: XRD-plot of sintered BR-CaO pellets, in addition to raw BR and limestone [22].

2.5 Thermodynamics and kinetics of iron oxides reduction
To investigate the thermodynamics of iron oxides reduction, Gibbs free energy and the Ellingham
diagram must be investigated. Furthermore, for Kinetics, the dependence of Hz-H2O mixtures is

important.

2.5.1 Gibbs free energy

Gibbs free energy is a state function that describes the maximum amount of work done by a
thermodynamic system during constant temperature and pressure. Gibbs energy is a rearrangement
of the second law of thermodynamics and provides information about the spontaneity of a chemical

reaction [23]. The general expression for Gibbs free energy is shown in Equation 5.
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G=H-TS ()

Where G is Gibbs free energy (typically in kJ/mol), H is enthalpy (typically in kJ/mol), T is
absolute temperature (K) and S is entropy (typically in J/mol*K).

Generally, to study the spontaneity of a chemical reaction at equilibrium, the following expression

is used, shown in Equation 6:

AG = —RTInK (6)

Where R is the universal gas constant (8,314 J/JK*mol) and K is the equilibrium constant [23].

The symbol AG denotes the change in Gibbs energy for a given chemical reaction. A negative
value for AG means that the reaction occurs spontaneously, while a positive value indicates a non-
spontaneous reaction. The spontaneity of a reaction is also dependent on enthalpy, as well as
entropy. This is based on Equation 5, as shown above. Table 2 gives an overview of how these
factors affect Gibbs free energy [23].

Table 2: Overview of factors affecting Gibbs free energy.

AH <0 AH >0
AS >0 AG < 0, spontaneous Only spontaneous at high T
AS <0 Only spontaneous at low T AG > 0, non-spontaneous

The effects of water vapour on the reduction rate, with the use of Hy, is to be studied in this thesis.
Therefore, to calculate the Gibbs free energy of the different reduction experiments and
understanding how water vapour affects spontaneity, Equation 6 can be rewritten as follows,

shown in Equation 7.

AG = AG® + RT In (@) ©)

Hp
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Where AG° denotes standard Gibbs free energy for a given reaction at 25°C and 1 atm.

Due to the dependency of Gibbs free energy on enthalpy, Tables 3 and 4 present a comprehensive
summary of the reaction enthalpies and Gibbs free energy for hematite at the temperatures
corresponding to those utilized in the experiments. Thermodynamic data is calculated from HSC

Chemistry, with pure Ha-gas serving as the basis for these computations.

Table 3: Thermodynamic data at 600°C.

Reaction AH [kJ] AG [kJ]
3Fey O35+ Hyg) — 2Fe304+ H20y) [ 11.922 76,571
FeyOy) +4H5,) — 3Fe(,) +4H30, 199,173 28.676
Fe30y,) + Hyy) — 3FeO(, + HyOy | 55,245 6,516

FeO(,) + Hyg) — Fe(s) + H2 Oy 14,643 7,387

Table 4: Thermodynamic data at 800°C.

Reaction AH [kJ] AG [kJ]
3F€203(5) + Hg(g) — 2F€304(5) + HQO(g) 4,341 -95,730
F€3O4(S) + 4H2(g) — 3Fe(s) + 4H20(g) 95,527 13,170
Fe304) + Hyg) — 3FeO(,) + Hy Oy 50,473 -4,018

FeO(s) + Hy, — Fe + Hzo(g) 15,018 5,730

From Tables 3 and 4, formation of magnetite from hematite occurs spontaneously under all
temperatures due to negative Gibbs energy. Due to positive change in enthalpy, all the reactions

are endothermic, thus needing energy to initiate.
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2.5.2 Reduction using H2-H20 gas

Described by the Baur-Glassner diagram shown in Figure 6, H2-H2O gas behaves as a reducing
agent. The diagram shows how the Fe-O-H system behaves under the presence of water vapour
[24].
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Figure 6: Baur-Glassner diagram, with coherent stability range [24].

The Baur-Glassner diagram shows how temperature, and the GOD (gas oxidation degree) relates
to the stability of different phases present. GOD is defined as the ratio between oxidised and
oxidisable components in the reducing gas, which is H.O/H> ratio when Hz-H>O mixtures are used
[24]. Stability of both metallic iron and wiistite increases with increasing temperature, meaning
that from a thermodynamic point of view, the temperature needs to be as high as possible to achieve
a greater yield of reduction [25]. It is therefore important to maintain a high enough temperature
over a given amount of time, meaning the reduction process needs to happen isothermally. Pre-
heating with argon, and then switching to Hz-gas when the desired temperature is reached is a

method to achieve isothermal conditions. A schematic of this procedure is shown in Figure 7.

When H-gas is humidified by H20-vapour, the Ho-H>O gas composition can affect the reaction in
several ways: According to the Baur-Glassner diagram, the stability of different oxides increases
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if more H>O-vapour is present. On the other hand, excess water molecules may adsorb at the

reaction interface, blocking free reaction sites where Hz-gas can initiate a reaction [25].

H; ()

Isothermal reduction

Figure 7: Heating, reduction, and cooling schematic.

Furthermore, magnetite can form wistite instead of metallic iron, where formation of wiistite from
magnetite occurs spontaneous at a temperature of 800°C, as seen from Table 4. In the temperature
range spanning 570°C and 1400°C, the direct formation of wistite from magnetite prevails over
the formation of metallic iron, as wistite exhibits greater thermodynamic stability in this range.
Additionally, the oxygen-levels that is required to form wustite is between 23% and 25,4%. To
avoid this and to form metallic iron directly, the oxygen-level must be below 23% [34]. This is
seen in Figure 8, which shows a binary Fe-O diagram explaining how and when different iron and

iron-oxides stability areas are formed, and its relation to temperature and oxygen-level.
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Figure 8: Binary Fe-O system, and its relation to temperature and oxygen levels [27].

2.5.3 Ellingham diagram

The Ellingham diagram is a plot of Gibbs free energy (4G) versus temperature (T). This
graphically illustrates the thermodynamic stability of a metal oxides at varying temperatures [28].
The plot, seen in Figure 10, displays a series of straight lines where the change of entropy (AS) is
the slope and change in enthalpy (AH ) is where the line intercepts with the y-axis. If an intersection
between two lines is present, it means that the two metal oxides are at thermodynamic equilibrium.
Standard formula for the plots can be seen in Equation 8, where xM is a metal and MxO: is the
metal oxide. A necking on the line may occur if one of the elements changes phases, l.e.,
evaporates or melts [28].
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xM(s) + Ozg) MxOZ(S) (8)

Ellingham diagrams is used to predict the stability of metal oxides in different temperatures and
partial pressures of oxygen, carbon monoxide-to-carbon dioxide ratio or hydrogen-to-water ratio,
which is the case for this study. It can also see the feasibility of reactions involving metal oxides

and other substances, such as carbon and hydrogen [29].
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Figure 9: Ellingham diagram for Fe-FeO in different states [22].

This current study investigates the properties of different iron oxides. Figure 9 illustrates hematite
(Fe,03), wistite (FeO) and magnetite (Fe;0,), depicting the thermodynamic stability of the
different states of iron oxide with respect to temperature and 4G° [30]. Line B represents the
equilibrium for iron and magnetite, where states above the line the oxygen pressure is higher than
required, meaning that magnetite is stable relative to iron. Furthermore, iron is the stable state
below this line. This diagram establishes that in any reduction-oxidation equilibrium, the
thermodynamically stable oxidized state of a metal is located above the Ellingham line, while the

stable reduced state is positioned below the line [30].
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In Figure 10, the red and blue lines represent the temperatures 600°C and 800°C, respectively.
Since this study focuses on reduction of iron oxides with hydrogen, the lines drawn start from the
H seen on the left-hand side of the diagram. By identifying the points where the iron oxide
equations are at the set temperatures, it is possible to decide what hydrogen-to-water ratio the
reactions occurs at the different temperatures. This can also redirect to Gibbs’ free energy,
mentioned in Chapter 2.5.1. The reactions forming FeO and Fe3O4 starts at 600°C and by drawing
a line for both of these reactions from the H point until it interferes with the hydrogen-to-water
ratio line, it shows that the ratio must be above 7 for the reaction to occur. For 800°C, the optimal

ratio is established to lie above 5.
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Figure 10: Ellingham diagram [28].
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There are a few limitations following the Ellingham diagram, such as no information regarding
the kinetics or the probability for other reactions to occur. Furthermore, the diagram does consider

that reactants and the products are at equilibrium, which does not have to be true.

2.5.4 Kinetics of iron oxides reduction

Studying reaction kinetics is important to understand how fast the reactions occur. In this case, it
is interesting to study how water vapour mixed with Ho-gas will affect reaction rate. Reduction of
hematite can occur in different steps depending on temperature. For temperatures above 570°C,

the reaction follows a three-step mechanism [21]:

3Fe,0; + Hy, - 2Fe;0, + H,0 (9)
2Fe;0, + 2H, » 6Fe0 + 2H,0 (10)
6Fe0 + 6H, — 6Fe + 6H,0 (11)

For temperatures below 570°C, the reaction follows a two-step mechanism [21], and it is seen in
Figure 8 that FeO is formed above this temperature:

3Fe,05 + H, » 2Fe;0, + H,0 (12)

2Fe;0, + 8H, - 6Fe + 8H,0 (13)

Since the experiments in this study are taking place at temperatures above 570°C, the reactions
will favour the three-step mechanism. Furthermore, the kinetics regarding temperature can be

studied using the Arrhenius’ equation, shown in Equation 14 [31]:

k =Aexp (— i—“T) (14)
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Where Kk is the rate constant, A is the frequency factor and Ea is the activation energy. The
Arrhenius’ equation shows that with an increase in temperature, the rate of reduction increases
exponentially. Figure 11 shows, with the use of Arrhenius’ equation, how temperature affects the
reduction rate. The greatest increase in reduction rate happens during the earlier stages of the

experiment, and eventually becoming less significant over time [31].
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Figure 11: Effects of temperature on the reduction rate of hematite from BR [31].

However, several other parameters are also important to consider when studying reduction
kinetics. Morphology, mineralogy, and particle size are all parameters that can affect the
reducibility of the BR-pellets. Additionally, it is important to consider how different H>-H>O
compositions will affect the rate of reduction. Previous experiments suggests that higher levels of
H20O-vapour present in the gas mixture leaves a greater yield of FeO. This indicates that H,O-
vapour hinders diffusion of H>-gas in the sample and thus preventing complete reduction of Fe.O3

to Fe. An example on how this affect reduction time is shown in Figure 12 [32].
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Figure 12: Relationship between Hp-composition and reduction time [32].

Figure 12 also shows that, with higher temperatures, the H>-H>O composition becomes less
significant. This indicates that temperature may be the most important parameter when it comes to

reduction of BR-pellets.

As mentioned, diffusion is an important process that takes place during the reduction of BR-pellets.
If the structure of the pellets is somewhat porous, the reducing gas can therefore pass through the
surface and react closer to the core. If the particle is not porous enough, different iron-complexes
can form on the surface, hindering further reduction inside the sample itself. Porosity can also
change during the reduction itself, which can cause the reduction rate to slow down significantly.
To understand how the different parameters affects and limits the reduction rate, the unreacted

shrinking core model can be studied, shown in Figure 13 [25].
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Figure 13: Rate-limiting steps, where a) is limitation by mass-transfer through the film, b) is limitation by pore
diffusion, and c) is limitation by chemical reaction [25].

Cag denotes the concentration of gas-phase reactant A in the reducing gas, Cas is the gas
concentration at the outer surface of the particle, Cac is the equilibrium concentration of the

reaction and r is the radius of the unreacted core.

These rate-limiting steps are characterised by how the concentration profile of the gaseous reactant
A are related to the incoming gas stream and the reaction interface. Mass transport becomes rate-
limiting if the chemical reaction happens fast, which in turn makes the difference in concentration
between the gas and the reaction interface the driving force for the mass transfer. The
corresponding result is therefore shown in Figure 13 a), and this phenomenon can be described by

Fick’s first law of diffusion, shown in Equation 15 [25].

J=-Dg (15)

Where J is the diffusion flux, D is the diffusion coefficient, d¢ is the change in concentration of
the particle, dx is the change in position, and Z—z is the concentration gradient of the gas in the

particle [33]. Limitation by mass transfer is only slightly dependent on temperature and is therefore
more important to consider at higher reduction temperatures than the other rate-limiting steps [25].
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Pore diffusion becomes the rate-limiting step if, during reduction, the pore size and distribution
change to be smaller and less abundant. Also, if the material is not porous enough, the reducing
gas is not able to diffuse into the core. This results in an insufficient reduction closer the core of
the material. Furthermore, reduction starts at the surface layer of the material, creating a metallic
iron layer which the gas must pass through as well. This can lead to the more inner oxides to be
left unreacted, leading to solid-state diffusion to be dominant and therefore making diffusion the
rate-limiting step. Additionally, as mentioned before, the presence of water vapour in the reducing
gas mixture can obstruct the available reaction sites on the surface, impeding the diffusing of H>

into the core and ultimately leading to significant reduction in the rate of reduction [25][26].

When the reduction temperature is between 500°C and 800°C, there are only slight increases in
both porosity and surface area. For temperatures over 800°C, these parameters decrease drastically.
As seen from Figure 15, the porosity and surface area are the highest for a temperature at 800°C
[21].

Pellet size can also affect reduction rate significantly. The bigger the pellets, the more decrease in
reduction rate. This happens because of shorter diffusion distances on the particles, and because
smaller pellets increase the surface area between H»-gas and iron oxides. As seen from Figure 14,
the smaller the pellet size, the greater the reduction rate becomes earlier in the process. With longer
durations, however, this becomes negligible, and at a certain point, the size becomes the rate-
limiting step [25][26].
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Figure 14: Effect of hematite pellet size on reduction degree [31].

2.6 Hydrogen reduction of BR pellets — previous research

Over the last couple of years, much research has been done on reduction of BR using Hz-gas. Kar
et al. concluded that by increasing the reduction temperature, the number of iron-oxide complexes
formed decreases, while formation of metallic iron increases, indicating faster kinetics with higher
temperatures [21]. Velle et al. concluded that for lower temperatures than 1200°C, reduction time
becomes increasingly important, as more metallic iron forms when more time is spent on the
reduction [26]. Based on these works, both temperature and duration are crucial parameters to

consider while conducting research on hydrogen reduction of BR-pellets.

Garg et al. concluded that when the reducing gas contains some level of humidity, and at a low
temperature, the reduction degree does not fully reach 100% of theoretical value due to there being
unreacted FeO left in the samples. Additionally, it was determined that differences in Hz-H>O
compositions does not affect the first stage of the reaction, Fe>O3 to FeO, as the apparent activation
energy is not affected. On the other hand, this greatly affects the second stage of the reaction, FeO

to Fe, as the apparent activation energy increases. The kinetics analysis also suggested that the
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reduction at later stages is controlled by diffusion as H.O molecules are bigger than the H:
molecules, leading to difficulties in inter-diffusion and therefore hindering Ho-diffusion in the
samples [32]. This indicates that with larger amounts of humidity, the reduction reaction becomes
less efficient, and higher temperatures and longer reaction durations should be considered if the

results are to reach 100% of the theoretical reduction degree value.

By utilizing BET and BJH analysis, in conjunction with SEM, it is possible to investigate
alterations in pore size and distribution before and after H. reduction. Figure 15 shows an example
on how porosity and surface area changes with different reduction temperatures done in a previous
study [21]. BET, BJH and SEM are further discussed in Chapter 2.7.2 and 2.7.5.
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Figure 15: Porosity and surface area of BR-calcite pellets reduced at different reduction temperatures [21].
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2.7 Analytical methods

In this study, a combination of analytical techniques was employed to analyse sintered and
reduced pellets. These techniques include, XRF, SEM, XRD which were used to investigate the
elemental composition and morphology. Additionally, BET and BJH analyses were utilized to
study the pore size and surface area of the pellet samples. The use of these analytical techniques
allowed for a comprehensive characterisation of the samples, providing valuable insight into
their properties and behaviour under different conditions.

2.7.1 X-Ray fluorescence (XRF)

X-Ray fluorescence (XRF) spectroscopy is used to determine the composition of the elements
present in a sample. XRF is a non-destructive, rapid and precise analytical tool using the simple
relation to the fundamental physics of atom-radiation interaction, called fundamental parameter
[34]. The fundamental parameter assumes chemical homogeneity over the area exposed, meaning
the reactants are in the same phase. Further on, it presumes that there is a “normal” attenuation of
both primary and secondary radiation in the sample matrix. Lastly the geometry for the beam-
sample detector has to be well defined and constant over the exposed area [34].

There are two main types of XRF analyses: Energy-dispersive (EDXRF) and wavelength-
dispersive (WDXRF). EDXREF is preferred when doing a qualitative analysis. This is because of
its capability to simultaneously determine 10-30 elements. In the case of analysing a light element,
a poorer peak to background (PB) ratio is obtained compared to using a heavier element [35][36].
The energy of the X-Rays and the atomic number of the element that emitted them, are proportional
to each other. This makes it possible to determine which elements are present and in what
quantities, making this technique semi-quantitative. This method is also more inexpensive, unlike
WDXRF which is more expensive. WDXRF is more precise and sensitive, but it requires more

careful preparation [35].
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2.7.2 Scanning electron microscope (SEM)

The scanning electron microscope is an analytical method where a beam of electrons is targeting
on a very specific small spot on a polished reflecting surface. These electrons get collected back
from the targeted object, are then amplified, and used to modulate the brightness of a cathode ray
tube. The motion of the tube corresponds to the electron beam over the sample [37]. When using
the SEM, the samples can be damaged by the electron beam over time. This can be prevented, or
at least limited, by coating the sample with a protective metal, such as gold. The analytical tool
does also make it possible to visualize the objects complexity and micro- and nano spaces.

The image formed by SEM can be made to depend on two different variations of electron
emissions; backscattered- and secondary electrons imaging. These can be shortened to BSE and
SEI respectively [38]. BSE are scattered electrons from the incident beam through large angles so
they can re-emerge from the sample. The main difference between BSE and SEI is that BSE have
a higher energy making it able to detect greater depths in the specimen [39]. These electrons reflect
after an elastic interaction between the beam and the sample, showing high sensitivity to
differences in atomic number. The brighter the material showing on the image, the higher atomic
number is present. The secondary electrons originate from the atoms of the sample and are a result
of an inelastic interaction, providing detailed surface information [40]. The average energy of BSE

is less than the primary incident beam, but still within the same order of magnitude [41].

2.7.3 Energy disperse X-Ray-spectroscopy (EDS)

Energy disperse X-Ray spectroscopy is a widely used method to analyse an elements composition
of solid matter. In conjunction with the use of SEM, it is possible to do an analysis on nanoparticles
[42]. High resolution of the sample surface morphology and the qualitative information on
elemental composition can both be achieved within the same scanned region provided by the
electron microscope. The sample contains a distinct set of elemental energies, resulting in the

emissions of X-Rays with specific energies that facilitate identification of the constituent elements.

The resulting image accomplished from the analysis consists of peaks. There are three kinds of
peaks: sum-, escape- and diffraction peak [43]. Sum peaks are often found in XRF or EDS analysis.
This peak appears when the energy corresponding to the energy of two photons. The higher number

of photons impinging results in a higher intensity of a sum peak. Escape peaks are created in EDS
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(EDX) spectra. When the photons interact with a silicon solid state detector, some Si atoms will
excite to emit the charactered Ko X-Rays in the detector, which is when an electron cascades from
L- to K-shell [44]. There are two different Ko radiations, Kal and Ko2, where Kal has a shorter
wavelength but twice the intensity as Ka2. The intensity of this peak depends on the arrangement,
shape, and size of the detector. Finally, the diffraction peak is detected when X-Ray incident on a
large single crystal, when diffracted into the X-Ray detector. These types of peaks are found in
XRF [43].

2.7.4 X-Ray diffraction (XRD)

The non-destructive technique for characterising crystalline materials, called X-Ray diffraction
(XRD), provides information on phases, structural parameters and crystal orientations [45]. XRD
relies on the principle of constructive interference between monochromatic X-Ray and a
crystalline sample, which is generated through heating of a filament in a cathode ray tube, resulting
in the emissions of electrons. The monochromatic radiation is then collimated to concentrate
towards the sample, directly. The Ko X-Rays' specific wavelength are characteristic of the target
material: Cu, Fe, Mo, Cr, where copper is the most common target material for single-crystal
diffraction. The intensity of the reflected X-Rays is recorded as the sample and detector rotates.
The X-Ray signal will get processed by a detector that converts the peaks given when the geometry
of the incident radiation satisfies Braggs’ law. The signal converts the signal to count rate, which

will pop up on the computer monitor.

Bragg’s law helps to determine the atomic structure of crystals by analysing scattered X-Rays from
the incident with the crystal. By measuring angles and intensities of the radiation determines the
positions of the atoms and creates a three-dimensional model of the crystal’s structure.
Mathematically, the law can be expressed as shown in Equation 16. Where 4 is the wavelength of
the X-Rays, n is an integer called the order of reflection, d is the spacing between atomic planes
in the crystal lattice, and finally 6 is the angle between the beam and the crystal lattice planes [46].
The assumption being made in deriving the Bragg’s equation is that the planes of atoms are
responsible for a diffraction peak which behaves as a specular mirror. The angle of reflection is
then equal to the incidence 6 [20].
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nl = 2d sin(8) (16)

The angle 6, formed when perfectly parallel, monochromatic X-Rays is incident on a particular
crystal plane, is called the Bragg angle [46]. Shown in Figure 16 is how the electron beams get
diffracted by a crystal. The beams named 1 and 1a, strike the atoms K and P, which gets scattered
in all directions. All the X-Rays scattered by the atoms in the first plane, that are parallel to 7/’ add
their contributions to the diffracted beam. A diffracted beam consists of many rays scattered in

different directions, which work together to produce a stronger overall beam [46].

1 X plane normal Y la’, 2a’
1,

3!'

Figure 16: X-Rays diffracted by a crystal [46].

A goniometer is used in this analysis to maintain the angles 6 and 26 . These angles are such that
the sample rotates in the path of the collimated X-Ray beam, and the X-Ray detector rotates to

collect the diffracted X-Rays, respectively [45].
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2.7.5 Brunauer-Emmett-Teller and Barrett-Joyner-Helanda (BET and BJH)

The Brunauer-Emmett-Teller (BET) method is used to characterise the surface area of porous
materials and are typically reported in units of square per meter, m?/g. This is done by
semiempirical fitting of gas-adsorption isotherms, where nitrogen gas is used at 77K. The method
relies on Langmuir’s research, which postulates a stoichiometric binding of gas molecules with
lattice sites on a flat substrate. This offers a measurable representation of the substrates surface
area [47]. When the temperature is about 77K, the interaction between the gas molecules and the
surface is governed by Van der Waals (VDW) forces. This results to a reversible physisorption of
gas molecules on the surface, and the resulting amount of gas absorbed can be used to determine

surface area of the sample.

The Barrett-Joyner-Helanda (BJH) approach characterises and calculates the pore size distribution.
Low pressure mercury porosimetry is used to characterise the macropores of the pellets [48]. The
same gas absorption method as in BET is also used in BJH, where with BJH the resulting data is

the samples pore size. Shown in Figure 17 is a schematic of the BET procedure.

ITD vacuum To adsnrphnnI

E% Cell holder

BET cell

Dagassing Adsarplion

Figure 17: Schematic of BET apparatus equipped with vacuum (VAC), calibration (CAL), adsorbate (ADS),
pressure gauge (P) and V1-V7 valves [48].
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3. Materials and methods

The following chapter outlines the experimental work that has been utilized in this study. The aim
of this investigation was to reduce several samples with different Ho-H,O mixtures at 600°C and
800°C. These products were then analysed with XRF, XRD, SEM, BET and BJH.

3.1 Raw materials and preparation

The Bauxite residue (BR) that was used in this study was received from Mytilineos, Greece. The
sample, weighing 1212,76 kg, was subjected to drying to eliminate any residual moisture and
regulate subsequent process chemistry. This was achieved by placing the samples in an oven
overnight. The fine calcite powder (CaC05), was received from Omya, Norway. The powder was
utilised to produce calcium hydroxide (Ca(OH),), shown in Equation 17. The bauxite residue used

in this study is presented in Figure 18.

CaC0; - Ca0 - Ca(OH), 17)

Figure 18: Bauxite residue in powder form.
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3.2 Pelletising and sintering

The BR was pelletised into pellets with a diameter of 3-4 mm with a disc- pelletiser, using
approximately 10wt% H,O to merge the BR together. Bigger pellets were re-added to the pelletiser
to create smaller pellets. The method using the disk-pelletiser is visualised in Figure 19. The pellets
were then dried for 3 days. When the drying process was finished, the pellets were added to a
muffle furnace for sintering. This process was executed at 1150°C under atmospheric pressure for
2 hours. After sintering, the pellets were cooled naturally inside the muffle furnace for 8 hours

before being taken out of the furnace.

Figure 19: Disc-pelletiser w/ H,O and a shovel.

3.3 Reduction furnace, Entech-18

To reduce the sintered pellets, the reduction furnace Entech-18 were utilized. Shown in Figure 20
are both the furnace and a schematic of its inside. The furnace consists of a cylinder-shaped
alumina tube, surrounded by a cooling element that is twined around the furnace. A thermocouple
was inserted from the top of the furnace to measure the temperature of the crucible, sample holder,
illustrated in Figure 20. The furnace features a gas inlet positioned at its lower section, while the
gas, having interacted with the sample, were subsequently released through the top of the furnace.
The induction heating system was implemented through the utilization of heating elements located

on each side of the furnace.
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Figure 20: Entech-18 furnace with a schematic describing the furnaces insides.

Before every experiment, a leak test with helium was performed to ensure that there were no gas
leakages. The leak-test is very important for many reasons, such as safety, efficiency, and
environmental protection. After the leak test, the humidifier was flushed with dry argon gas to
ensure that the humidifier was as precise in reaching the desired humidity as possible. After
flushing, Hz-gas was introduced. The gas entered the humidifier and was flushed through an off-
gas line until the desired humidity level was reached. While this was ongoing, the furnace was
heated up using argon gas to 635°C and 835°C. This was due to temperature differences between
the crucible and wall. This was done at the heating speed of +10°C/min. When the desired
temperature was reached, the off-gas and argon line was closed and the line going into the furnace
from the humidifier was opened. The experiment then ran for 2 hours, before the furnace was
turned off to cool by introducing argon again. The furnace was left overnight to allow the cooling

process to take place.

Both flushing gasses, He and Ar, had a flow of 1 NL/min, while Hz had different flows respecting
the different compositions of H>-H>O mixture. Shown in Table 5 are the varied flows of the

hydrogen gas, where the total gas flow remains at 1 NL/min even though the composition changes.
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Table 5: Hydrogen inlet flows at different H,-H,O compositions.

H,-H,O composition Flow [NL/min]
1,00-0,00 1,00
0,95-0,05 0,95
0,85-0,15 0,85
0,75-0,25 0,75

The pellets were added in the furnace from the bottom, where the gas inlet is. The samples are put
in a sample holder, crucible, which was then glued to a ceramic stick using an Al fix gel. Each
experiment used approximately 20g pellets. The sample holder was positioned by detaching the
gas tubes and wires, followed by reattachment after positioning the sample holder. The placement
of the thermocouple was also adjusted to ensure accurate measurement of the crucible temperature,

with the thermocouple located a few centimetres above the sample.

3.4 Characterization

3.4.1 Chemical composition (XRF)
Both raw and sintered pellets were crushed down to powder using a mortar, shown in Figure 21,

before being sent to Degerfors Labs in Sweden and Sintef Norlabs AS for XRF analysis.

-

Figure 21: Crushing the sintered pellets using mortar, making them ready for XRF.
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3.4.2 Phase analysis by XRD

The XRD analysis was done in a DaVinci-1™ instrument where 5 of the sintered pellets were
crushed using a mortar. Furthermore, 2 g of each of the reduced samples were grounded down to
a fine powder in a ring mill. The fine powder was then added to a back-loader sample holder,
shown in Figure 22. The ring mill’s settings for crushing the pellets were 700 rpm for 3 minutes.
For analysis, a crystalline setting was chosen, and the following parameters were used as given in
Table 6.

—

Figure 22: A back-loader sample holder used for the XRD analysis.

Table 6: Parameters used for XRD-analysis.

Scan duration [min] | Start degree [degree] | Stop degree [degree] | Step [degree]
60 10 80 0,2
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3.4.3 Preparation and microstructural analysis by SEM

Four samples were prepared initially, compromising two intact pellets and two pellets that had
been halved. The samples were placed in a Struers LaboPress-1™ machine for mounting. For
moulding, PolyFast™ resin was used. The pellets were mounted for 6 minutes under a pressure

range of 20-25 kN and washed with water for 3 minutes.

Figure 23: Polishing machine, Saphir 550.

The newly prepared SEM samples consisted of 4-7 pellets, both sintered and reduced. These were
each moulded in a plastic cast using 14,3 g Epoxy resin and 1,7 g hardener, which was stirred by
hand for 1 minute to combine the mixtures together. HSE data for the chemicals used is presented
in Appendix VIII. Furthermore, the samples were put in a CitoVac™ machine to remove bubbles

from the pellets. The samples were stored and left to dry for at least 12 hours.

The following day, the samples were taken out of the plastic cast, then grinded and polished in the
Saphir 550™ machine, shown in Figure 23. The samples were rubbed with sandpaper (grit size:
320 pm, 500 pm, 800 pm, 1200 pm, 2400 pm, 4000 um) for 3 minutes with a pressure of 5 N.
After each polishing step, the samples underwent a thorough washing process using soap and
water. For grit sizes exceeding 1200 um, the sample was subjected to further treatment after
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washing with soap and water. The specimen underwent immersion in ethanol and sonicated for a
duration of 5 minutes in an ultrasonic bath. When the samples were taken out of the bath, additional
ethanol was used to wash the surface before being put back into the Saphir machine. To finish off,
the sample was polished with a diamond coated abrasive for 30 seconds. After the grinding and
polishing process, the samples were subjected to a 30-second coating of gold utilizing a sputter
coater, S150B. The finished prepared samples were then put in the SEM machine to be analysed,

seen in Figure 24.

Figure 24: Zeiss — Ultra 55 — FEG — SEM machine [49].
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3.4.4 Surface area and pore size by BET and BJH

The instruments used for BET and BJH were Micromeritics 3Flex 3500 and Micromeritics Degas
Smartprep for 3Flex, shown respectively in Figure 25 and 26. First the samples, BR pellets, were
weighed with the tube used for the analysis. Continuing, the tube with the sample were degassed
with nitrogen gas by putting the silver rod inside the tube, and sealing it with a cap. The degassing
lasted until the next day, where the tube was then put in the 3Flex 3500. The vessel in Figure 25
was filled with liquid nitrogen, before the sample tubes were fastened on the top of the machine
with an isothermal cap. This was left until the day after, where the results were ready to be

obtained.

Figure 26: Micromeritics Degas

Figure 25: Micromeritics 3Flex 3500.
Smartprep for 3Flex.
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4. Results
The following results will be presented in the form of figures and tables where this study aims at

investigating the effects of H>-H>O mixtures on reducibility of bauxite residue — CaO sintered

pellets. Additional results can be found in the appendices.

4.1 Pelletising & sintering

Before starting the reduction experiment, the pellets had to be weighed. Figures 27 and 28 show
the pellets before and after sintering, respectively. The total weight of the dried pellets is 845,21,
and the sintered pellets have a total weight of 540,54g. This gives a mass loss of 36%, see

Appendix 111 for calculations, where Equation 18 was used.

%Mass loss = —22195% 1000 (18)

Mass before

i _——’
Figure 27: BR pellets Figure 28: Sintered BR pellets.
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4.2 XRF
Upon analysis using XRF, the raw BR and the sintered and dried pellets that were dispatched to
Degerfors Labs in Sweden yielded the following outcomes, showed in Tables 7 and 8, respectively.

The paper received from Degerfors Labs can be seen in Appendix I1.

Table 7: Wt% of compounds present in raw BR.

Compound Wito
ALOs 22.0
CaO 8.8
Fe 28,5
K:0 0,09
MgO 0,23
MnO 0,08
Nax0 31
p 0,05
5 0,38
5107 7.1
Ti0:2 5.0

Table 8: SEM imaging of reduced pellets at 200x for 600°C with 0%, 5%, 15% and 25% humidity

Compound Wil
CaO 29.0
MgO 0,37
Si0, 7.65
Al,O; 23,1
Fe,0; 30,5
MnO 0.04
Cr;0;5 0.18
V505 0,15
TiO, 3.86
NiO 0.06
Na,O0 3,60
K-0 0,10
P,O; 0,12
SO; 1,03
Zro, 0,11
SrO 0.03
Co304 0,02
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The compound of interest is primarily hematite (Fe2Oz3). In addition, alumina (Al.Oz) is also of
interest. This is due to what intermediate phases these compounds can create during reduction.

Also, more amounts of CaO are present in the sintered pellets. This is due to addition of Ca(OH)s.

4.3 Reduction experiments
Table 9 shows the results of the reduction experiments. To determine the reduction degree and
mass loss in percentage, the following formulas were used, shown in Equations 18 and 19. For

further details on calculations, see Appendix Il1.

AWreq
WO, Fep03

YW, oq = -100% (19)

AW,.q denotes weight loss during the experiments and W, r.,o,denotes the total mass of oxygen

in hematite.

Table 9: Reduction experiments with mass loss and reduction degrees.

Experiment | Gas comp. | Temp | Mass Mass Mass Mass Reduction
no. [H,-H,0] [°C] | before[g] | after[g] | loss[g] | loss[%] | degree [%]
1 100%-0% | 600 20,0801 19,1328 |0,9473 | 4,72 49.64
2 95%-5% 600 20,0191 19,5329 | 0.4862 |2.43 25,56
3 85%-15% | 600 20,0764 19,7288 | 0,3476 1,73 18,22
4 75%-25% | 600 20,0273 19,7288 | 0,2985 1,49 15,68
5 100%-0% | 800 20,0664 18,6885 | 1,3779 | 6,87 72,26
6 95%-5% 800 20,0073 18,6412 | 1,3661 6,33 71.85
7 85%-15% | 800 20,0757 18,7507 | 1,325 6,60 69.45
8 75%-25% | 800 20,1392 19,7143 | 0.4249 | 2,11 22,20
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4.4 Characterisation with different analytical methods
The examination of the sintered and reduced pellets using SEM, as well as the testing with various
combinations of Hz-H20 mixtures, produced the subsequent findings.

4.4.1 SEM imaging
In order to obtain a comprehensive understanding of the diverse samples, SEM imaging was used.

The following images being presented have been analysed at the magnifications 200x, 500x and

2000x. Figure 29 presents the sintered pellets.

> 100, 0 @] U 00K/ SgreiA=CBSD  Dale 2
& z";::s” Do 27 Apr 2023 . - l\L| ‘ WD+ 105mm  Mag= 200KX

Figure 29: Images of sintered pellets at 200x, 500x and 2000x.
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Continuing with SEM images, Figure 30-33 shows the reduced pellets at 600°C with different
humidities.
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Figure 32: Images of reduced pellets with 15% H,0O at 600°C at 200x, 500x and 2000x.
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Figure 33: Images of reduced pellets with 25% H,0O at 600°C at 200x, 500x and 2000x.
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The following images 34-37 displays the SEM images for the reduced pellets with different
humidities at 800°C.
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SgnalA=OBSD  Date 27 Apr 2023 100 pm. EHT=1000KV  Signal A=QBSD EHT=1000kV  Signsl A= 0BSD
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Figure 37: Images of reduced pellets with 25% H,0 at 800°C at 200x, 500x and 2000x.
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4.5 EDS (SEM)

Following results demonstrate the outcome of the EDS analysis, in which X-Ray mapping
provided information on the elements present in the reduced and sintered pellets. In order to discern
the correspondence between compounds and their respective colours, the lower left-hand portion
of each hue provides information regarding this. The raw data for point analysis can be found in
Appendix IV, while Appendix VII contains unused EDS data from a SEM machine that was used
previously.

4.5.1 EDS — point analysis, sintered pellets

The results of point analysis conducted on various samples are presented in the tables and figures
below. Each table is accompanied by a corresponding figure indicating the locations of where the
points were taken. Table 10 and Figure 38 presents the point analysis of the sintered pellets. Based
on the molar concentrations of the species, the type of the phase was estimated as presented in
Table 10.

Table 10: Atom percent [at%] of each element for sintered pellets.

Sample | Point | Fe Si Ca Al Ti Na Mg (0] Est. Phase
[at%] | [at%)] | [at%] | [at%] | [at%] | [at%] | [at%] | [at%]
Sintered | 117 | 29,67 | 15,02 | 20,65 | 17,22 | 3,88 - - 8,04 Brownmillerite
118 | 35,58 22,88 | 22,00 | 16,91 | 1,44 |[0,97 |[0,32 - Gehlenite
120 | 36,29 |20,37 | 20,38 | 17,89 | 3,05 1,81 0,21 - Gehlenite
121 | 4544 | 12,31 | 23,26 |5,02 |711 0,69 |0,03 |6,13 |Brownmillerite
(Hematite ¥)

* Likely due to low amounts of aluminium
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Figure 38: Point analysis on sintered pellets.

4.5.2 EDS — point analysis, reduced pellets at 600°C
Furthermore, Table 11 and Figure 39 shows the point analysis results from the reduced pellets with
different humidities at 600°C. Based on the molar concentrations of the species, the type of the

phase was estimated as presented in Table 11.

Table 11: Atom percent [at%] of each element for reduced pellets at 600°C with different humidities.

Sample Point | Fe Si Ca Al Ti Na Mg (o} Est. Phase
[at%] |[at%] | [at%] | [at%] | [at%] | [at%] | [at%] | [at%]

0%H,0 | 107 57,00 [ 1,70 885 [1328 [020 [349 [243 13,05 | Iron, Wistite
600°C

108 25,10 [ 1,40 [3148 [411 [830 [051 - | 29,10 | Srebrodolskite

110 757 [1593 [2595 [2052 0,19 [023 007 [29,54 | Gehlenite

111 784 143 [11,05 [3853 [0,07 1491 - 26,16 |NaCaAlSiOg*
5%H,0 |43 4,11 - 1217 [39,49 [0,69 [11,93 - | 26,56 | Srebrodolskite
600°C 45 56,65 [041 [2385 [029 2,52 - o100 [16,19 | wistite

49 56,15 [0,36 | 1990 [0,73 [255 - o018 [20,13 | wistite
15%H,0 |51 821 [299 968 [5564 035 [506 |002 [18,05 | Srebrodolskite
600°C 52 802 [746 1921 [2731 - [3,34 - | 14,06 | Gehlenite

53 41,94 [ 531 1687 |[18,14 [2,13 [136 |08l 13,42 | Srebrodolskite
25% H,0 |54 11,09 (2,09  [1341 [4295 [002 [1040 [002 [19,92 | Srebrodolskite
600°C

55 40,04 | - 11,56 | 14,20 - - |25 19,10 | Wistite

56 2222 (099 [30,19 [690 [733 - o011 [3226 | Brownmillerite **

57 774 [1732 [2783 [21,51 |03 Jo06 [005 [2536 | Gehlenite

* Sodium calcium aluminium silicate ** Most likely because of chemical composition
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Figure 39: Point analysis spots on the reduced pellets at 600°C with different humidities at 2000x.
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4.5.3 EDS - point analysis, reduced pellets at 800°C

Finally, Table 12 and Figure 40 displays the at% of the elements found in the reduced pellets at
800°C with different Ho-H20 composition. The phase type was estimated based on molar
concentrations of the species, as presented in Table 12.

Table 12: Atom percent [at%] of each element for reduced pellets at 800°C with different humidities.

Sample Point | Fe 51 Ca Al Ti Na Mg 0 Est. Phase
[at%] | [at%] | [at%] | [at%] | [at%] | [at] | [at%] | [at%]

0% H,0 112 | 95,65|2,43 | 0,17 0,69 |0,10 (0,51 0,45 - Iron
800°C

113 | 5542|186 | 2033 | 408 |516 |026 0,13 12,77 | Srebrodolskite

115 | 888 | 18,29 | 26,50 | 19,68 - 0,42 0,37 | 25,86 | Gehlenite

116 1933 | 434 | 12,14 | 38,00 | 0,12 | 4,88 0,83 | 30,36 | Mayenite

5%H,0 |58 456 | 148 | 10,58 | 34,08 - 13,90 | 0,18 | 35,22 | Mayenite
800°C

59 32,85 | 0,22 | 26,55 | 1,60 |6,73 |0,18 0,04 | 31,83 | Srebrodolskite
(Perovskite *)
60 2364 | 1,05 | 23,79 | 7,05 [1,96 |144 |032 |40,73 | Srebrodolskite

15% H,0 | 99 95,66 | 2,97 | 117 0,20 - - - - Iron

800°C
100 | 13,68 | 2,98 | 13,23 | 4491 | 0,05 | 12,05 - 13,11 | Srebrodolskite
101 21,23 | 470 | 10,73 | 46,07 - 894 022 8,10 Srebrodolskite

102 | 3840|344 | 14,11 | 3048 0,73 | 6,35 0,79 | 5,69 Srebrodolskite **

25% H,0 | 103 | 48,16 | 1,89 | 6,07 13,27 (0,13 | 4,89 3,14 | 22,45 | Wiistite

800°C
104 [9,06 [1505]27,87 [2041 [033 [o0,12 - [27,15 | Gehlenite
105 [2576]2,04 [2630 [13,19 [099 [454 [0,06 [27,12 | Srebrodolskite
106 [31,24] 1,71 [31,93 [517 [1,80 [057 - | 27,57 | Srebrodolskite
* Possibly mixed in ** Limited amount of oxygen
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Figure 40: Point analysis spots on the reduced pellets at 800°C with different humidities at 2000x.

4.5.4 EDS — X-Ray mapping, sintered pellets

The X-Ray mapping of elements in the sintered pellets are shown in Figure 41. The area used for
the mapping is also illustrated in the figure. The stronger the colour represents a higher amount of
a specific element. The darker areas on the X-Ray mapping imitate pores in the sample. The
elements being scanned with EDS are Na, Mg, Ca, Ti, Fe, Al, Si and O at 2000x magnification.

Figure 41: X-Ray mapping results for the sintered pellets at 2000x.
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4.5.5 EDS — X-Ray mapping, reduced pellets, 0% humidity, 600°C
The X-Ray mapping on the reduced pellets with 0% humidity is shown in Figure 42. The SEM
image of the analysed area used for the mapping is also illustrated in the figure.

Figure 42: X-Ray mapping results for reduced pellets with 0% humidity and 600°C at 2000x.
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4.5.6 EDS — X-Ray mapping, reduced pellets, 5% humidity, 600°C
Figure 43 shows the X-Ray mapping done for the reduced pellets with 5% humidity at 600°C,
together with its coherent map area.

Na ____Ms Ca

Figure 43: X-Ray mapping results for reduced pellets with 5% humidity at 600°C at 2000x.
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4.5.7 EDS — X-Ray mapping, reduced pellets, 15% humidity, 600°C
The X-Ray mapping conducted on the reduced pellets with 15% humidity at 600°C is presented
in Figure 44, which includes a coherent map area for reference.

Figure 44: X-Ray mapping results for reduced pellets with 15% humidity and 600°C at 2000x.
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4.5.8 EDS — X-Ray mapping, reduced pellets, 25% humidity, 600°C
The EDS analysis for the reduced pellets with 25% humidity at 600°C are presented in Figure 45,
together with its coherent map area.

Na Mo s Ca

Figure 45: X-Ray mapping results for reduced pellets with 25% humidity at 600°C at 2000x.
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4.5.9 EDS — X-Ray mapping, reduced pellets, 0% humidity, 800°C
Figure 46 illustrates the X-Ray mapping results obtained for the reduced pellets with 0% humidity
at 800°C, along with a coherent map are to aid interpretation.

Na Mg Ca

Figure 46: X-Ray mapping results for reduced pellets with 0% humidity and 800°C at 2000x.
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4.5.10 EDS — X-Ray mapping, reduced pellets, 5% humidity, 800°C

In Figure 47, the X-Ray mapping analysis performed on reduced pellets with 5% humidity at
800°C is displayed, alongside its coherent map area, to provide a visual representation of the
element’s distribution within the sample.

Na Mg Ca

Figure 47: X-Ray mapping results for reduced pellets with 5% humidity and 800°C at 2000x.
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4.5.11 EDS — X-Ray mapping, reduced pellets, 15% humidity, 800°C
Figure 48 shows the X-Ray mapping done for the reduced pellets with 15% humidity at 800°C,
together with its coherent map area.

Na Mg Ca

Figure 48: X-Ray mapping results for reduced pellets with 15% humidity and 800°C at 2000x.
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4.5.12 EDS — X-Ray mapping, reduced pellets, 25% humidity, 800°C
The reduced pellets with 25% humidity at 800°C were subjected to X-Ray mapping analysis, and
the resulting data is presented in Figure 49, which features a coherent map area to facilitate

interpretation.

Figure 49: X-Ray mapping results for reduced pellets with 25% humidity and 800°C at 2000x.
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4.6 XRD
The XRD analysis gave information about what different compounds were present in the samples.
2-Theta and a WL of 1,54 nm were used during this study. Appendix V presents the raw data of

the XRD analysis for all samples.

4.6.1 XRD result sintered pellets
The result for the sintered sample is illustrated in Figure 50.

1 - Brownmillerite, Ca,(Fe,Al),05
2 - Gehlenite, Al,Ca,0,Si

3 — Mayenite, Al 4Ca;,0;;

4 — Hematite, Fe,0,

5 — Titanite, Al ,CaOsSiTi 74

Figure 50: XRD results for the sintered pellets.

The strongest peak represents mayenite, where brownmillerite is the second strongest. There is
also some gehlenite, titanite and hematite present in the sintered sample.
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4.6.2 XRD results at 600°C

The XRD was used to study the composition of materials present in the samples. This subsection
shows the XRD results obtained using different humidities (0%, 5%, 15% and 25%) at the
temperature of 600°C in Figure 51.

1 - Iron, Fe
2 - Wiistite, FeO
4 3 — Gehlenite, Ca,Al,SiO;
1 4 — Srebrodolskite, AI** bearing, Ca,(Fe,Al),0;
5 — Magnetite, Fe,0,
6 — Perovskite, CaTiO;

Intensity

—25% H20

—15% H20
—5% H20

0% H20

|| |
(] 4
4 3 3 3 “4,‘ 4 3 2 A 3 4
e A RA N JW b«m«»w;uu RN AR BA 4

10 20 30 40 2-Theta 50 60 70 80

Figure 51: XRD results for the reduced pellets at 600°C using different gas mixtures.

The main difference is that at 0% humidity, iron becomes more abundant. Srebrodolskite is also
present in the samples, as well as gehlenite and perovskite. Furthermore, the wiistite peak is less
intense than for the rest of the samples. Iron is present in the 5% humidity sample, but not in the
15% and 25% samples. In addition, wustite becomes more abundant with higher levels of

humidity. For all samples containing some level of humidity, magnetite is observed.
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4.6.3 XRD results at 800°C
This subsection shows the XRD results obtained from different humidities (0%, 5%, 15% and
25%) at the temperature of 800°C. The results are shown in Figure 52.

1 —TIron, Fe

2 — Srebrodolskite, Al**-bearing, Ca,(Fe,Al),O5
3 — Gehlenite, Ca,Al,SiO,4

4 — Wiistite, FeO

5 — Magnetite, Fe;0;

6 — Perovskite, CaTiO,

7 — Mayenite, Ca,;»Al;;0;;

5 2 8 — Lime, CaO
6
2
2 3 3 2 2
7 3 3 3 1
2812 3 A2 322 2/ 323 8 20 4 32 2
2 |
3
z )‘ I
g R 6»1' 2
E f 2 V| (
2 ['| 2 | A
”“‘”‘J\MZ 3, 2692 ¢ A A M3 23 3 2 2/ \ 32 3 26 4 /l 32 2
aNr o SN MM sl Ul NV VAN AR N 2 NI Ntnommciitl NS s pcrisisid NmuisPosime s aiiosiasainiai
——25% H20
3 2 1

——15% H20

3 | | 2 0% H20

10 20 30 40 2-Theta 50 60 70 80

Figure 52: XRD results for the reduced pellets at 800°C using different gas mixtures.

At this temperature, the difference in iron intensity between 0% humidity and 5% humidity is
miniscule. The other phases are also coherently similar between these samples. Furthermore, no
wastite is present in these samples. At a humidity level of 15%, the iron intensity of the sample
diminishes compared to the previously mentioned sample, with the presence of wistite.

Conversely, at a humidity level of 25%, no iron is observed, and magnetite is detected instead.
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4.7 BET & BJH

Figure 53 and 54 presents the outcome of the BET and BJH analyses conducted on the samples.
The main focus of the analysis was to determine the surface area and the pore size of each sample.
To visualize the results obtained from the analysis, Figure 54 presents a plot of the pore size
distribution of each sample, and Figure 53 presents a plot of the surface areas at different
humidities. The reduction with pure hydrogen at 600°C yields the largest surface area for the
reduced samples, as well as the largest pore size. However, the reduced pellets at 800°C exhibit a
larger surface area at 5% and 15% humidity than those reduced at 600°C. In terms of pore size,

the 800°C reduced pellets have a smaller pore size across all humidity levels.

Surface area Pore size

200
50

5o
S

-

Surface area [m2/g

e o ®

15%
Humidity
g Surface Area 600C sl Surface Area 800C

Pore size [A]

.—-—.—n—_‘__*—___.

0% 5% 15%

% Humidity
gy Pore size 600C  ==lle=Pore size 800C

Figure 53: BET results for reduced pellets. Figure 54: BJH results for reduced pellets.

The samples reduced at 600°C exhibit a consistent trend where the surface area and pore size
decrease with increasing humidity, except for a slight increase in surface area observed at 25%
humidity. Furthermore, the reduced samples at 800°C show no specific relationship between the
humidity and surface area or pore size, seen in Figure 53 and 54. Raw data from the BET and BJH
analysis is presented in Appendix VI.
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5. Discussion

The discussion section in this thesis have been arranged in chronological order as per the
experimental plan, to aid comprehension of the findings. All the reduction experiments were
performed with the same duration (2 h) where the only differences were the levels of humidity
(0%, 5%, 15% and 25%) and different temperatures (600°C and 800°C).

5.1 Pelletising and sintering

The foundational aspect of this study was the utilization of pelletising and sintering of BR-CaO
mixture, which provided the framework for the experimental procedures. The importance of
making the pellets to their desired sizes, which were 3-4mm in diameter, and the pellets’ ability to

not decompose or break during later with the reduction experiments.

Green pellets were subsequently air dried for 24 hours to produce dried pellets and afterwards said
green pellets were sintered using a muffle furnace under air atmosphere at 1150°C. Sintering

temperature was chosen based on previous research in HARARE project [19].

The sintering of BR-pellets led to a mass loss of approximately 36%, which was expected
regarding the decomposition of hydroxides and carbonates. In addition, it is plausible that the
liberation of water and volatile constituents, as well as the elimination of impurities, may
contribute to this mass loss. Equation 20 describes the mechanism that accounts for the loss of

water vapour.

Ca(OH), - Ca0 + Hy0(y (20)

5.2 Reduction extent at different gas mixtures

The main experiment was the reductions of the pellets, where several parameters were considered.
Since the furnace had a temperature difference of approximately -35°C between the wall and
crucible, the set temperature was set to 635°C and 835°C for each respective experiment. This was

done to obtain the desired temperature for the sample holder. The reduction experiment started
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when the crucible containing the pellets reached its desired temperature. This led to initiation of
hydrogen-water vapour gas to the furnace. By adding H2-H20 to the furnace, the temperature
increased to some extent, in turn making the temperature in the sample holder about +8°C-12°C
above the preferred temperature.

To get an indication whether the reduction experiment went as expected, the samples were weighed
before and after. If there had been a mass loss, which coordinates with other experiments to some
extent, the reduction was successful. Furthermore, the analytical tools such as XRD, SEM, BET

and BJH helped confirm the outcome of the different reduction experiments.

The correlation between the reduction degree and mass loss, indicating that the relationship
between these two variables remain consistent regardless of temperature changes. This association
is shown in Figure 55. The congruent angles for the plotted lines suggest that further increase in
temperature would not affect the established correlation, and instead result in a continuation of the
current graph plotted. The R?-values for both the plotted lines equals 1, meaning a perfect fit of
the regression model. This model does also suggest that an increase in temperature would not affect

the association between reduction degree and humidity.

e S0
—E 500C
--------- Linear (600C)

Linear (B00C)

Feduction degree

Figure 55: Correlation between reduction degree [%] and mass loss [%].
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Figure 56 shows how mass loss changes for different levels of humidity, and after which given
point the reduction to metallic iron stops. The general trend is the more humid the reducing gas
is, the less mass loss occurs for a given temperature. The plot depicting the mass loss percentage
of reduced pellets at 600°C indicates a decreasing trend as the humidity level increases. At
800°C, there is only a slight decrease up to 15% humidity, where a drastic decrease occurs when
a humidity level of 25% is used. For this graph, the R?-values are 0,9901 and 0,9491 for the
temperature 600°C and 800°C, respectively. This meaning that further experiments at 600°C are
easily predictable when increasing the humidity, than it would have been at 800°C. Both Figure
55 and 56 visualise that at 600°C, the R?-value is higher than it is for 800°C. This suggests that

predictions about further change in mass loss with relation to humidity can be more easily made.

Redcution to metallic Fe stops
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Redcution to metallic Fe stops
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Figure 56: Correlation between mass loss [%] and H»0 levels [%], and after which point reduction to metallic Fe
stops.

In the experiment setting where a humidity level of 15% was maintained at a temperature of 600°C,
the removal of the sample from the oven resulted in the observation of moisture accumulation in
colder regions. This led to the experiment being completely redone with improving the set-up to

take away all water vapour after interaction of gas with the sample, as to ensure no errors occurred.
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During the redoing of the experiment, a detachment of the crucible from the sample-holder stick
occurred while attempting to extract the sample. This also led to the experiment being redone.
However, once this was complete, it was observed no significant differences in reduction degree
between the first redoing and the second, implying that detachment of the crucible does not matter

during reduction.

The experiment with 25% humidity at 800°C showed a significantly lower reduction degree than
all the other experiments done at the same temperature, with a reduction degree of only 22,20%.
As no extraordinary deviations happened during these experiments, the consensus is that at high
levels of humidity, the reduction of iron oxides in the pellets are greatly inhibited. This could be
explained by H20 molecules inhibiting free-reaction sites on the pellets, making further reduction
closer to the core of the samples even more difficult. The Hz-gas is not able to diffuse through the
particles, in turn making diffusion the rate-limiting step. This is also in line with what has been
observed by previous research [25]. The interesting part, however, is that for humidity-levels at
both 5% and 15% at 800°C, when compared to 0%, the reduction degree becomes almost
negligible. Moreover, these differences were greater at 600°C, where the reduction degree for the
humidity levels 0%, 5%, 15% and 25% respectively were 49,64%, 25,56%, 18,22% and 15,68%.

This implies that temperature plays a big role when conducting reduction experiments.

5.3 Characterisation

During the characterisation process of the samples, each specimen underwent individual
preparations that had the potential to introduce human errors. This could thereby lead to outcomes
that were not favourable. The following subsections are arranged in the same sequence as the

results section.

5.3.1 XRF

Since the XRF analysis were done by third-parties, Degerfors Labs and Sintef Norlabs, discussions
are limited. However, the results from Table 7 and 8 are in-line with the typical composition of
BR, shown in Table 1. The only significant change in composition is more amounts of CaO in the
sintered pellets, due to addition of Ca(OH)..
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5.3.2 SEM and EDS

In order to conduct the SEM analysis, it was necessary to coat the samples with a conductive
material. For this study, gold was used as a coating material. This was required as an electron beam
is utilized to scan the surface area, generating an electric charge. The sintered pellets had 90
seconds of coating, while the rest were coated for 30 seconds. This resulted in a poorer X-Ray
mapping with EDS and point analysis, as gold covered all the other phases in the sintered pellets.
This can be seen especially in Figure 41, where all the elements do not have their distinct areas,
compared to other X-Ray mapping. Mentioned in Chapter 2.7.2, the coating does also work as a

protection layer, since the electron beam can degrade the sample that is being observed.

When looking at the SEM images in Figures 29-37, there are some correlations between the effects
of temperature and humidity when observing pore size and visible phases. Firstly, the reduced
pellets at 600°C have an increasing amount of pore and pore size with less humidity, indicating
more reduction of the sample. The opposite occurs for the reduced pellets at 800°C, and this may
be due to the partial sintering of particles in the samples at this higher temperature. Furthermore,
the phase distinction is easier to spot when decreasing the humidity. The samples at 25% humidity

have a more monotone grey colour, compared to the samples at 0% humidity.

5.3.2.1 Point analysis

Point analysis was used to determine different phases and compositions present in the samples,
that would later be confirmed by XRD-analysis. Interesting points at 2000x, showing different
phases, was each analysed by EDS-point analysis. The dominant phases observed in the sintered
sample are estimated to be brownmillerite and gehlenite. Point 121 suggests the potential presence
of hematite, seen in Figure 38 and Table 10. This might be due to low amounts of aluminium.
Furthermore, the phases in the sintered sample seems to be more merged together with each other,

making it challenging to spot distinct phases.

For the samples reduced at 600°C at different levels of humidity, the phases become more distinct
from each other, as opposed to the sintered sample. Here, more clear phases of iron can be observed
in Figure 39, and the main phases are estimated to be metallic iron, wistite, srebrodolskite,
gehlenite and sodium calcium aluminium oxide. Based on the chemical composition indicated by

at%, point 56 in Table 11, which represents a point in the sample at 25% humidity at 600°C, is
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estimated to be brownmillerite. This may indicate that at this level of humidity, the brownmillerite

phase may not reduce completely.

The main phases in the samples reduced at 800°C shows even more distinct phases than the
samples reduced at 600°C. This is also seen with point analysis, as higher percentages of iron are
detected at some points of interest. For instance, point 112 in Table 12, contains 95,65% iron,
clearly indicating that metallic iron is present. The metallic iron is further evidenced by its
distinctive bright white colour seen from Figure 40. Other phases estimated are srebrodolskite,

gehlenite, mayenite, perovskite and wistite.

To get a better understanding of what phases and compounds are present in the samples, the XRD-
results needs to be discussed together with the point analysis. Chapter 5.3.3 discusses the results

obtained from the XRD-analysis.

5.3.2.2 X-Ray mapping

What this study focuses on is the positioning of iron and oxygen, and where they overlap each
other. Inspecting the sintered pellets’ X-Ray mapping, the pore spotted in the bottom left in Figure
41 is both rich in iron and oxygen. The phase that might be present in this area is hematite (Fe2O3)
or brownmillerite (Cax(Fe Al)20s). Furthermore, the elements are scattered everywhere, meaning
there is no distinct phases seen from the mapping. Also, it must be considered that the X-Ray

mapping is a relative measurement.

The reduced pellets at 600°C does all have oxygen present together with iron across all the
humidities. This is due to the temperature, since it is too low for iron oxides to be reduced to
metallic iron. It is seen from the XRD results in Figure 51, that there might be some pure iron
product when reduced with pure hydrogen. This was also found in a previous experiment [21].

Otherwise, the main phase found in these samples is AlI**-bearing srebrodolskite (Caz(Fe,Al)20s).

Elevating the temperature to 800°C has a more pronounced difference, considering metallic iron
is desired to be found. Distinct regions exhibiting iron-rich and relatively oxygen-poor features
can be identified using the humidity levels 0%, 5% and 15%, presented in Figures 46, 47 and 48.
This implies that metallic iron is present in the sample. The amount of iron increases with

decreasing humidity, meaning the reduction with pure hydrogen produces the most metallic iron.
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The X-Ray mapping for the 800°C with pure hydrogen and 5% humidity, seen in Figure 46 and
47, displays more indistinct images than other samples. This can be due to vibrations or inadvertent
contact to the instrument. For further investigation of the different phases, XRD analysis is utilised
to assist the assumptions of which phases were present in the analysed samples.

5.3.3 XRD

When analysing using XRD, a back-loader sample holder was used for all the samples. The back-
loader is the best choice for a quantitative analysis and is also beneficial when there is a limited
amount of powder being analysed. All the samples, except for the sintered one, was milled in a
ring mill at 700 rpm for 3 minutes, making the powder fine enough for XRD-analysis. The reason
the sintered sample was not milled was due to the ring mill being removed from the lab, so the
sample was instead thoroughly crushed with a mortar. How this affected the results is difficult to
say, as the XRD-result from the sintered sample came out as expected. Furthermore, when
preparing the powder for XRD analysis, the powder needs to be flat on the sample holder with

little to no cracks. This was carefully considered when doing the analysis.

When observing the different phases at 600°C in Figure 51, the formation of iron exclusively
observed solely under 0% and 5% humidity conditions, with a significantly diminished presence
in the sample characterised by 5% humidity. Moreover, wistite is present in all the samples,
becoming increasingly more abundant the more humidity present in the reducing gas. Including
wastite in the samples with 5%, 15% and 25% humidity level, magnetite is also present, which is
not the case for the sample with 0% humidity. Metallic iron, wistite and magnetite are all present
in the 5% humidity sample. This shows that with these conditions, the H2/H,O ratio is close to

equilibrium.

For the experiments done at 800°C, the XRD results for the 25% humidity sample showed minimal
iron peaks, presented in Figure 52. The iron peaks observed in the remaining humidity levels
conducted at this temperature exhibits the highest intensity within each coherent graph, indicating
their prominent presence. Moreover, sample with humidity level 25% at 800°C is the only sample
to show a magnetite peak at this temperature, indicating some inhibition for wistite formation.
Also, when comparing the different graphs, the wustite peaks are weaker at 25% humidity than for

the rest. This raises a point: when the humidity reaches a certain level of humidity between 15%
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and 25%, formation of metallic iron is inhibited. This also correlates with the low reduction degree
that was calculated for these samples, and discussions regarding this are done in Chapter 5.2. It is
also seen from the XRD results, that changes in peak ratio only occurs for the iron-containing
phases. Therefore, it is a reasonable assumption that only oxides containing iron has been reduced.

From Table 3 and 4, the Gibbs’ free energy for each phase at its coherent temperature is presented.
The tables provide a visual representation of higher Gibbs’ free energy values associated with the
formation of wistite from magnetite at 600°C compared to 800°C. Moreover, the formation from
magnetite to wistite occurs spontaneously at 800°C and not with a temperature of 600°C. This
could explain why there are more magnetite present at 600°C samples than in the 800°C samples.
Furthermore, the presence of magnetite is solely detected in certain samples, specifically those
with the humidity levels 5%, 15%, 25% at 600°C, seen from Figure 51. At 800°C, magnetite is
only detected in the sample with 25% humidity. The observation indicates that the humidity plays
a role in preventing further wistite formation. The reason for this could be that when more water
is present, the Gibbs’ free energy becomes higher. This is making the transformation from
magnetite to wistite less spontaneous than for using pure Hz-gas, in turn inhibiting more wistite-
formation than the amount exists. Seen from the Ellingham diagram in Figure 10, metallic iron
formation proceeds beyond these values for H2/H>O compositions:

600°C: H, > 7
" H,0

800°C: H, >5
" H,0

With only the metallic iron phases present observed at the humidity levels 0% and 5% at 600°C,
the H2/H»O ratio for these samples slightly exceeds the established numerical values with
possible deviations, as wistite was still identified in these samples. The opposite is true for the

other samples at 600°C.

Concerning the samples at 800°C, the samples with 0%, 5% and 15% humidity have exceeded the
established values, which is due to identification of metallic iron. This is not the case for the 25%
humidity sample, as no metallic iron was identified. According to the Baur-Glassner diagram
shown in Figure 6, the more water present makes the wistite phase more stable, which explains

why more wistite is present with more humidity.
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High intensity peaks for srebrodolskite are found in all samples except the sintered one.
Brownmillerite, which was found in the sintered sample, is not observed for the other samples.
This is somewhat unexpected, as previous studies has shown peaks of brownmillerite after
reduction. Given that magnetite is observed in some of the samples containing humidity, the most
probable outcome is that brownmillerite has been reduced to magnetite. For comparison, none of
the previous studies show magnetite peaks after reduction [21][26]. Since srebrodolskite is
identified in all samples, and it being AI**-bearing, it is likely that these phases are the same. This
is due to similarities between the chemical compositions, and srebrodolskite being within the same
areas where brownmillerite was identified in the sintered sample. This means that only the
compositions have changed, not the amounts. As wdstite is present in all samples except for the
humidity levels 0% and 5% samples at 800°C, the three-stage mechanism shown in Equations 10
and 11 has occurred. This implies that humidity does not affect this aspect of the kinetics.

Therefore, temperature is the prominent parameter [25].

When comparing XRD and EDS point analysis results together, most phases estimated
corresponds to the findings in XRD. The primary distinctions lie in the XRD analysis, where higher
peaks of perovskite are detected in all samples except the sintered sample. In contrast, only point
59 from the sample with 5% humidity at 800°C in Table 12 estimated presence of perovskite,
where it was possibly mixed in with srebrodolskite. Also, mayenite is estimated to be present at
800°C in point 116 and point 58 in the samples with 0% and 5% humidity, respectively, presented
in Table 12. However, the XRD analysis also indicates the presence of mayenite in the 15% and
25% humidity samples, which is not estimated in EDS for these samples. This demonstrates the
importance of doing both analytical methods, as to verify what the different phases are, and to find
possible deviations.

5.3.4 BET and BJH

The information obtained from BET and BJH analysis are the samples surface area and pore sizes.
By comparing the surface areas measured at different humidity levels, it is clear to say that by
increasing the amount of water vapour in the gas, the smaller the surface area. Figure 53 visualises
the influence of water vapour at the two set temperatures. It resulted in a contradicting relationship

between water vapour and temperature. The largest surface area was found in the reduced samples
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at 600°C for 0% humidity, which then decreased at 5% and 15% humidity. At 25% humidity, there
was a slight increase in surface area from the sample at 15% humidity. The complete opposite was
found for the reduced pellets at 800°C. This relationship was also non-linear, which can be
connected to a previous study, presented in Figure 14 [21]. Figure 57 displays the correlation
between surface area and the mass loss at both temperatures, revealing a positive relationship
wherein an increase in mass loss is accompanied by an increase in surface area. The plotted lines
have both an R%-value close to 1, which entails further experiments to be somewhat linear with the

already plotted graph.

1.4

1,2

R2=0,9841

o]
g
g 0.8 —tr— 600C
2 |
@ 0.6 R*=0,9095 —&— 300C
& Linear (600C)
204 )
e sseeeeses Linear (800C)

0.2

0
0 2 4 6 8
Mass loss [%0]

Figure 57: Correlation between surface area [m?/g] and mass loss [%].

Unlike surface area, the pore size shows a linear relationship between temperature and water
vapour, seen in Figure 54. When increasing the humidity, the pores seem to shrink and be less
prevalent, especially for the reduced samples at 600°C. Furthermore, for these samples, the pore
size seems to get larger when the reduction degree increases. This includes the porosity as well.
Since higher amount of oxygen is leaving the sample, leading to larger surface area. As for the
800°C samples, the same trend appears, except for the sample with 0% humidity. Even though it
has the highest reduction degree, it got a lower surface area and pore size than the sample with 5%

Page 71



humidity. It was expected a higher porosity for the 800°C samples due to larger extent of reduction,

however, some sintering of particles occurred which causes porosity loss and lower surface area.

In the context of BET and BJH, there is a limiting amount that can lead to sources of errors. When
it comes to humanly errors, imprecise measurements when preparing the sample can affect the
surface area and pore size calculations. When considering the program used, the main thing that
can lead to an invalid result is deviations from the ideal gas behaviour, since this can lead to
inaccurate calculations regarding the adsorption. Furthermore, if the degassing is incomplete, it
can lead to an overestimation of the surface area. This is because gas or water molecules may still

be present in the sample if not degassed properly.

5.3.4.1 Comparison of SEM and BJH results

According to the obtained BJH results, the general trend is that the average pore size seems to
shrink. This is clear when looking at the SEM images for 600°C, as the dark spaces between each
phase are greater the less humidity present. However, it is less clear for the samples at 800°C, and
this is supported by both SEM imaging and BJH analysis. Porosity differences are shown in Figure
58 and 59 at a magnification of 200x for 600°C and 800°C, respectively.

0% 5% 15% 25%

0% 5% 15% 25%

Figure 59: SEM imaging of reduced pellets at 200x for 600°C with 0%, 5%, 15% and 25% humidity.
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Changes in porosity is due to partial sintering of particles in the pores. When applying heat during
reduction, some particles may merge. This leads to the pores either being completely or partially
covered, decreasing the calculated average pore size in the samples. Figure 60 illustrates how
partial sintering affects the pores in the samples.

Before reduction After reduction

Figure 60: Effects of partial sintering in the sample.

The change in porosity for the 800°C samples are minor compared to the 600°C samples according
to BJH. This can be confirmed with the use of SEM imaging. Furthermore, the phases seen from
SEM imaging for the 600°C samples become more merged together when more humidity is
present, compared to the 800°C samples. The pores in the 800°C samples seem to be somewhat
alike to one another across all the levels of humidity, making it hard to spot porosity differences
using only SEM imaging. Additionally, the average pore size is smaller at 800°C compared to

600°C, indicating a greater extent of partial sintering at the higher temperature.
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6. Conclusions

In this thesis, the effects of H2-H2O mixtures on the reducibility of BR were studied. The following

conclusions, based on results and discussion, has been made:

e At 600°C, the 5% humidity sample is close to equilibrium conditions. This is because of
metallic iron, wistite and magnetite all being present at the same time.

e At some point between a humidity level of 15% and 25% during reduction at 800°C,
reduction of iron oxides stops because of thermodynamic conditions. Already formed
wistite becomes more stable and wdstite reduction to metallic iron is greatly inhibited.
This means that the equilibrium for Hz2/H-O lies within this range at this given temperature.

e The experiment that yielded the highest reduction degree was at 800°C and 0% humidity,
with 72,26%, demonstrating that H.O-gas in the reducing gas inhibits the H>-gas' ability to
diffuse, making diffusion the rate limiting step.

e At lower temperatures of 600°C, small amounts of humidity greatly diminish the
reducibility of brownmillerite.

e At higher temperatures of 800°C, small levels of humidity give a negligible difference in
reduction degree, showing that temperature is the most important factor regarding reaction
Kinetics.

e Changes in mass loss and reduction degree regarding varying levels of humidity are easier
to predict at lower temperatures of 600°C than for higher temperatures of 800°C. This can
be seen from the calculated R2-values being closer to 1 for 600°C than for 800°C.

e Reaction mechanism is unaffected by the humidity levels used, as all the reactions follows
the three-stage mechanism for all samples. This is clear because of wistite formation
shown by XRD and EDS analysis.

e The surface areas for the reduced pellets at 600°C decreased with increasing humidity,
except at 25%, where the surface area got a slight increase. The opposite was observed for
the 800°C pellets.

e Average pore size decreased by increasing the temperature from 600°C to 800°C.
Correlation between humidity and pore size had a decreasing trend. This is due to partial

sintering in the samples during reduction.
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7. Recommendations for further work

For further investigation of this study, it is recommended to increase the temperature to at least
1000°C, with different levels of humidity. Testing with humidity levels between 15% and 25%, to
see whether this inhibits reduction at higher temperatures, and to determine exactly at what
humidity level reduction to metallic iron stops.
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| — Risk assessment

‘ RISK ASSESSMENT (RiskManager alternative)

Ida Westermann

mlm 1/2023

Prof. Jafar Safarian

Prof. Jafar Safarian, Dali

it Erland, Elias Trondse:

Dah!

Sintering and reduction process of bauxite residue and Fe-containing synthetic minerals with hydrogen gas. The
be between 800-1000 C degree. In the second part red mud (bauxite residue) will be mixed with Ca(OH)2 and made into pellets using a pelletizer. CaO in this experiment will be made from industrial limestone by calcining in a muffle furnace at 950 C for 4 hours. The pellets will be

sist of 2 main parts.

to be reduced with a mix of H2-H20 gas and pure H2 gas at some point, reduction temperature shall

air d similarly with ‘will be reduced with a mix of H2-H20 gas and pure H2 gas. In the second part, hydrogen recovery process of the flue gas from reds be attempted. of H20 in the flue gas will be done by
and the remaining gas will by into the furnace along with input gas line.
Activity / process Unwanted incident [Existing risk reducing measures Q) Risk value Residual risk
(1-5) Health Material i PxC) ng of d after
(2-5)  [values(2-5)|  (1-5) (2-5) measures
Drying of Bauxite residue (3R)in oven Burn injury due to direct contact with | Heat-resistant gloves 1 1 7] 1 1 Using heat resistant gloves everytime a sample is going
lhot container or heating element to be putin or taken out
Adding powder mix (8R-Ca[OH)2) into IThe bauxite residue sample may have  |Lubrication of dies 1 2 3 3 1 Make sure the dies is lubricated properly before each
pelletizing disc harmful proparties usage
2ing of bauxite residue mix PPE 1 1 . L 1 - ] |- Check with the sample owner about possibility of
harmful properties and ask for safety declaration form
- Make sure to examine the data sheet for chemicals in
the mix
Inhalation of sample or reagent fines can|Protective goggle and mask 1 1 1 1 1 [Make sure to wear protective goggle and mask during
cause lung damage, contact with eye pelletizing
may cause irritation
Drying the green pellets [Bumn injury due to direct contact with Heat-resistant gloves 1 1 1 1 1 (Make sure the sample is properly cooled before taking it
[hot container or heating element out and wear heat resistant gloves.
Sintering process of pellets in muffle Burn injury due to direct contact with  |Heat-resistant gloves 1 1 1 1 1 Using heat resistant gloves everytime a sample is going
fumace (1100 C degres) hot container or heating element to be put in or taken out
Sintering process of pellets in muffle [Hazardous gas being produced from Point suction 1 1 1 1 1 [Make sure to put the point suction on gas outlet and
fumnace (1100 C degree) unknown reaction in the pellet turn it on before each usage
Connecting and opening H2 gas botleto  [Gas leakage Room gas detector z 2 2 1 1 Using helium gas and helium detector to check for
the alumina tube furnace leakage before experimant.
{will be handled together with engineer) Follow safety rules for usage of hydrogen gas.
Hydrogen reduction of sintered pellets in  |One undesirable action is mixing the Fire extinguisher 1 2 3 1 1 "Turn off power and inform the room responsible, close
alumina tube furnace (600-1000 € degres) [outlet and inlet cooling water levers. nydrogen gas line
This will cause overprassure, which is
undesired. This may also cause fire.
Furnace is not properly sealed, gas can  |Gas detector 2 2 1 1 1 |- Modify furnace flange to have better sealing system.
come out when overpressure happans - Close hydrogen gas line, tum off power and inform the.
room responsible.
\Water/residue clogging on gas outlet |Gas detector 2 2 1 1 1 [Clean and check gas outlet line before each usage
[No automatic off system on the furnace |Gas detector 1 2 1 1 1 - Quickly shut off the gas line when gas leakage is
when gas leakage happened detected and inform room responsil
|- Installs point suction above the furnace to minimize
|gas leakage effect’
If the furnace is not properly cocled the |Heat-resistant gloves 1 1 1 1 1 [Make sure the sample is properly cooled before taking it
sample may be hot. This may cause skin out and wear hest resistant gloves.
burns.
Shutting off H2 gas valve after usage [H2 gas line is connected with other - 1 1 1 1 1 [Communicate with other lab users everyday about their
furnaces in other rooms, other people H2 gas usage plan
might still use the gas when the
periment finished
Making powder samples for XRF and XRD  |Inhaling fine particles when the Having mask and safety glasses 1 1 1 1 1 [Work under ventilation 5o that possible dust is taken aw:
analysis in ring mill chamber is opened
Inhaling evolved gas from the resinand [Gloves will be used and the work in 1 1 1 1 1 [The work will be done with the lab
Preparing sample for SEM__[skin damage fume hood E pervi
Frost damages to skin Colg-resistant gloves and protective 1 1 1 1 1 Always use protective gloves and face gear when filling.
Handling itrogen during BET anlysis face gear the tank with liquid nitrogen

Appendix Figure 1: Risk assessment for this study.
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Il — XRF results from Sintef Norlabs and Degerfors laboratory, raw data

A — Raw BR

Pravenr.: Prevetype: Data: Pravemerking: Prevetaker: Mottaksdato:
103533-002 Red mudibauxite residue Oppdragsgiver 30.06.21
Analyse/Parameter Resultat Enhet Usikkerhet Analysedato Metodbeskrivelse

) AI203 220 % D1.07.21 Intern metode, XRF

*) ca0 3.3 % 01.07.21 Intern metode, XRF

*) Fe 28.5 % 01.07.21 Intern metode, XRF

*) K20 0.09 % D1.07.21 Intern metode, XRF

*) MgQ 0.23 % D1.07.21 Intern metode, XRF

*) MnC 0.08 % D1.07.21 Intern metode, XRF

*) Nazo 3.1 % 01.07.21  Intern metode, XRF

P 0.05 % D1.07.21 Intern metode, XRF

BE:] 0.35 % 01.07.21 Intern metode, XRF

*) 8i02 71 % 01.07.21 Intern metode, XRF

*) TiD2 50 % 01.07.21 Intern metode, XRF

Appendix Figure 2: Raw data for XRF analysis from Sintef Norlabs.
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B - Sintered BR

D_LAB 101

DEGERFORS LABORATORIUM AB
. Ordernr / Orderno
Provningsresultat / Test Results: DL-76080
Besiallare / Client Referens [ Reference
NTNU Dali Hariswijaya
Adress | Address
Alfred Getz Vei 2, N-7034 TRONDHEIM
Er bestalining / Your order No Ankomstdag ( Sample Registration Date Utskriftsdatum / Date of issue DLID
2023-03-24 2023-03-28 730165
Frovbeteckning | Sample identity
Mix of bauxite residue and calcium hydrate
Moteringar / Notes

Resultat/

Results

Cao 29.0 %
MgO 0.37 %
Si0, 7.65 %
Al;05 231 %
FeaOs 30.5 %
MnO 0.04 %
Cry0s3 0.18 %
Va0s 015%
TiO, 3.86 %
NiO 0.06 %
Naz0 3.60 %
K20 0.10 %
P20s 0.12 %
503 1.03 %
Zr0, 0.11%
Sro 0.03 %
C0304 0.02 %

This report may not be reproduced other than in full, except with the prior written approval of the issuing laboratory.

Mote: The results are only valid for the sample that has been delivered to the laboratory.
‘We are not responsible for electronically transferred reports due to changes of data during transmission. Please contact us in doubtful cases.

DEGERFORS LABORATORIUM

¥
e
A

Bjorn Bernhardsson Rapporten ar signerad digitalt/
The report is digitally signed
Diagerfors Laboratornum AB Phone +46 586- 21 63 50 Wab: v degerforslab.se Bankgiro: 57356754
Box 34 Email: info@dazerforslab.se Bank: Swedbank, Deger
SE-693 21 DEGERFORS IBAN: SES480000815629533

Appendix Figure 3: Raw data for XRF analysis from Degerfors Labs.
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I11 — Calculations

From Equation 19, the reduction degrees can be calculated. Total amount of oxygen in Fe;Os3 for
each sample was calculated using Excel. The mass loss percentage was calculated using Equation
18.

Experiment no. 1 (0% humidity, 600°C):

WoWyog = ——02739 1000 = 49,64%
o*red = 1908229756 g 0T YR
Experiment no. 2 (5% humidity, 600°C):
YoWyog = —— 0029 10004 = 25,56%
ored T 1902432871 g 0T AR

Experiment no. 3 (15% humidity, 600°C):

YW,y = —709 10004 = 18,22%
Te¢ " 1,907878141g

Experiment no. 4 (25% humidity, 600°C):

oW, oy = —20820 16005 = 15,68%
ored T 1903212125 g 0T R

Experiment no. 5 (0% humidity, 800°C):
YoWyog = ——0 29 1000 = 72,26%
*red T 1906927832 g 0T eeD

Experiment no. 6 (5% humidity, 800°C):
Y%oWyeq = 136619 100% = 71,85%
ored = 1901311507 g 0T IR

Experiment no. 7 (15% humidity, 800°C):

oW,y = ——2209 10006 = 69,45%
ed = 1907811620 g

Experiment no. 8 (25% humidity, 800°C):

0,4249 g
1,913846081 g

%oW,yoq = 100% = 22,20%
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Mass loss in percentage for all experiments:
Mass loss from dried pellets to sintered pellets:

(854,21 — 540,54)
%Massloss = 35471 -100% = 36,7%

Experiment no. 1 (0% humidity, 600°C):

%Mass loss = 05473 100% = 4,72
oMass loss = 20,0801 b =4,
Experiment no. 2 (5% humidity, 600°C):
%Mass 1 = w 100% = 2,43
oMass Loss = 20’0191 0= 4,
Experiment no. 3 (15% humidity, 600°C):
%M l = % 100% = 1,73
oMassioss = 007643 10T
Experiment no. 4 (25% humidity, 600°C):
%Mass loss = 02985 100% = 1,49
oMass loss = 30,0273 b=1,
Experiment no. 5 (0% humidity, 800°C):
%Mass loss = L3775 100% = 6,87
omMass 055_20,0664 0= 0,
Experiment no. 6 (5% humidity, 800°C):
%Mass loss = 13661 100% = 6,83
oMass loss = 20,0073 =6,
Experiment no. 7 (15% humidity, 600°C):
%M l = LZS 100% = 6,60
oMass loss = 20,0757 =6,
Experiment no. 8 (25% humidity, 800°C):
%M l = m 100% = 2,11
oMass loss = 20,1392 =2,
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IV - SEM point analysis, raw data

The following section shows all the raw data obtained from the point analysis.

A — Sintered

120 RSV
J 117 Date:27.11.2018 05:55:38 HV:10.0kV  Puls th.:63.82kcps
El AN Series wunn. C norm. C Atom. C Error (1 Sigma)
4 [wt.%] ([wt.%] [at.%] [wt.%]
1004 Fe 26 K-series 4.09 43,15 29.67 0.22
Ca 20 K-series 2.04 21.55 20.65 0.089
Si 14 K-series 1.43 15.02 20.54 0.08
4 Al 13 E-series 1.15 12.10 17.22 0.08
0 & K-series 0.32 3,38 8.04 0.08
7 Ti 22 K-series 0.46 4.84 3.88 0.04
20— Mg 12 K-series 0.00 0.00 0.00 0.00
Na 11 K-series 0.00 0.00 0.00 0.00
Total: 9.4% 100.00 100.00
T T
8 9 10

Appendix Figure 4: Point analysis for sintered pellets, point 117.

120 cps/eV
f 118 Date:27.11.2018 05:56:46 HV:10.0kV  Puls th..64 39kcps
El AN Series unn. C norm. C Atom. C Error (1 Sigma)
| (we.$] [wt.%] (at.%) [WE. %)
1004 Fe 26 K-series 3.41 48.79 35.48 0.18
§i 14 K-series 1.11 15.83 22.38 0.07
Ca 20 K-series 1.82 21.71 22,00 0.08
4 Al 13 K-series 0.79 11.24 lg.91 0.08
Ti 22 K-series 0.12 1.70 1.44 0.03
1 Na 11 K-series 0.04 0.55 0.97 0.03
a0 Mg 12 K-series 0.01 0.19 0.32 0.03
0. o o 0.

Appendix Figure 5: Point analysis for sintered pellets, point 118.
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1o Bl

j 120 Date:27.11.2018 05:58:05 HV:10.0kV  Puls th..64.21kcps
El AN Series unn. C norm. C Atom. C Error (1 Sigma)
| [wE.%]) [wt.%] [at.%] [we.%])
1004 Fe 26 K-series 3.94 49.54 36.29 0.21
Ca 20 K-series 1.59 19.97 20.38 0.08
51 14 K-series 1.11 13.98 20.37 0.07
Al 13 K-series 0.94 11.80 17.8% 0.07
1 Ti 22 K-series 0.28 3.57 3.05 0.04
Ha 11 E-series Q.08 1.01 1.21 0.03
1 Mg 12 K-series 0.01 0.12 0.21 0.03
g0 0 & EK-series 0.00 0.00 0.00 0.00
4 Total: 7.95 100.00 100.00
T T
8 9 10

S
kav

Appendix Figure 6: Point analysis for sintered pellets, point 120.

120 cps/el
1 121 Date:27.11.2018 05:58:45 HV:10.0kV  Puls th..64.17kcps
El1 AN Series unn. C norm. C Atom. C Error (1 Sigma)
E [wt. %] [wt.%] [=2£.%] [wt. %]
1004 Fe 26 K-series  3.80 57.5%  45.44 0.20
Ca 20 K-series 1.40 21.15  23.26 0.07
5i 14 K-series 0.52 7.85 12.31 0.05
1 Ti 22 K-series 0.51 7.73 7.11 0.05
] 0 8 K-series 0.15 2.23 6.13 0.05
Al 13 K-series 0.20 3.08 5.02 0.03
80 Na 11 K-series 0.02 0.36 0.6% 0.03
| Mg 12 K-series 0.00 0.02 0.03 0.03
g Total: €.60 100.00 100.00
&0
a0
50
L e e e e e B
7 8 3 10

5
keV

Appendix Figure 7: Point analysis for sintered pellets, point 121.
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B — 0% H20 600°C

cps/ev
] 107 Date:27.11.2018 04:51:46 HV:10.0kV  Puls th..69.3%cps
: El AN Seriss unn. C norm. C Atom. C Error (1 Sigma)
704 [wt.%] [wt.%] [at.%] [wet.%]
i Fe 26 K-series 27.06 74.00 57.00 1.21
i Al 13 K-series 3.05 8.33 13.28 0.16
] 0 8 EK-series 1.77 4.85 13.05 0.24
i Ca 20 K-series  3.01 8.24 8.85 0.13
&0 Na 11 E-series 0.68 1.86 3.49 0.07
7 Mg 12 K-series  0.50 1.37 2.43 0.05
] 5i 14 K-series 0.41 1.11 1.70 0.04
: Ti 22 K-series 0.08 0.23 0.20 0.03
309 Total: 36.56 100.00 100.00

Appendix Figure 8: Point analysis for reduced pellets, 600°C 0% humidity, point 107.

cps/eV’

] 106 Date:27.11.2018 04:52.38 HV:10.0kV  Puls th..68.62kcps

El AN Series unn. C norm. C Atem. C Errer (L Sigma)

[we.%] [we.%] [at.%] [wE. %]

707
4 Ca 20 H-series 11.82 34.20  31.48 0.42
il © &8 F-zeries 4.36 1z.63  28.10 0.55
Fe 26 K-series 13.13 3s.01 25.10 0.61
Ti 22 K-series 3.72 10.77 8.30 0.16
4 Al 13 K-series 1.04 3.01 4.11 0.07
s0- 5i 14 K-series 0.37 1.07 1.40 0.04
¥a 11 K-series 0.11 0.32 .51 0.03
Mg 12 K-series  0.00 0.00 0.00 0,00

9 Total: 34.55 100.00 100.00

Appendix Figure 9: Point analysis for reduced pellets, 600°C 0% humidity, point 108.
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cos/gly

110 Date:27.11.2018 04:53:49 HV:10.0kV  Puls th.:68.21kcps

El AN Series unn. C norm. C Atem. C Error (1 Sigma)

[we.%] [we.%] [&t.%] [we. %]

704
9 0 & H-meries 4.48 16.01 29.54 0.55
4 Ca 20 H-meries 4.86 35.22 25.85 0.35
4 Al 13 Keseries £.28 18.75 20.82 0.28
4 5i 14 K-series  4.24 15.15 15.93 0.20
i Fe 26 K-series 4.01 14.33 7.57 0.21
&0 Nea 11 E-series 0.0% 0.18 0.23 0.03
1 Ti 22 K-series 0.08 0.30 0.19 0.03
] Mg 12 H-meries 0.02 0.086 0.07 0.03

9 Total: 28.00 100.00 100.00

Appendix Figure 10: Point analysis for reduced pellets, 600°C 0% humidity, point 110.

cps/eV
] 111 Date:27.11.2018 04:54:32 HV:10.0kV  Puls th..67 31kcps

El AH Serie= unn. € norm. € Atom. € Error (1 Sigma)

-0 [we.%] [we.%] [ac.%] [WT. %]
1 Al 13 K-seriess 8.97 38.15 38.53 0.43
1 0 8 HK=-series 3.61 15.36 26.16 0.45%
1 Ha 11 K-series 2.56 12.58 14.91 0.20
1 Ca 20 K-series 3.82 16.26 11.05 0.15

&0 Fe 26 K-series 3.78 16.07 7.84 0.20
1 Si 14 H-series  0.35 1.47 1.43 0.04
1 Ti 22 K-series Q.03 0.12 0.07 0.03
1 Mg 12 K-series 0.00 0.00 0.00 0.00

50 Total: 23.52 100.00 100.00

Appendix Figure 11: Point analysis for reduced pellets, 600°C 0% humidity, point 111.

Page XII1



C - 5% H20 600°C

s/l
E 43 Date:26.11.2018 07:56:13 HV-10.0kV  Puls th..66.47kcps
220 El AN Series unn. C norm. C Atom. C Error (1 Sigma)
B [we.%] [we.%] [ac.%] [we.%]
b Al 13 K-series 18.01  30.68 35,49 0.83
200 Au 73 M-series 15.43  26.20 4.64 0.60
1 Ca 20 H-series 8.24 14.04 12.17 0.30
1 O 8 H-series .18  12.24  26.56 0.84
b Ha 11 K-series 4,63 7.88  11.93 0.30
180 Fe 26 H-series 3,38 £.61 4,11 0.21
] Ag 47 L-sezies 0,76 1,30 0.42 0.05
i Ti 22 K-smsaries 0.56 0.85 0.69 0.05
1607 Total: 58.71 100.00 100.00
140
120

J i el
007 e na
1

Appendix Figure 12: Point analysis for reduced pellets, 600°C 5% humidity, point 43.

cps/ey
R 45 Date:26.11.2018 08:00:13 HV:10.0kV  Puls th..64 95kcps
220 £L AN Series unn. C morm. C Atem. € Errer (1 Sigma)
1 We. 41 [we.¥]  [at.¥] [we.%]
b Fe 26 K-series 33.85 69.99 56.65 1.50
200 Ca 20 K-series 10.23 21.14  23.35 0.36
b © & FK-series 2.77 5.73 16.19 0.36
1 T4 22 K-series 1.28  2.66  2.52 0.07
| 51 14 K-series 0.12 0.25 0.41 0.03
180 Al 13 R-series  0.08  0.17 0,29 0.03
1 Mg 12 E-series  0.03  0.08  0.10 0.03
b NHa 11 K-series 0.00 0.00 0.00 0.00
160 Total: 48.37 100.00 100.00
140
120
1. o Mg
0 TRt " A S s T Fe
{c
80
o]
a0
20
] Jl |
o- e e e e
L 2 a 4 5 13 7 10

Appendix Figure 13: Point analysis for reduced pellets, 600°C 5% humidity, point 45.
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os/elf

4 49 Date:26.11.2018 08:11:53 HV:10.0kV  Puls th..59.06kcps
=20 El AN Series unn. C norm. C Atom. C Error (1 Sigma)
b [We.%] [we.%] [8%.%] [WE.%]
B Fe 26 K-series 32.00 71.08 S56.15 1.42
200 0 & K-series 3.29 7.30 20.13 0.42
1 Ca 20 K=series 8.14 18.08 18.90 0.30
b Ti 22 K-series 1.24 2.7¢ 2.58 0.07
b Al 13 H-series  0.20 0.45 0.73 0.03
1804 5i 14 K-series 0.10 0.23 0.36 0.03
T Mg 12 H-seriss 0,05 0.10 0.18 0.03
7 Ha 11 K-series 0.00 .00 0.00 Q.00
160 Total: 45.01 100.00 100.00
140
120
1 mime
- o VA
1007 ] = Fe
20+
o0
ap|
20
o 17— T T
u] =3 4 & 8 i0 iz 14 i6 i

Appendix Figure 14: Point analysis for reduced pellets, 600°C 5% humidity, point 49.
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D - 15% H.0 600°C

cos/eV
160 51 Date:26.11.2018 08:54:47 HV:10.0kV  Puls th.:66.35kcps
: El1 AN Series unn. C norm. C Atom. C Error (1 Sigma)
[Wt.%] [wt.%] [at.%) [we.%]
140 Al 13 K-series 7.22 52.60 55.64 0.35
4 0 8 K-series 1.3%9 10.12 183.05 0.20
] Ca 20 K-series 1.87 13.60 9.68 0.09
Fe 26 K-series 2.20 16.06 8.21 0.13
7 Na 11 K-series 0.56 4.07 5.06 0.06
120 51 149 K-series 0.40 2.94 2.99 0.04
B Ti 22 EK-series 0.08 0.58 0.35 0.03
4 Mg 12 K-series 0.00 Q.02 0.02 0.03
1 Total: 13.72 100.00 100.00
100+
Fe
T T i i 1
[ 7 8 L] 10

Appendix Figure 15: Point analysis for reduced pellets, 600°C 15% humidity, point 51.

cps/aV
150 52 Date:26.11.2018 08:55:51 HV:10.0kV  Puls th..69.37kcps
i El AN Series unn. C norm. C Atom. C Erzor (1 Sigma)
[wc.%] [wc.%] [at.%] [we.%]
140 Au 79 M-series 40.50 60.39 19.45 1.54
Ca 20 E-series 8.14 12.14 19.21 0.30
Al 13 K-series 7.79 11.82 27.31 0.38
Fe 26 K-series 4.74 7.07 §.02 0.28
0 8 HK-series 2.38 3.55 14.06 0.34
120+ Si 14 K-series 2.22 3.30 7.46 0.12
Na 11 K-series 0.93 1.38 3.84 0.08
Gx, 24 K-series 0.36 0.54 0.66 0.05
Total: 67.07 100,00 100,00
1004
T T 1
8 9 10

Appendix Figure 16: Point analysis for reduced pellets, 600°C 15% humidity, point 52.
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1 El AN Series

Spectrum: 53

Net unn. C norm. C Atom.

C Error (1 Sigma)

- [we.%]  [wec.%]  [at.%) [we. %]
Fe 26 K-series 22351 8.6% 58.1% 41.%84 0.46
1407 Al 13 K-series 76437 2.02 12.16 18.14 0.12
1 Ca 20 K-series 46743 2.80 16.80 16.87 0.12
_ 0 & K-series 12812  0.89 5.33  13.42 0.15
_ Si 14 K-series 18334 0,62 3,70 5.31 0.05
Ti 22 K-series 4057 0.42 2.54 2.13 0.04
1204 Na 11 K-series 3338 0.13  0.78  1.36 0.03
1 Mg 12 K-series 2763 0.08 0.49 0.81 0.03

_ Total: 16.64 100.00 100.00

Appendix Figure 17: Point analysis for reduced pellets, 600°C 15% humidity, point 53.
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E —25% H20 600°C

eps/ev
180 54 Date:26.11.2018 09:28:35 HV:10.0kV  Puls th.:68 41kcps
El AN Series unn. C norm. C Atom. C Error (1 Sigma)
[we.®] [wt.%] [at.®] [we.%
140 o
Al 13 E-series §.50 39.46 42.95 0.41
¢ 8 K-series 2.34 10.85 19,92 0.31
Ca 20 K-series 3.94 18.31 13.41 0.16
Fe 26 K-series 4.54 21.09 11.09 0.23
120 Na 11 K-series 1.75 8.14  10.40 0.13
Si 14 K-series 0.45 2.08 2.18 0.04
Ti 22 E-series 0.01 0.03 0.02 0.03
Mg 12 E-series 0.00 0.01 0.02 0.03

[
[y

.54 100.00 100.00

Total:

Appendix Figure 18: Point analysis for reduced pellets, 600°C 25% humidity, point 54.

el
160
1 55 Date:26.11.2018 09:29:31 HV:10.0kV  Puls th.:68.83kcps
1 El AN Series unn. C norm. C Atom. C Error (1 Sigma)
J [we. %] [wc.$] [ac.%] [we.%]
140
Au 79 M-series 30.59 41.82 12.59 1.17
7 Fe 26 K-series 27.589 37.72 40.04 1.28
1 Ca 20 K-series 5.72 7.82 11.56 0.23
g Al 13 K-series 4.73 6.46 14.20 0.24
1204 ¢ 8 FK-series 3.77 5.15 1%.10 0.56
Mg 12 K-series 0.75 1.03 2.51 0.07
1 Total: 73.15 100.00 100.00
100
7 =t
B ] 10

Appendix Figure 19: Point analysis for reduced pellets, 600°C 25% humidity, point 55.
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cpsfev

180 56 Date:26.11.2018 09:30:19 HV:10.0kV  Puls th..65.62kcps

4 El AN Series unn. C norm. C Atom. € Error (1 Sigma)

J [wt.%] [wt.%] [at.%] [Wt.%]
140 T - - -

0 8 FK-series 4.78 14.60 32.26 0.59

] Ca 20 K-series 11.22 34.22 30.1%9 0.40

1 Fe 26 K-series 11.51 35.11 22.22 0.54

1 Ti 22 K-series  3.26 9.93 7.33 0.14
120 Al 13 K-series 1.73 5.27 6.90 0.10

] 5i 14 K-series 0.26 .78 0.992 0.04

i Mg 12 E-series 0.02 0.07 0.11 0.03

] Na 11 K-series 0.00 0.00 0.00 0.00
o0+ Total: 32.77 100.00 100.00
50

4 [l e Mg

[:] Ma Al S () [T Fe

7 1
so| &2
40
20
o ..,.‘T.,....,....,....

1 2 3 4 & 7 & 10

kay

Appendix Figure 20: Point analysis for reduced pellets, 600°C 25% humidity, point 56.

cps/ev
160+ 57 Date:26.11.2018 09:31:06 HV:10.0kV  Puls th..67 85kcps
4 El AN Series unn. C norm. € Atom. C Error (1 Sigma)
| [wt.%] [we.%] [at.%] [we. %]
140+ Ca 20 K-series 2.74 36.82 27.83 0.32
1 0 & K-zeries 3.18 13,39  25.3¢ 0.41
] Al 13 K-series 4.55 19.16 21.51 0.23
5i 14 E-smeries 3.81 16.06 17.32 0.18
1 Fe 26 K-series 3.39 14.27 7.74 0.18
120+ Ti 22 K-series 0.0% 0.21 0.13 0.03
4 Na 11 E=-series 0.01 0.04 0.06 0.03
Mg 12 K-series 0.01 0.04 0.05 0.03

Total: 23.73 100.00 100.00

Appendix Figure 21: Point analysis for reduced pellets, 600°C 25% humidity, point 57.
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F - 0% H20 800°C

os/eV

204

704

80

112 Date:27.11.2018 05:20:36 HV:10.0kV  Puls th.:68.78kcps

El AN Series unn. C norm. C Atom. C Error (1 Sigma)

[we.%] [we.%] [ac.%] [we. %)
Fe 26 K-series 35.45 87.79 85.65 1.57
Si 14 K-series 0.45 1.25 2.43 0.04
Al 13 HK-series 0.12 0.34 0.69 0.03
Ha 11 K-series 0.08 0.21 0.51 0.03
Mg 12 K-series 0.07 0.20 0.45 0.03
Ca 20 K-series ©.05 0.13 0.17 0.03
Ti 22 K-series .03 0.0%9 0.10 0.03
0 8 HK-series 0.00 0.00 0.00 0.00

Total: 36.26 100.00 100.00

Appendix Figure 23: Point analysis for reduced pellets, 800°C 0% humidity, point 113.

113 Date:27.11.2018 05:21:39 HV:10.0kV  Puls th.:68 47kcps

El AN Series unn. C norm. C Acom. C Error (1 Sigma)

[we.%] [we.%] [at.%] [we.%]
Fe 26 K-series 19.85 68.29 55.42 0.80
Ca 20 K-series 5.2%5 17.97 20,33 0.20
C 8 EK-series 1.32 4.51 12.77 0.20
Ti 22 K-series 1.59 5.45 5.16 0.08
Al 13 K-series 0.71 2.43 4.08 0.06
Si 14 K-series 0.34 1.18 1.86 0.04
NHa 11 K-series 0.04 0.13 0.28 0.03
Mg 12 K-series 0.02 0.07 0.13 0.03

Total:

(Y}
w0

.21 100,00 100.00
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@/l

115 Date:27.11.2018 05:23:16 HV:10.0kV  Puls th..70.19kcps
El AN Series unn. C norm. C Atom. C Error (1 Sigma)
20 [wc.$] [wt.%] [at.%] [we. %)
Ca 20 K-series 7.35 34,889 26.50 0.27
0 8 K-series 2.86 13.863 25.86 0.37
204 Al 13 K-series 3.67 17.50 19.68 0.19
8i 14 K-series 3.55 16.92 18.29 0.17
Fe 26 K-series 3.43 16.35 g8.88 0.18
Na 11 K-series 0.07 0.32 0.42 0.03
Mg 12 K-series 0.06 0.29 0.37 0.03
&0 Ti 22 K-series 0.00 0.00 0.00 0.00
Total: 21.00 100.00 100.00
T
9 10

Appendix Figure 24: Point analysis for reduced pellets, 800°C 0% humidity, point 115.

@s/EV.

116 Date:27.11.2018 05:24:11 HV:10.0kV  Puls th.:71.4Tkcps
El AN Series unn. C norm. C Atom. C Error (1 Sigma)

a0 [we.%] [wt.3] [at.$) WE. %]
Al 13 K-series 5.96 36.30 38.00 Q.29
0 8 K-series 2.83 17.48 30.36 0.36
Ca 20 K-series 2.83 17.51 12.14 0.12

704 Fe 26 K-series 3.03 18.75 9.33 0.17
Ha 11 EK-series 0.65 4.04 4.88 0.06
§i 14 K-series 0.71 4.3%9 4.34 0.05
Mg 12 K-szeries 0.12 0.73 0.83 0.03

s Ti 22 K-series 0.03 0.21 0.12 0.03

Total: 16.16 100.00 100.00

Appendix Figure 25: Point analysis for reduced pellets, 800°C 0% humidity, point 116.
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G - 5% H20 800°C

250 SEEY
56  Date:26.11.2018 10:00:08 HV:10.0kV  Puls th.:67.75kcps
El1 AN Series unn. C norm. C Atom. C Error (1 Sigma)
[WE.%] [wt.%] [at.%] [wE.%)
0 8 EK-series 10.02 22.30 38.22 1.14
2004 Al 13 E=zeries 16.36 36.38 34.08 0.76
Na 11 E-series 5.69 12.6%5 13.80 0.36
Ca 20 K-series 7.54 16.77 10.58 0.28
Fe 26 K-series 4.53 10.08 4.56 0.24
Si 14 K-series 0.74 1.64 1l.48 0.06
Mg 12 K-series 0.08 0.17 0.1% 0.03
Ti 22 K-geries 0.00 0.00 0.00 0.00
150 Total: 44.25 100.00 100.00
M Fe il
100 ”- Na Al Si ca ] Fa
Ca
50
- T =1 1T T T
1 z 3 4 5 [ 7 & E] 10

Appendix Figure 26: Point analysis for reduced pellets, 800°C 5% humidity, point 58.

250 SEEEY
58 Date:26.11.2018 10:00:47 HV:10.0kV  Puls th.:66.19kcps
El AN Series unn. C norm. C Atom. C Error (1 Sigma)
[we.%] [we.$] [at.$] [we. %]
Fe 26 K-=erie= 26.45 48.48 32.85 1.18
200 0 8 K-series 7.34 13.45 31.83 0.87
7 Ca 20 K-series 15.34 28.11 26.55 0.53
Ti 22 K-series 4.865 8.52 6.73 0.19
Al 13 E-series 0.62 1.14 1.60 0.05
Si 14 K-series 0.09 0.16 0.2z 0.03
Ha 11 K-series 0.06 0.11 0.18& 0.03
Mg 12 E-s=eries 0.01 0.03 0.04 0.03
1504 Total: 54,57 100.00 100.00
[} ‘Mg
[T FeNa Al Si ca T Fe
100+
Ca
50
i
- T ] T T
1 z 3 4 5 & 7 B Ll 10

Appendix Figure 27: Point analysis for reduced pellets, 800°C 5% humidity, point 59.
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cps/el

250
| 60 Date:26.11.2018 10:01:42 HV:10.0kV  Puls th_"66.85keps
4 EL AN Series unn. C norm. C Atom. C Error (1 Sigma)
[WE.%] [WE.%] [at.%] [wE. %]
O 8 FK-series 10.97 15.87 4¢.73 1.25
q Ca 20 K-series 16.05 20.07 23.79 0.56
Fe 26 H-series 22.22 40.28 23.64 1.00
2004 Al 13 K-series 3.20  5.80  7.08 0.17
] Ti 22 K-series 1.58 2.87 1.96 0.08
Ha 11 K-ssries 0.586 1.01 1.44 0.08
51 14 K-smeries 0.50 0.90 1.0% 0.08
Mg 12 E-series 0.13 .24 0.32 0.03
Toral: 55.21 100.00 100.00
150
L e e e
] Ll 10

Appendix Figure 28: Point analysis for reduced pellets, 800°C 5% humidity, point 60.
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H —15% H.0 800°C

(=l
1 99 Date:27.11.2018 03:44:35 HV:10.0kV  Puls th..68.43kcps
120+
i El AN Series unn, C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wE. %]
i Fe 26 K-series 21.61 87.52 95.66 0.97
5i 14 K-series 0.34 1.52 2.97 0.04
100 Ca 20 EK-series 0.19 0.86 1.17 0.03
1 Al 13 K-series 0.02 0.10 0.20 0.03
Na 11 K-series 0.00 0.00 0.00 0.00
] Mg 12 K-series 0.00 0.00 0.00 0.00
4 Ti 22 K-series 0.00 0.00 0.00 0.00
@ 0 8 EK-series 0.00 0.00 0.00 0.00

g Total: 22.16 100.00 100.00

Appendix Figure 29: Point analysis for reduced pellets, 800°C 15% humidity, point 99.

os/eV
] 100 Date:27.11.2018 03:45:23 HV:10.0kV  Puls th..67.91kcps
120
El AN Seriea unn. C norm. C Atom. C Error (1 Sigma)
1 [we.%] (wc.%] [at.%] [we.%]
] Al 13 K-series 4.33 39.36 44.91 0.22
4 Fe 26 K-series 2.73 24.82 13.68 0.15
Ca 20 K-series 1.8% 17.22 13.23 0.08
100 0 & FK-series 0.75 §.81 13.11 0.13
Na 11 K-series 0.99 9.00 12.05 0.08
7 Si 14 K-series 0.30 z2.72 2.98 0.04
] Ti 22 K-series 0.01 0.08 0.05 0.03
Mg 12 K-series 0.00 0.00 0.00 0.00
1 Tocal: 11.00 100.00 100.00
T T T
8 9 10

Appendix Figure 30: Point analysis for reduced pellets, 800°C 15% humidity, point 100.
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=

) 101 Date:27.11.2018 03:46:24 HV:10.0kV  Puls th..68.92kcps
120
] El AN Series unn. C norm. C Atcm. C Error (1 Sigma)
[wet.%] [wc.%] [at.%] [we. %]
| Al 13 EK-series 2.44 37.31 46.07 0.13
7 Fe 26 K-series 2,33 35,60 21.23 0.14
1004 Ca 20 K-series 0.85 12.90 10.73 0.05
Na 11 K-series 0.40 6.17 8.94 0.05
k. 0 8 K-series 0.25 3.89 8.10 0.07
i S5i 14 K-series 0.26 3.96 4.70 0.04
Mg 12 E-series 0.01 0.16 0.22 0.03
B Ti 22 K-series 0.00 0.00 0.00 0.00
0 Total: 6.55 100.00 100.00
T T
g ] 10

Appendix Figure 31: Point analysis for reduced pellets, 800°C 15% humidity, point 101.

sV
1 102 Date:27.11.2018 03:47:26 HV:10.0kV  Puls th.:69.16kcps
120+
El AN Series unn. € norm. C Atom. € Error (1 Sigma)
b [we.%] ([wc.%] [at.%] [we.%]
1 Fe 26 K-=zeries 6.58 54.70 35.40 0.32
g Al 13 K-series 2.52 20.98 30.48 0.14
Ca 20 E=series 1.74 14.43 14.11 0.08
100 Na 11 K-zeries 0.45 3.72 6.35 0.05
4 0 8 K-series 0.28 2.32 5.69 0.07
Si 14 K-series  0.30 2.46 3.44 0.04
1 Mg 12 K-series 0.06 0.48 0.78 0.03
i Ti 22 K-series .11 0.89 0.73 0.03
a0 Total: 12.04 100.00 100.00
T T T T
g 9 10

Appendix Figure 32: Point analysis for reduced pellets, 800°C 15% humidity, point 102.
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I —25% H20 800°C

e
m—- 103 Date:27.11.2018 04:20:51 HV:10.0kV  Puls th.:69.53kcps
] El AN Series unn. C norm. C Atom. C Erxror (1 Sigma)
7 [wT. %] [WwE.%] [at.%] [Wwe. %)
1 Fe 26 K-saries 24.77 £9.00 48.16 1.11
&0+ 0 8 K-series 3.21 9.21 22.45 0.41
4 Al 13 K-series 3.30 9.18 13.27 0.17
J Ca 20 K-series 2.24 6.25 &.07 0.10
] Ha 11 K-series 1.04 2.88 4.89 0.09
My 12 H-saries  0.70 1.96 3.14 0.06
1 84 14 K-series 0.49 1.36 1.29 0.05
50 Ti 22 H-series  0.06 0.15 0.13 0.03

E Toval: 35,980 100.00 100.00

Appendix Figure 33: Point analysis for reduced pellets, 800°C 25% humidity, point 103.

ey

m—_ 104 Date:27.11.2018 04:21:36 HV:10.0kV  Puls th..68.13kcps
T EL AN Series unm. © norm. C Avom. © Erxzox (1 Sigms)
1 [we.%] [we.%]  [at.%] [wE. %]

i Ca 20 F-series 11.45 36.63 27.87 0.40

0 8 E-series 4.45 14.24 27.15 0.56

B AL 13 E=series 5.64 18,06  20.41 0.28
q 51 14 E-series 4.33 13.86 15.05 0.20

4 Fe 26 K-series 5.19 16.5%% 9.06 0.26

i Ti 22 F=series 0.16 0.52 0.33 0.03
Ha 11 E=series 0.03 0.09 0.12 0.03

T Mg 12 K-series 0.00 0.00 0.00 0.00

304 -———— ——— EEmmmsEssEs -

4 Teral: 31.25 100.00 100.00

Appendix Figure 34: Point analysis for reduced pellets, 800°C 25% humidity, point 104.
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op/ e
1 105 Date:27.11.2018 042228 HV10.0kV  Puls th.:68.90keps

70+
g El AN Series unn. € norm. € Atom. € Errer (1 Sigma)
i [WE.%] [WE.%] [at.%] [wE.%]
1 Q & Fesezies 3,50 1Z.42 27.12 .49
b Ca 20 F-series 9.46 3n.18 28.30 0.34
60— Fe 26 K-series 12.952 41.14 28.76 0.60
Al 13 FK-series 3.20 10.1% 13.19 0.17
Ha E-series 2. 2.9% T.
2i 14 K-series o. 1.84 0.
E-series 0. 1.36 0.
K=-series 0.

Appendix Figure 35: Point analysis for reduced pellets, 800°C 25% humidity, point 105.

cps/ ey

m—- 106 Date:27.11.2018 04:23:32 HV10.0kV  Puls th..68 TTkcps
4 El AN Seriss unn. C norm. C Atem. € Error (1 Sigma)
4 [we.%)] [wt.d] [ac.4] fwt. &)
T Ca 20 E-series 12.15 34.10 31.93 .43
B Fe 26 F-series 16.56 46.49 3l.24 .75

a0 0 & F=series 4.1% 11.75 27.57 .52

Al 13 F-series 1.33 3.72 £.17 .08

1 Ti 22 F=series 0.82 2.30 1.20 .08
E 51 14 H-aeziecs  0.46 1.28 1.71 0.04
4 Ha 11 E-ssries 0.12 0. 35 0.57 .03
i Hg 12 E-aeries Q.00 @00 °.00 &.00

=0+ Tocal: 35.63 100.00 100.00

Appendix Figure 36: Point analysis for reduced pellets, 800°C 25% humidity, point 106.
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V - XRD Results, raw data

The following section shows all the raw data obtained from XRD analysis.

A —sintered

BR_pellets 20230220 (Coupled TwoTheta/Theta)

1 COD 1071002 AlZCaZ075i Geflenile
COD 9001969 Al0.26Ca0S5iTi0 74 Titanite
COD 1011034 AI14Ca12033 Mayenite
COD 9003337 Al0. 114CaZFe1.63605 Brownmillerite
COD 1011267 Fe203 Hematite

n =]
[=] [=]
=] =]
T ORI AT

4 000—

Counts

[=]
&
‘Il|ll‘l?llll|llll

"
[=)
2

1 00

I

(=)

2Theta (Coupled TwoTheta/Theta) WL=1,54060

Appendix Figure 37: XRD analysis, raw data for sintered pellets.
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B — 0% H20 600°C

2023-04-24-BR-R-100H2-600C (Coupled TwoTheta/Theta)

J
2200~

2 100:
2 000—-
1 900:
1 8{10:
1 700:
1 6{]0—-
1 500;
1 4{10—_

1 300—

1 200—

Counts

1 100—

1000~

900—

800—

T00—

600—

500—
40
300—

20

10—
o]

L B |

20

PDF 00-001-1267 Fe Iron

PDF 00-026-1371 NaCaAlSi207 Sodium Calcium Aluminum Silicate
PDF 04-014-6635 Ca2Fe1.337Al0.66305 Srebrodolskite, Al+3-bearing, syn

PDF 04-007-2259 Fe11012 Wastite, syn
PDF 04-023-0780 CaTiO3 Perovskite, syn

L e e B [ A S B S A A A A S B S |

50 60 70 80

2Theta (Coupled TwoTheta/Theta) WL=1,54060

Appendix Figure 38: XRD results, raw data for reduced pellets, 600°C with 0% humidity.
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C - 5% H20 600°C
BR-R-5% H20 600C (Coupled TwoTheta/Theta)

PDF 04-014-0164 Fe Iron

] | PDF 00-035-0755 Ca2A12Si07 Gehlenite, syn
23004 | PDF 04-014-8634 Ca2Fe1.410AI0.59005 Srebrodolskite, Al+3-bearing, syn
22004 | PDF 04-025-6028 Fe304 Magnetite
- 1 PDF 04-007-2259 Fe11012 Wistite, syn
2100— | PDF 04-006-1859 Ca2AI2SI07 Calcium Aluminum Silicate Oxide
2 0004 | PDF 01-083-6281 Ca(TiO3) calcium titanate | Calcium Titanium Oxide:

Counts

2Theta (Coupled TwoTheta/Theta) WL=1,54060

Appendix Figure 39: XRD results, raw data for reduced pellets, 600°C with 5% humidity.
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D - 15% H.0 600°C
BR-R-5% H20 600C (Coupled TwoTheta/Theta)

- .
2 400— PDF 04-014-0164 Fe Iron

23001 PDF 00-035-0755 Ca2AI25i07 Gehlenite, syn
PDF 04-014-6634 Ca2Fe1.410A10.59005 Srebrodolskite, Al+3-bearing, syn
PDF 04-025-8028 Fe304 Magnetite

2100~ PDF 04-007-2259 Fe11012 Wistite, syn

2 000-] | | PDF 04-008-0156 CaTiO3 Perovskite, syn

2 200—

1 800—

1800—

1 TO0~

1 600—

1 500~

1 400—

1300~

1200—

Counts

1100

e B e o B S L - H e B o S LA S e |

20 an 40 50 60 7o 80

2Theta (Coupled TwoTheta/Theta) WL=1,54060

Appendix Figure 40: XRD results, raw data for reduced pellets, 600°C with 15% humidity.
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E —25% H20 600°C
BR-R-25% H20 600C (Coupled TwoTheta/Theta)

| [ PDF 01-083-5059 Ca2AI((AISi)O7) Gehlenite, syn
1 | PDF 04-014-6630 Ca2Fe1.592A10.40805 Srebrodolskite, Al+3-bearing, syn
- | PDF 04-001-7263 Ca2AI2SiO7 Calcium Aluminum Silicate Oxide
£ | PDF 04-002-2709 Fe304 Magnetite, syn
2200— | PDF 01-074-1880 Fe0.9110 Wastite, syn
- |1 PDF 04-008-0156 CaTiO3 Perovskite, syn

1600~

1

1400~

Counts
8
|I|?|I|

ot

2
|?1I|

:

i, \mlp ‘ﬂ LA r e

LA S S A S I A S DS A S (LA A S S S B e S A e

20 30 40 50 60 70

= 8
!lll?ull

2Theta (Coupled TwoTheta/Theta) WL=1,54060

Appendix Figure 41: XRD results, raw data for reduced pellets, 600°C with 25% humidity.
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F —0% H20 800°C
2023-04-24-BR-R-100H2-800C (Coupled TwoTheta/Theta)

! | PDF 04-014-0164 Fe Iron

1 | PDF 04-014-6635 Ca2Fe1.337Al0.66305 Srebrodolskite, Al+3-bearing, syn
| PDF 04-008-1869 Ca2AI2Si07 Calcium Aluminum Silicate Oxide

| PDF 04-006-9266 CaTiO3 Perovskite, syn

2Theta (Coupled TwoTheta/Theta) WL=1,54060

Appendix Figure 42: XRD results, raw data for reduced pellets, 800°C with 0% humidity.
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G - 5% H20 800°C

2023-04-24-BR-R-5H20-800C (Coupled TwoTheta/Theta)

4000 4 | PDF 04-014-6635 Ca2Fe1.337AI0.66305 Srebrodolskite, Al+3-bearing, syn
| PDF 00-026-1371 NaCaAlSi207 Sodium Calcium Aluminum Silicate
PDF 00-001-1267 Fe Iron
| PDF 04-023-0780 CaTiO3 Perovskite, syn
4 1 COD 1011327 CaO Lime
3 000

2Theta (Coupled TwoTheta/Theta) WL=1,54060

Appendix Figure 43: XRD results, raw data for reduced pellets, 800°C with 5% humidity.
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H - 15% H20 800°C
2023-04-24-BR-R-15H20-800C (Coupled TwoTheta/Theta)

2300 [ PDF 04-014-0164 Fe Iron
2 200~ I PDF 04-014-8633 Ca2Fe1.448A10.55205 Srebrodolskite, Al+3-bearing, syn
2 100 | PDF 04-004-7638 Fe0.920 Wistite, syn
4 | PDF 01-075-1677 Ca2Al2Si07 Gehlenite, syn
20007 | PDF 04-011-3527 Na0.50Ti204 Sodium Titanium Oxide
1 800~ | PDF 01-070-8503 Ca(TiO3) Perovskite, syn
1 800-] | PDF 01-073-6332 Ca12A114033 mayenite, syn | Calcium Aluminum Oxide
1 ?DO—_
1 BO0—
1 sm:
1 400
1 BM—_
g 1 200—

2Theta (Coupled TwoTheta/Theta) WL=1,54060

Appendix Figure 44: XRD results, raw data for reduced pellets, 800°C with 15% humidity.
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I —25% H20 800°C

2023-04-24-BR-R-25H20-800C (Coupled TwoTheta/Theta)

2 400
2 200

2 000

1 800

PDF 04-004-7638 Fe0.920 Wiistite, syn

PDF 01-089-6887 Ca2(AI2Si07) Gehlenite, syn

PDF 04-014-6633 Ca2Fe1.448A10.55205 Srebrodolskite, Al+3-bearing, syn
PDF 04-007-2718 Fe304 Magnetite, syn

PDF 04-006-9217 CaTiO3 Perovskite, syn

COD 1011327 CaO Lime

2Theta (Coupled TwoTheta/Theta) WL=1,54060

Appendix Figure 45: XRD results, raw data for reduced pellets, 800°C with 25% humidity.
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VI - BET and BJH, raw data
The following section shows all the raw data obtained from BET and BJH analysis.

A — Sintered

Sample: BR Sintered
Operator:
Submitter: Sivert & Elias
File: C\data\Sivert & Elias\BR Sintered.smp

Started: 3/22/2023 10:33:19 AM Analysis adsorptive: N2
Completed: 3/22/2023 1:20:48 PM Analysis bath temp.: -195,935 °C
Reporttime: 3/23/2023 10:09:05 AM Thermal correction: Yes
Sample mass: 1,4357g Ambient free space: 16,0508 cm® Measured
Analysis free space: 57,0015 cm? Equilibration interval: 5s
Low pressure dose: None Sample density: 1,000 g/cm?

Automatic degas: Yes

Sample prep: Stage Temperature (°C) Ramp Rate (*C/min) Time (min)
1 30 10 10

Summary Report

Surface Area
Single pointsurface area at p/p® = 0,300162774: 0,1309 m3g

BET Surface Area: 0,1352 m?/g

Pore Size
Adsorption average pore diameter (4\ViAby BET): 21,036 A

Appendix Figure 46: BET and BJH, raw data for sintered pellets.
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B — 0% H20 600°C

Sample: BET & BJH
Operator:
Submitter:
File: C\data\Sivert & Elias\BR-R-100H2-600C.SMP

Started: 4/26/2023 9:49:26 AM Analysis adsorptive: N2
Completed: 4/26/2023 4:32:21 PM Analysis bath temp.: -195,837 °C
Reporttime: 4/27/2023 1:04:21 PM Thermal correction: Yes
Sample mass: 2,7023 g Ambient free space: 16,1367 cm® Measured
Analysis free space: 55,8596 cm? Equilibration interval: 5s
Low pressure dose: None Sample density: 1,000 g/cm?

Automatic degas: Yes

Sample prep: Stage Temperature ("C) Ramp Rate (*C/min) Time (min)
1 30 10 10
2 90 10 60
3 250 10 780
4 25 10 60

Summary Report

Surface Area
Single pointsurface area atp/p® =0,299741436: 1,2743 m3g

BET Surface Area: 1,2931 m3g

Pore Volume

Single point desorption total pore volume of pores
less than 1 768,992 Adiameter at p/p” = 0,989049463: 0,007934 cm?g

Pore Size
Adsorption average pore diameter (4VIAby BET): 245,420 A

Desorption average pore diameter (4\V/Aby BET): 245,420 A

Appendix Figure 47: BET and BJH, raw data for reduced pellets, 600°C with 0% humidity.
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C - 5% H20 600°C

Sample: BET & BJH
Operator:
Submitter:
File: C\data\Sivert & Elias\BR-R-5H20-600C.SMP

Started: 4/13/2023 1:38:15 PM Analysis adsorptive: N2
Completed: 4/13/2023 8:07:27 PM Analysis bath temp.. -195,774 °C
Reporttime: 4/14/2023 11:39:54 AM Thermal correction: Yes
Sample mass: 2,6167 g Ambient free space: 15,6079 cm® Measured
Analysis free space: 55,0705 cm? Equilibration interval: 5s
Low pressure dose: None Sample density. 1,000 g/cm?

Automatic degas: Yes

Sample prep: Stage Temperature (°C) Ramp Rate (*C/min) Time (min)
1 30 10 10
2 90 10 60
3 250 10 780
4 25 10 60

Summary Report

Surface Area
Single point surface area at p/p° = 0,299348507: 04767 m3g

BET Surface Area: 0,4856 m?/g

Pore Volume
Single point desorption total pore volume of pores
less than 1 934,646 A diameter at p/p® = 0,990000000: 0,002865 cm3g

Pore Size
Adsorption average pore diameter (4V/Aby BET): 211,207 A

Desorption average pore diameter (4V/Aby BET): 236,006 A

Appendix Figure 48: BET and BJH, raw data for reduced pellets, 600°C with 5% humidity.
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D —15% H20 600°C

Sample: BET & BJH
Operator:
Submitter:
File: Cl\data\Sivert & Elias\BR-R-15H20-600C-BRUK.SMP

Started: 4/25/2023 12:53:35 PM Analysis adsorptive: N2
Completed: 4/25/2023 7:08:48 PM Analysis bath temp.: -195,826 °C
Reporttime: 4/26/2023 9:21:44 AM Thermal correction: Yes
Sample mass: 3,0018 g Ambient free space: 15,6214 cm® Measured
Analysis free space: 55,2471 cm? Equilibration internval: 5s
Low pressure dose: None Sample density: 1,000 g/cm?

Automatic degas: Yes

Sample prep: Stage Tem perature (°C) Ramp Rate (*C/min) Time (min)
1 30 10 10

Summary Report

Surface Area
Single point surface area at p/p°® = 0,299791562: 0,2577 m3g

BET Surface Area: 0,2699 m3g

Pore Volume

Single point desorption total pore volume of pores
less than 1 934,646 Adiameter at p/p® = 0,990000000: 0,001145 cm?g

Pore Size
Adsorption average pore diameter (4V/Aby BET): 163,506 A

Desorption average pore diameter (4V/Aby BET): 169,746 A

Appendix Figure 49: BET and BJH, raw data for reduced pellets, 600°C with 15% humidity.
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E —25% H20 600°C

Sample: BET & BJH
Operator:
Submitter:
File: Ci\data\Sivert & Elias\BR-R-25H20-600C.SMP

Started: 4/13/2023 1:38:15 PM Analysis adsorptive: N2
Completed: 4/13/2023 8:07:27 PM Analysis bath temp.: -195,774 °C
Reporttime: 4/14/2023 11:41:32 AM Thermal correction: Yes
Sample mass: 2,4494 g Ambient free space: 15,7818 cm* Measured
Analysis free space: 55,7676 cm? Equilibration interval: 5s
Low pressure dose: None Sample density: 1,000 g/icm?

Automatic degas: Yes

Sample prep: Stage Temperature ("C) Ramp Rate (*C/min) Time (min)
1 30 10 10
2 90 10 60
3 250 10 780
4 25 10 60

Summary Report

Surface Area
Single pointsurface area at p/p® = 0,299889715: 0,3052 m3/g

BET Surface Area: 0,3127 m3g

Pore Volume

Single point desorption total pore volume of pores
less than 1 934,646 A diameter at p/p° = 0,990000000: 0,001206 cm?g

Pore Size
Adsorption average pore diameter (4V/Aby BET): 145,866 A

Desorption average pore diameter (4V/Aby BET): 154,256 A

Appendix Figure 50: BET and BJH, raw data for reduced pellets, 600°C with 25% humidity.
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F — 0% H20 800°C

Sample: BET & BJH
Operator:
Submitter:
File: C:\data\Sivert & Elias\BR-R-100H2-800C-PORT1.SMP

Started: 5/3/2023 9:40:54 AM Analysis adsorptive: N2
Completed: 5/3/2023 2:45:11 PM Analysis bath temp.: -195,603 °C
Reporttime: 5/4/2023 9:02:59 AM Thermal correction: Yes
Sample mass: 2,8305g Ambient free space: 15,7006 cm® Measured
Analysis free space: 55,3375 cm? Equilibration interval: 5s
Low pressure dose: None Sample density: 1,000 g/cm?

Automatic degas: Yes

Sample prep: Stage Temperature ("C) Ramp Rate (*C/min) Time (min)
1 30 10 10
2 90 10 60
3 250 10 780
) 25 10 60

Summary Report

Surface Area
Single pointsurface area atp/p® = 0,300724009: 0,5287 m?/g

BET Surface Area: 0,5362 m3/g

Pore Volume

Single point desorption total pore volume of pores
less than 1 934,646 A diameter at p/p° = 0,990000000: 0,001294 cm?¥g

Pore Size
Adsorption average pore diameter (4ViAby BET): 96,180 A
Desorption average pore diameter (4V/A by BET): 96,553 A

Appendix Figure 51: BET and BJH, raw data for reduced pellets, 800°C with 0% humidity.
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G - 5% H20 800°C

Sample: BET & BJH
Operator:
Submitter:
File: C\data\Sivert & Elias\BR-R-5H20-800C.SMP

Started: 4/25/2023 12:53:35 PM Analysis adsorptive: N2
Completed: 4/25/2023 7:08:48 PM Analysis bath temp.: -195,826 °C
Reporttime: 4/26/2023 9:19:57 AM Thermal correction: Yes
Sample mass: 2,6450 g Ambient free space: 15,8248 cm® Measured
Analysis free space: 56,1057 cm? Equilibration interval: 5s
Low pressure dose: None Sample density: 1,000 gfcm?

Automatic degas: Yes

Sample prep: Stage Temperature (*C) Ramp Rate (*C/min) Time (min)
1 30 10 10

Summary Report

Surface Area
Single point surface area at p/p® =0,300072415: 0,6575 m3g

BET Surface Area: 0,6666 m3/g

Pore Volume

Single point desorption total pore volume of pores
less than 1 934,646 Adiameter at p/p° = 0,990000000: 0,001794 cm?/g

Pore Size
Adsorption average pore diameter (4V/IAby BET): 103,878 A
Desorption average pore diameter (4V/Aby BET): 107,639 A

Appendix Figure 52: BET and BJH, raw data for reduced pellets, 800°C with 5% humidity.
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H —15% H20 800°C

Sample: BET & BJH
Operator:
Submitter:
File: C\data\Sivert & Elias\BR-R-15H20-800C.SMP

Started: 4/25/2023 12:53:35 PM Analysis adsorptive: N2
Completed: 4/25/2023 7:08:48 PM Analysis bath temp.: -195,826 °C
Reporttime: 4/26/2023 9:21:04 AM Thermal correction: Yes
Sample mass: 3,.0318g Ambient free space: 16,0022 cm® Measured
Analysis free space: 554961 cm? Equilibration interval: 5s
Low pressure dose: None Sample density: 1,000 g/cm?

Automatic degas: Yes

Sample prep: Stage Temperature (°C) Ramp Rate (*C/min) Time (min)
1 30 10 10

Summary Report

Surface Area
Single point surface area at p/p® =0,299594741: 0,5157 m3g

BET Surface Area: 0,5232 m#g

Pore Volume
Single point desorption total pore volume of pores
less than 1 877,413 Adiameter at p/p° = 0,989690804: 0,001152 cm?g

Pore Size
Adsorption average pore diameter (4V/A by BET): 88,065 A
Desorption average pore diameter (4V/Aby BET): 88,065 A

Appendix Figure 53: BET and BJH, raw data for reduced pellets, 800°C with 15% humidity.
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I - 25% H20 800°C

Sample: BET & BJH
Operator:
Submitter:
File: C\data\Sivert & Elias\BR-R-25H20-800C.SMP

Started: 4/26/2023 9:49:26 AM Analysis adsorptive: N2
Completed: 4/26/2023 4:32:21 PM Analysis bath temp.: -195,836 °C
Reporttime: 4/27/2023 1:02:59 PM Thermal correction: Yes
Sample mass: 2,8332 g Ambient free space: 15,6409 cm® Measured
Analysis free space: 55,1166 cm? Equilibration interval: 5s
Low pressure dose: None Sample density: 1,000 g/cm?

Automatic degas: Yes

Sample prep: Stage Temperature (“C) Ramp Rate (*C/min) Time (min)
1 30 10 10

Summary Report

Surface Area
Single point surface area at p/p°® = 0,299863868: 0,2277 m?/g

BET Surface Area: 0,2343 m3g

Pore Volume

Single point desorption total pore volume of pores
less than 1 934,646 Adiameter at p/p® = 0,990000000: 0,000551 em?g

Pore Size
Adsorption average pore diameter (4\V/Aby BET): 93,363 A

Desorption average pore diameter (4V/Aby BET): 94,023 A

Appendix Figure 54: BET and BJH, raw data for reduced pellets, 800°C with 25% humidity.
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VII - Old SEM photos — sintered sample

In the start of the experimental work, an alternative SEM machine prior to the one used later was
utilised. However, these results were deemed undesirable, as the machine struggled to get good
photos at higher magnifications. This section shows all the photos and raw data for the sintered
sample obtained from this SEM machine. Only the sintered sample was analysed using this

machine.

A — Sintered pellets at SEI: 20x and BSE: 20x, 200x, 500x

limm 1 mm
High=vac,  BEIl PCstd) 15KV, 4 DBI022023 007012 High-vac, SEl PC-std. 15kV x 20 08,03.2023 007911

100 pm 50 pm
High=vac, = BEIl. PC-std. 45 KV, %200 08/02:2023 007913/ MaHIgh=vac, BEI"PC=stdi 15 KV, x 500 080320231 007815

Appendix Figure 55: SEM images of sintered pellets at 20x with SEI and 20x, 200x and 500x with BSE.
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B — Point analysis for sintered pellet at 200x
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Appendix Figure 56: Point analysis for sintered pellets at 200x.

C — X-Ray mapping for sintered pellet at 200x

ac,  BEI PC-std. 45K/

Appendix Figure 57: X-Ray mapping for sintered pellets at 200x.
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D — Point analysis for sintered pellet at 500x
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Appendix Figure 58: Point analysis for sintered pellets at 500x.

E — X-Ray mapping for sintered pellet at 500x

e 100 pm CK o 100 pm SiK e 100 pm Mg K
i

— 50
Bighwac, BEI-PC-std) 15KV = x 500 08032023 007815

Appendix Figure 59: X-Ray mapping of sintered pellets at 500x.
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VIII - HSE data
A — H/P for EPOFIX Resin

Warning

Contains: Reaction product: bisphenol-A-(epichlorhydrin), epoxy resin (number average
molecular weight <= 700)
Oxirane, mono[(C12-14-alkyloxy)methyl] derivs.

H315 Causes skin irritation.

H317 May cause an allergic skin reaction.

H319 Causes serious eye irritation.

H411 Toxic to aquatic life with long lasting effects.

P273 Avoid release to the environment.

P280 Wear protective clothing, gloves, eye and face protection.

P302 + P352 IF ON SKIN: Wash with plenty of soap and water.

P305 + P351 + P338 IF IN EYES: Rinse cautiously with water for several minutes. Remove contact
lenses, if present and easy to do. Continue rinsing.

P333 + P313 If skin irritation or rash occurs: Get medical advice/attention.

P337 + P313 If eye irritation persists: Get medical advice/attention.

Other hazards

PBT/vPvB: Not Classified as PBT/vPvB by current EU criteria.

Appendix Figure 60: H/P for EPOFIX Resin.
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B — H/P for EPOFIX Hardener

H302 + H312
H314
H317

P280
P301 + P330 + P331
P303 + P361 + P353

P305 + P351 + P338

P310
P501

P103

P260

P270

P273

P304 + P340
P405

Other hazards

¢y

Danger
Harmful if swallowed or in contact with skin.
Causes severe skin burns and eye damage.

May cause an allergic skin reaction.

Wear protective gloves/protective clothing/eye protection/face protection
IF SWALLOWED: Rinse mouth. Do NOT induce vomiting.

IF ON SKIN (or hair): Take off immediately all contaminated clothing. Rinse skin
with water [or shower].

IF IN EYES: Rinse cautiously with water for several minutes. Remove contact
lenses, if present and easy to do. Continue rinsing.

Immediately call a POISON CENTER/doctor.

Dispose of contents/container in accordance with local regulations.

Read label before use.

Do not breathe dust/fume/gas/mist/vapours/spray.

Do not eat, drink or smoke when using this product.

Avoid release to the environment.

IF INHALED: Remaove person to fresh air and keep comfortable for breathing.
Store locked up.

Vapors are corrosive. After 24-36 hours, injured persons may develop serious shortness of breath and lung

edema.

PEBT/NPVE:

Mo information available.

Appendix Figure 61: H/P for EPOFIX Hardener.
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C — H/P for Hydrogen gas, H>

Hazard pictograms (GHS-US)

Signal word (GHS-US)
Hazard statements (GHS-US)

Precautionary statements (GHS-US)

GHE02 GHS04

. DANGER
© H220 - EXTREMELY FLAMMABLE GAS

H280 - CONTAINS GAS UNDER PRESSURE; MAY EXPLODE IF HEATED
OSHA-HD1 - MAY DISPLACE OXYGEN AND CAUSE RAPID SUFFOCATION.
CGA-HGO4 - MAY FORM EXPLOSIVE MIXTURES WITH AIR

CGA-HGOS - BURNS WITH INVISIBLE FLAME.

: P202 - Do not handle until all safety precautions have been read and understood

P210 - Keep away from Heat, Open flames, Sparks, Hot surfaces. - No smoking
P271+P403 - Use and store only outdoors or in a well-ventilated place.

P377 - Leaking gas fire: Do not extinguish, unless leak can be stopped safely

P381 - Eliminate all ignition sources if safe to do so

CGA-PGO5 - Use a back flow preventive device in the piping.

CGA-PG10 - Use only with equipment rated for cylinder pressure.

CGA-PG12 - Do not open valve until connected to equipment prepared for use.
CGA-PGOE - Close valve after each use and when empty.

CGA-PGO2 - Protect from sunlight when ambient temperature exceeds 52°C (125°F).

Appendix Figure 62: H/P for Hydrogen gas, Ha.
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