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This thesis is a comprehensive study of ironmaking slag produced from titanomag-
netite concentrates and its use as a molten electrolyte for titanium metal extraction.
The electrolysis of ironmaking slag, the largest by-product of the steelmaking
industry, was investigated for its potential as a secondary source of metal whose
use, unlike most common practices, would not lead to degradation of the environ-
ment and over-extraction of resources. Provided the electricity is generated from
renewable resources, the implementation of such electrolytic route can contribute to
decarbonization of the metallurgical sector.

The electrolysis of these metal oxide feedstocks is a promising alternative whose
study has traditionally been hindered by the ultra-high temperature required for
molten state operation. With liquidus temperatures above 1473 K, these complex
oxide systems melt at temperatures higher than lava comes out of a volcano.
In this work, a laboratory scale, electrolytic cell was designed inside a vertical
tube furnace and was used to achieve the extreme temperatures required to melt
the slags and perform electrochemical measurements. Additionally, synthetic
TiO2 − SiO2 −Al2O3 −MgO− CaO slags, with different TiO2 concentrations, were
used to study the effect of the continuous extraction of titanium from the slag. A
new containerless approach was used to assess the thermochemical and electrical
behaviour of these slags, which enabled precise measurement while avoiding
containment contamination. A combination of electrochemical measurements,
physicochemical techniques and computational thermodynamic calculations were
employed to elucidate the potential use of ironmaking slag as a molten oxide
electrolyte for the extraction of titanium metal.

The use of ironmaking slag as an electrolyte was first characterized in terms
of the potential constraints arising from operating directly from the process. The
results illustrated that the removal of any entrained iron in the slag is crucial for the
development of an efficient electrolytic process, and for the production of pure tita-
nium metal. A computational thermodynamic model was developed and validated
by comparing experimental DSC and in situ high-temperature XRD measurements
with the predicted phase relations for the slags. The predicted thermodynamic cell
voltage for the possible decomposition reactions within the molten slags indicated
a small potential window between the reduction of Si and Ti ions from the melt,
suggesting poor selectivity.

Cyclic voltammetry, potentiostatic and galvanostatic electrolysis measurements
were performed to investigate the reduction process of the electroactive species
in the melt. The electrolytic decomposition to metal and oxygen gas was con-
firmed by post-mortem microscopy analysis and real-time visualisation during
experimentation. Electrolysis experiments showed that titanium and silicon were
deposited together, forming an alloy with the working electrode when iridium or
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molybdenum was used. Changing the amount of TiO2 in the slag composition was
not able to yield titanium or silicon as pure metal products. Ti – Si alloys are the
main products of the electrochemical reduction of molten TiO2 - SiO2 - Al2O3 - MgO
- CaO slags, where pure Ti metal production is unlikely without the prior removal
of SiO2. To alter the electrochemical sequence, future work could explore modifying
the chemistry of the system, e.g. using a supporting electrolyte.

While producing titanium metal would be the highest added-value product, the
electrolytic extraction of Ti – Si alloys could still be a profitable endeavour as these
alloys are well recognized as high-temperature structural materials. Electrochemical
impedance spectroscopy and stepped-potential chronoamperometry experiments
were performed to investigate the electrical behaviour of such a process. The
results confirmed that TiO2 - SiO2 - Al2O3 - MgO - CaO slags are mixed conductors,
where current is carried by both ionic and electronic carriers. Since electron
hoping between oxidation states had a predominant effect on enhancing electronic
conduction, in order to sustain a current efficiency that enables high production
rates while minimizing energy consumption, the operating conditions of the cell
should be chosen so the ratio of the different valences of the titanium ions present
in the slag is minimized.

The electrolysis of molten oxides (MOE) is particularly attractive due to the pos-
sibility to electrochemically extract metals directly from their ores while producing
only oxygen. For the first time, the use of ironmaking slag for such a purpose has
been investigated with a containerless method and an oxygen-evolving counter elec-
trode. The results of this work proved that the electrochemical recovery of metals
from molten ironmaking slags is feasible and provides the foundations to develop
an electrochemical process to extract valuable metals from ironmaking slag.
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Chapter 1

Introduction

1.1 Thesis Framework

There are not many universal truths. However, in a world with a limited amount
of resources and a population that has and is expected to keep growing, the need to
change current practices to sustain growth is one of them. This claim was brilliantly
expressed in 2019’s United Nations Sustainable Development Goals Report [1]:

"Urgent action is needed to ensure that current material needs do not
lead to over-extraction of resources and further degradation of the en-
vironment. Policies must be embraced to improve resource efficiency,
reduce waste and mainstream sustainability practices across all sectors
of the economy."

From the Earth Summit in Rio de Janeiro in 1992 to The Paris Agreement on
climate change on 2015, policies that outline this issue have been gradually adopted.
Furthermore, the urgency of implementing a multilateral plan of action led in 2015
to the creation of The 2030 Agenda for Sustainable Development, subscribed to by all
United Nations Member States, including New Zealand [2]. The work presented in
this thesis is set within the framework of the Agenda’s 17 Sustainable Development
Goals, in particular where it concerns Responsible Consumption and Production,
and Industry, Innovation and Infrastructure.

1.2 Value Proposition

The recycling of industrial by-products, such as ironmaking slag, has been identi-
fied as essential to meet the current demand for materials in a sustainable manner,
avoiding further degradation of the environment [1]. A slag is a mixture of oxides
that contains all the gangue materials that are removed from their ores during the
extraction and refining of a specific metal [3]. In this doctoral thesis, the direct
extraction of titanium from local ironmaking slag is explored in light of the vast
availability of the TiO2 contained within (up to 33 wt.%). In New Zealand, the
high content of titania in the slag is due to the use of titanomagnetite mineral
deposits, commonly referred to as ironsand, as the main source of iron in the local
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Titanium-bearing Mineral Deposits

Ti Slag

Purified TiO2 – 
Synthetic Rutile

TiCl4

Carbothermal Reduction

Extractive Metallurgy

High Temperature Carbo-chlorination

Titanium Metal

Kroll Process

 AMSTRONG
 TIRO
 GINATTA

 FFC
 EMR-MSE
 CSIR 

Ultra-high-temperature
 Electrolytic Extraction

    Conventional Processing          R&D                Proposed Process

FIGURE 1.1: Comparison of processes illustrating the proposed process sim-
plification, adapted from [5].

steelmaking process [4].

Ironmaking slag is currently sold as an aggregate for road construction or accu-
mulated in polluting slag yards, without further metal extraction. Optimizing the
use of the titanomagnetite mineral deposits by extracting not only iron but titanium
has the potential to reduce environmental industrial impact. The conventional in-
dustrial manufacturing process for titanium, the Kroll Process, involves a series of
initial steps before titanium can be extracted (see Figure 1.1). Hence, the develop-
ment of a process to directly extract titanium from ironmaking slag aligns well with
the values outlined in the 2019 United Nations Sustainable Development Goals Re-
port of improving sustainability and resource efficiency of the mainstream practices.

Furthermore, recent research has been able to prove the detrimental effect of
titanium in the mechanical properties of slag cements, with slags containing more
than 1 wt.% TiO2 showing compressive strength below European standards [6].
This is consistent with a report written by Opus International Consultants Ltd.
[7] that studied the behaviour of slag as an aggregate in open-graded emulsion
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mixes for road construction. The study implied that, even though it complied with
New Zealand specifications, the crushing resistance was lower than the average for
asphaltic mixes. Hence, the extraction of titanium from ironmaking slag can also
have a beneficial effect on its current use, increasing its value and utilization in the
global market.

Moreover, provided the electricity is generated from renewable resources, the
implementation of an electrochemical route can also contribute to decarbonization
of the metallurgical sector. New Zealand does not currently have the capability to
produce titanium, but it has 850 MW of hydroelectric installed capacity. The devel-
opment of a process to produce high-purity titanium metal through the electrolysis
of molten ironmaking slag has the potential to create a new revenue stream for the
country. A sustainable and environmentally friendly alternative to the conventional
extractive metallurgical processes with the potential to create jobs and reduce de-
pendence on imported titanium.

1.3 Hypothesis

Extracting more value from slags is not a new concept. Last century, Waseda and
Toguri [8] already pointed to waste reduction techniques, such as the beneficial uti-
lization of metallurgical slags, as key technological and social developments for the
21st century. However, only recently, molten oxides have been proven successful
electrolytes for high-temperature, carbon-free metal electrolytic production [9, 10]
opening a promising pathway towards sustainable metal production. In this doc-
toral work it is hypothesized that due to the mixed oxide nature of the slag, (a) no
additional supporting electrolyte is needed for the implementation of an electro-
chemical route and (b) sufficient ionic conductivity should be present in the molten
slag such that titanium could be extracted. Chapter 5 and Chapter 7, respectively,
confirmed our hypothesis.

1.4 Scientific Gap

This work investigates the use of the slag directly from the industrial process.
This is a major difference with traditional industrial electrochemical processes,
such as the Hall-Heroult cell for the production of aluminium [11], where an
additional supporting electrolyte was engineered to facilitate the process. Avoiding
the use of an additional supporting electrolyte increases the sustainability of the
process as it eliminates the initial purification step of conventional extraction
processes and avoids the treatment of highly volatile, potentially hazardous metal
halide mixtures [12]. This yields a simpler and more efficient process (see Figure 1.1).



4 Chapter 1.

While, recently, it has been proven possible to directly electrolyse a pure molten
oxide (e.g. produce aluminium directly from molten alumina [13]), there are good
reasons why the use of supporting electrolytes is predominant in the industry.
Mainly, it allows you to optimize the physical-chemical properties (e.g. viscosity,
thermodynamic activities, ionic conductivity) of the system under study. More
critically perhaps, in the case of oxides, it allows operation of the electrochemical
cell at temperatures below the melting point of your oxide of interest. Aluminium
oxide has a melting point of 2355 K, however, the Hall-Heroult cell operates at tem-
peratures below 1237 K as aluminium oxide is dissolved in cryolite, the supporting
electrolyte. For the process proposed in this thesis, avoiding the use of an additional
supporting electrolyte implies that the molten slag can be used straight from the
industrial process, taking advantage of the available heat. But, on the other hand, it
forces the cell to operate above 1750 K.

Unfortunately, such temperature imposes very demanding material constraints.
This makes it extremely challenging to study high-melting oxide mixtures at a lab-
oratory scale, where significant challenges remain for property prediction and mea-
surement in high temperature melts (i.e. slag/crucible interaction [14]). Conse-
quently, the thermodynamic understanding of ironmaking slag in its molten state
is limited. Traditionally, these has led ironmaking slag to be treated as waste [15] or
sold as inexpensive aggregate for road construction [16]. Since the success of using
an electrochemical route to extract metals relies in having a profound understanding
of the properties of the electrolyte at the conditions required for the proposed pro-
cess, research efforts in this work are centred on closing the scientific gap around the
characterization of slag in its molten state. In particular, determining the physical-
chemical properties, the electrochemical behaviour and the electrical properties of
the melt as temperature, composition and atmosphere changes.

1.5 Thesis Outline

This thesis is composed of eight individual chapters. In order to provide a detailed,
insightful and structured answer to the proposed hypothesis, each chapter of this
body of work aims to answer one question. This is summarized as follows:

• CHAPTER 1: what is the problem this thesis works to solve and what are the moti-
vations behind it? This chapter sets the overall framework of the research and
provides a quick summary of the structure and content of the document.

• CHAPTER 2: what background information should I be familiarized with in order to
follow this thesis? This chapter breaks down the underlying theory and experi-
mental techniques that are used throughout the thesis.
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• CHAPTER 3: what is the recycling method with biggest disruption potential for
ironmaking slag? This chapter provides an overview of the literature, high-
lighting the urgent need to recycle industrial large-scale by-product materials.
It reviews the different slag recycling schemes and titanium metal extraction
routes.

• CHAPTER 4: what are the considerations one must have when attempting to use
ironmaking slag in an electrochemical cell as the sole molten oxide electrolyte? This
chapter establishes the guidelines for the effective use of the ironmaking slag
as electrolyte in molten oxide electrolysis.

• CHAPTER 5: what is the electrochemical behaviour of the ironmaking slag at oper-
ating temperatures? This chapter is centred on the development of a methodol-
ogy to study high melting temperature, corrosive melts without containment
issues, to finally discuss the initial results on the electrolysis of the molten iron-
making slag.

• CHAPTER 6: can we obtain pure titanium metal from the electrolysis of molten iron-
making slag? This chapter combines experiments and thermodynamic simula-
tions to provide a critical assessment on the reduction process of molten iron-
making slag, focusing on characterizing the reduction of Ti and Si ions from
the slag.

• CHAPTER 7: what are the electrical properties of the ironmaking slag at operating
temperatures? This chapter quantifies the ionic and electronic charge carriers
contributions to the total electrical conductivity, and expands the conductive
mechanism theory to molten ironmaking slags.

• CHAPTER 8: what are the main findings of this body of work and the next steps for
future work in this field? This chapter summarizes the overall conclusions and
achievements and offers the author’s personal recommendations and sugges-
tions for future work in the field.

1.5.1 Format and original contributions

The literature review (chapter 3) and all the result chapters (chapter 4-7) have been
written in an "article format" and have or will be published in peer-reviewed, inter-
national journals or conferences proceedings. Each result chapter is self-contained
and, therefore, some introduction and experimental details were inevitably re-
peated.

CONFERENCE PROCEEDINGS:

• S. Martin-Treceno, C. Bishop, A. Marshall, M. Watson, Value extraction from
waste in the steelmaking industry, in: Chemeca 2018, Institution of Chemical
Engineers, Queenstown, NZ, 2018, pp. 28.1–28.9.
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JOURNALS PUBLICATIONS:

• S. Martin-Treceno, N. Weaver, A. Allanore, C. M. Bishop, A. T. Marshall, M.
J. Watson, Electrochemical behaviour of titanium-bearing slag relevant for
molten oxide electrolysis, Electrochimica Acta 354 (2020) 136619.

• S. Martin-Treceno, A. Allanore, C. M. Bishop, A. T. Marshall, M. J. Watson,
Implications of the direct use of slag from the ironmaking processes as a molten
oxide electrolyte, JOM (In Preparation).

• S. Martin-Treceno, T. Hughes, N. Weaver, A. Allanore, C. M. Bishop, A. T. Mar-
shall, M. J. Watson, Electrochemical study on the reduction of Si and Ti from
molten TiO2 – SiO2 – Al2O3 – MgO – CaO slag, Journal of the Electrochemical
Society (In Preparation).

• S. Martin-Treceno, A. Allanore, C. M. Bishop, A. T. Marshall, M. J. Watson, De-
termination of the partial contributions to the electrical conductivity of TiO2 –
SiO2 – Al2O3 – MgO – CaO slags: role of the experimental processing condi-
tions, Acta Materiala (In Preparation).

With the goal of disseminating the research outcomes to the scientific commu-
nity and broader audience, promoting discussion and fostering collaboration. This
research has been actively shared.

ORAL PRESENTATIONS:

• Martin-Treceno, S., Hughes, T., Bishop, C., Brown, I., Jia, Y., Marshall, A., Wat-
son, M. (2018, March). Production of Titanium from Waste Slag. Oral presen-
tation at the 147th TMS Annual Meeting, Phoenix, AZ, U.S.A.

• Martin-Treceno, S., Hughes, T., Bishop, C., Brown, I., Jia, Y., Marshall, A., Wat-
son, M. (2018, March). Ultra-High-Temperature Electrolytic Titanium Extrac-
tion From Titanomagnetite Sands. Oral presentation at Boston Metals Head-
quarters, Woburn, MA, U.S.A.

• Martin-Treceno, S. (2018, September). Breaking the Wall of Titanium Produc-
tion. Oral presentation at Falling Walls Lab New Zealand, Wellington, New
Zealand.

• Martin-Treceno, S., Bishop, C., Marshall, A., Watson, M. (2018, September).
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1.6 Pursuit of Culturally Responsible Research

The scientific investment by New Zealand’s Ministry of Business, Innovation and
Employment (MBIE) in this research represents a spring-board from which an entire
industry can be revolutionised. It also comes with the responsibility of placing this
research in New Zealand’s bicultural context. New Zealand does not currently have
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the capability to manufacture titanium, and a technology such as this has the poten-
tial to create jobs, reduce our dependence on imported titanium and to establish a
healthy export revenue stream. This research provides a scientific foundation that
can unlock the future development of a process that must include local hapū/iwi,
specifically for the people of Ngāti Hikairo, Ngāti Mahuta and Tainui waka, all of
whom have whakapapa links to the whenua (land) and associated natural resources.

Optimizing the use of the titanomagnetite mineral deposits by extracting not
only iron but titanium will inevitably add value to ironsands developments by ex-
tracting greater value from a natural resource. According to Brendon Green, Chair-
man of Tainui Kāwhia Inc. (TKI), a development will provide employment and a
sense of mana for the people of Ngāti Hikairo, Ngāti Mahuta and Tainui waka,
and this in turn will enable regional growth. Furthermore, a new technology to
strengthen ironsand development resonates with the local hapū /iwi who whaka-
papa to the whenua. If successful, this research has potential to enable further devel-
opment of mana whenua providing economic growth. Therefore enhancing social
and cultural well-being, and the benefits derived by potentially bringing whānau
back to Kāwhia to connect with their hapū, and iwi.
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Chapter 2

Background Information and
Theory

2.1 Introduction

This chapter aims to provide the information needed to help the reader make their
way through this body of work. The information provided consists of concepts,
principles and definitions that should enable the reader to connect with the existing
knowledge that the author intends to review and expand. This research focuses
on evaluating the feasibility of using ironmaking slag as an electrolyte for the
electrolytic extraction of titanium metal. Relevant to this work is the study of the
feedstock’s occurrence, i.e. ironmaking process, in particular the peculiarities of
the local process in New Zealand is provided in Section 2.2. An overview of the
industrial processes for titanium production, along with the characteristics that
makes titanium such a valuable metal is provided in Section 2.3. For more general
information, the reader is referred to previous work by this group [17, 18].

Electrochemistry was the reaction route chosen in this work (see Section 2.4).
This work builds on the pioneer efforts of Chen et al. [9] which demonstrated that
high purity titanium could be obtained from the electrolysis of an titanium-bearing
oxide; and Sadoway’s and Allanore’s research groups at MIT which first developed
the tools to investigate the use of oxides as molten electrolytes [3, 10]. Due to
the novelty of the operating conditions employed, a big focus of this work is on
the development of an understanding of slag’s structure-property-composition
relationships in the molten state. Hence, this work lies in the interface between
material science, thermodynamics and electrochemistry. In order to navigate this
thesis, Section 2.5 familiarizes the reader with terminology in those areas such as
Gibbs Energy, thermodynamic activities and cell voltages.

The analytical techniques used to obtain experimental data are introduced in
Section 2.6. Due to the technical difficulties accompanying the experimental condi-
tions used, research efforts relied on computational thermodynamic calculations to
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complete the understanding of the system at the operation conditions. These ther-
modynamic predictions were obtained using the thermodynamic software FactSage
7.2 [19], and were validated by experimental results as illustrated in Chapter 5. For
more detailed information about the experimental and simulated investigative as-
pects of this body of work, the reader is referred to previous work by this group [17,
18].

2.2 Iron and Steel

2.2.1 Properties & applications

Iron is the fourth most abundant element in the Earth’s crust and arguably an
essential metal to life. It is vital to the conversion of solar energy into movement
and, in the blood, it is involved in the transport of oxygen. It is because of the iron
content in haemoglobin that blood has its red color. Out of all the metal refined in
the world, 90% is iron [20]. Iron is present mainly in oxide ores. The most commonly
found ore is haematite (Fe2O3), but it is widely found in other minerals such as
taconite or magnetite (Fe3O4) deposits. Magnetite can be regarded as 1:1 combi-
nation of wustite (FeO) and haematite. In New Zealand, iron is found as part of
titanomagnetite deposits [21], a mixture of magnetite and titanomagnetite (Fe2TiO4).

Today, most iron is used in steel manufacturing. Steel as a material needs little
introduction. Steel is the most widely used alloy material in construction with a
yearly production that keeps growing every year. Its lower price and broad range
of applications make steel the main structural component with 1630 million tonnes
produced in 2016 [22] and 1700 million tonnes in 2017 [23]. To give sense of the
magnitude, the next most prolific material is aluminium with only 60 million tonnes
[24] produced.

Steel refers to ferrous alloys with less than 2.1 wt.% of carbon. René Antoine Fer-
chault de Réaumur was the first person to show the effect of the different amounts
of carbon in the final steel properties [25]. Since then, many chemical elements are
added to the steel formulation in order to optimized desired physical-chemical prop-
erties. Chromium is used to improve its resistance to oxidation. This grade of alloys
are commonly referred to as stainless steel. Other elements are also used: nickel im-
proves its corrosion-resistance, cobalt enhances its magnetic properties, manganese
increases its hardness, or molybdenum helps keeping mechanical properties at high
temperatures.

2.2.2 Production

The conventional steelmaking processes are dominated by the reduction of
haematite in blast furnaces. These furnaces are fuelled with high-grade coal and,
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consequently, approximately 1.4 tonnes of CO2 are emitted per each tonne of steel
produced [26]. Modern blast furnaces today have the capacity to produce more than
11,000 tonnes of metal per day, with an inner volume of approximately 5000 m3 and
more than 100 m height [27].

The steelmaking plant in New Zealand presents a remarkable technological
achievement due to its unique characteristics. The reduction of the ores does
not take place in a conventional blast furnace, but it takes place in a rotary kiln
followed by an electric melter. The reason is the different starting materials used.
Titanomagnetite deposits, due to the presence of TiO2 and other impurities, have a
higher melting point than haematite and produce a slag that blocks blast furnaces
[21].

New Zealand’s Process

In New Zealand, mining of titanomagnetite deposits (commonly known as iron-
sands) is the main source of iron but also titanium. Since 1970, the local facilities
have reduced iron oxide from the titanomagnetite sands into metallic iron to
produce steel [4]. New Zealand has the capacity to produce 650,000 tonnes per year
of iron and steel products [28]. In this process, the iron-rich ore is processed to steel
via two main stages. The first involves the production of pig (crude) iron and the
second is that of actual steel manufacture.

The production of molten pig iron starts at the Waikato North Head mine where,
before being pumped to the ironmaking process, the titanomagnetite deposits are
concentrated by gravity and magnetic separation. The chemical composition of
the product, called primary concentrate, was investigated using X-ray fluorescence
(XRF) and is listed in Table 2.1.

TABLE 2.1: Chemical composition of primary concentrate (wt. %).

TiO2 Al2O3 CaO SiO2 MgO FeO MnO V2O5

7.9 3.7 0.5 2.3 2.9 81.4 0.6 0.5

Then, at the steel mill, the multi-hearth furnaces preheat and dry the feedstock.
The combustion the volatiles generated in these furnaces is used to fuel electricity
generation. The main reduction of the iron oxides occurs in the rotary kilns with
temperature around 1173 K and excess carbon [21]. At that temperature, carbon
monoxide is the main reducing agent (reactions 2.1 & 2.2):

Fe2O3(s) + 3 CO(g) −−→ 2 Fe(s) + 3 CO2(g) ∆H = −37 kJmol−1 (2.1)

FeO(s) + CO(g) −−→ Fe(s) + CO2(g) ∆H = −17 kJmol−1 (2.2)
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To produce the carbon monoxide, the oxides are reduced with carbon from coal in
the rotary kilns. At 1173 K, carbon is oxidized in air producing carbon dioxide (re-
action 2.3). The carbon dioxide then further reacts with more carbon to yield carbon
monoxide in an endothermic reaction (reaction 2.4). Heat is produced from the par-
tial reaction of CO with oxygen (reaction 2.5) and it is used in the process [21]. At
those temperatures, the limestone (CaCO3) that was added to the coal stockpile is
decomposes into lime (CaO) as air is blown into the kiln shell, ensuring sufficient
carbon monoxide participates in the reduction of iron oxide.

C(s) + O2(g) −−→ CO2(g) ∆H = −395 kJmol−1 (2.3)

C(s) + CO2(g) −−→ 2 CO(g) ∆H = 169 kJmol−1 (2.4)

2 CO(g) + O2(g) −−→ 2 CO2(g) ∆H = −564 kJmol−1 (2.5)

Nearly 70% of the material is metallic iron when leaving the rotary kilns. Electric
melters are used to achieve the final reduction of the iron oxides present. In the
melter, lime acts as a flux separating sulphur and other impurities from the metallic
iron. Power is applied by pairs of carbon electrodes, increasing the temperature up
to 1750 K and causing the mixture to melt. Two layers are then formed and sepa-
rated due to their density. The slag or upper layer, contains most of the undesirable
elements. The lower, more dense, layer is the molten pig iron. This is the final prod-
uct of the ironmaking process. It consists of iron and some dissolved impurities [28].
The typical composition of both layers is listed in Table 2.2:

TABLE 2.2: Elemental composition (wt.%) of the products of the local iron-
making process in New Zealand. Pig iron composition as reported by manu-
facturer [28]. Ironmaking slag composition obtained from ICP-MS measure-

ments, where the oxygen content can be obtained by mass balance.

Ti Al Ca Si Mg Fe Mn V S P C

Ironmaking Slag 19.47 6.58 9.35 8.40 5.69 4.44 0.73 0.13 0.14 0.0034 -
Pig Iron 0.16 - - 0.11 - 95.50 0.60 0.42 0.06 0.06 3.40

Molten pig iron and slag are drained periodically. Two holes are drilled in the re-
fractory sidewalls of the melter to act as tapping points. The less dense slag layer is
tapped from the higher hole, while a lower hole, down on the opposite side, is used
for the molten pig iron. The molten pig iron proceeds to the steelmaking process.
In that process, vanadium and the remaining impurities are recovered until compo-
sition is within specification. Finally, fine adjustments to the composition are made
to obtain the desired grades of steel. The slag is the by-product of the ironmaking
process, and currently, it is dumped to cool (see Figure 2.1) and later sold without
further metal extraction. This ironmaking slag is the product of interest of this body
work. Chapter 3 explores in detail the opportunities and benefits of recycling this
material.
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FIGURE 2.1: NZS Slag Tipping. Reprinted from [29].

2.3 Titanium

2.3.1 Properties & applications

Named after the sons of the Earth goddess of Greek mythology, the titans, titanium’s
unique properties makes the element ideal for a wide range of applications. From
propeller shafts and power plant condensers to medical implants and aircrafts
[30], it is astounding how reliant society is on the use of the 22nd element of the
Periodic Table. Titanium was not discovered until 1791, as part of a black sand
called menachanite [31], but the use of titanium and its compounds has played a
major part in the development of the world up until today (see Table 2.3).

TABLE 2.3: Titanium based applications.

SPECIE PROPERTIES APPLICATIONS

Oxide High absorbance UV light Sunscreen, photocatalysts

Oxide Good reflector of infrared radiation Solar observatories

Metal Resistance to corrosion Propeller shafts, power plant condensers

Metal Low density, high strength Aerospace industry

Metal Lack of reactivity with human body Medical implant

Oxide Excellent opacifying performance Pigment in house paint

Oxide Insoluble and not toxic Medicines, toothpaste

Oxide High inherant brightness & whiteness Food industry

Titanium metal has a high strength-to-weight ratio, corrosion resistance, thermal
stability and it is biocompatible with the human body [31]. It is also twice as strong
as aluminium and as strong as steel, but 45% lighter [30]. These properties makes
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it a valuable structural material, and potential substitute for steel. Today, however,
less than 10 percent of all mined and synthetic titanium minerals are used to make
titanium metal [32]. Its elevated cost has restricted its use to the development of
high added value products, mainly in aerospace. Until a reduction in the production
cost is achieved [33], most mined and synthetic titanium minerals will continue to
be used to manufacture TiO2 [32].
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FIGURE 2.2: Metal price (US$/tonne) comparison [32, 34, 35].

Unlike its high price may suggest (see Figure 2.2), titanium is not a scarce re-
source. In fact, titanium is the ninth-most abundant metal in the Earth’s crust [31].
Titanium is present in many igneous rocks and sediments, primarily found in the
minerals: sphene (CaTiSiO5), ilmenite (FeTiO3) and rutile (TiO2). China, Australia,
India and South Africa are the main reserve holders [32]. The Holy Grail of titanium
production would be to use these minerals directly [36]. However, due to titanium’s
affinity for oxygen, traditional practices are unsuitable for the separation of high-
purity metal.

2.3.2 Production

The history of titanium production is marked by titanium’s affinity for oxygen and
its potential contamination with air’s nitrogen [37]. So much so that up until the
beginning of the 21th century, there was not an established route to extract pure
titanium metal directly from titanium-bearing ores [38]. Today, almost all metallic
titanium is industrially produced by the Kroll process [39].

However, the Kroll Process was not the first titanium production route that
reached industrial scale [37]. In 1887, a report by Nilsen and Pettersen using sodium
as a reductant for the metallothermic reaction was optimized into the commercial
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Hunter process [40]. Then, in the beginning of the 20th century, Van Arkel studied
the thermal decomposition of titanium tetraiodide to give highly pure titanium [41].
Years later, in 1940, William J. Kroll found that titanium tetrachloride, TiCl4, was
reduced with calcium at high temperatures to give hydrides that can be thermally
processed to the pure metal [42]. The process was later refined using magnesium as
a reductant [43]. Today, the Kroll process has displaced the Hunter process to high
purity small-scale applications [43].

Kroll Process

In the Kroll process titanium metal is obtained in three stages. The first step is a
high temperature chlorination of the titanium-bearing ore [44]. This pretreatment
aims to change the chemistry of the titanium ore that contains TiO2, as the high
chemical stability of this compound complicates the reduction to titanium metal [45].
Titanium tetrachloride is more easily reduced. Therefore, the oxide is added to an
active carbon bed and fed to a carbo-chlorination reactor where the reduction occurs:

TiO2(s) + 2 Cl2(g) + C(s) −−→ TiCl4(s) + CO2(g) (2.6)

Still, TiCl4 needs to be purified before it is used. The impurities are removed by dis-
tillation followed by a chemical treatment. This process implies a potential hazard
since TiCl4 is easily hydrolyzed, generating the corrosive hydrogen chloride [46]:

TiCl4(l) + 2 H2O(l) −−→ TiO2(s) + 4 HCl(g) (2.7)

The second stage is where the main reaction takes place. Purified TiCl4 vapour is
reduced with molten magnesium in an argon-filled reactor at 1300 K:

TiCl4(g) + 2 Mg(l) −−→ Ti(s) + 2 MgCl2(l) (2.8)

The product of this exothermic reaction is a porous titanium structure commonly
refereed to as titanium sponge. This is the raw form of the metal [47]. Before
further processing, the unreacted MgCl2 is removed and electrolysed, so chlorine
and magnesium can be recycled in the process [39]. Reductant solubility plays a
major role in the operation chosen to purify the sponge from the unreacted feed and
salts [38]. The most common techniques are leaching and vacuum distillation [45].
Leaching is simple and continuous. However, acids are no longer used in the Kroll
process for the removal of magnesium and MgCl2 because they stop the unreacted
magnesium from being recovered and recycled in the process [46]. Instead, high
temperature vacuum distillation is used.

The development of this technology in 1948 led to large-scale commercializa-
tion, but it has changed very little since [48]. Hence, the process described so far
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offers limited possibilities for improvements since it has a lot of fixed cost (e.g.
TiCl4 preparation or magnesium utilization) [38]. As a result, the main industrial
extraction process to produce titanium metal is complex, potentially hazardous and
very energy consuming [37]. This translates into the metal’s high cost.

The nature of the magnesiothermic reduction [49] creates variable grades within
the sponge. Consequently, after the sponge is removed from the reactors, it has to
be manually inspected and shearing of the lower purity parts is required to obtain
a homogeneous high purity grade [36]. The remaining sponge is crushed and
melted to produce an ingot using the vacuum arc remelting technique. The sponge
consolidation needed to fabricate an electrode and the reliance on the melting
process required to obtain alloy homogeneity significantly contributes to increasing
the cost of the process. However, this is still the most common industrial practice
[44]. Furthermore, this batch-wise mode of operation can take more than a week to
produce a single batch and to convert it into an semi-finished form such as sheet,
bar or plate. [36].

Today, post-sponge operations contribute to approximately half of the final
product price [43]. By far, the greatest opportunity to cut major cost is in this last
stage, the processing of titanium metal from a porous granule to a semi-finished
form. Cold hearth melting is receiving increasing acceptance as an alternative
process for its capacity to directly cast titanium to rectangular slabs [50]. Other
operations like powder metallurgy have the potential to make near-net shape parts
directly by circumventing most of the fabrication steps. This would minimize the
volumes of scrap generated and achieve higher production rates. Unfortunately,
current high purity titanium powder cost is an impediment [43]. If the price of the
powder was similar to that of sponge, ground breaking saving possibilities would
be unlocked [39].

Hunter Process

The Hunter process was invented by Matthew A. Hunter, a chemist born in New
Zealand, and it is very similar to the Kroll process [47]. It shares the same stages
for producing TiCl4, but sodium is used instead as a reductant [40]. In a one-step
operation, the reduction proceeds as follows:

TiCl4(g) + 4 Na(l) −−→ Ti(s) + 4 NaCl(l) (2.9)

In the process, sodium solubility in the molten sodium chloride increases the
conductivity of the electrolyte facilitating the electrons to reach any available TiCl4
[37]. The reduction occurs in the molten salt, forming fine titanium particles in
the bulk electrolyte than later precipitate [51]. This way, titanium is produced in a
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powder form (sponge fines) [52].

While the MgCl2 is efficiently separated by distillation in the Kroll process, the
lower vapor pressure of NaCl makes that option non viable [52]. Dilute hydrochloric
acid is used to separate the final product from the salt in the Hunter process [47].
NaCl is leached away from the titanium metal product using hydrochloric acid
because titanium subchlorides are soluble in sodium chloride. Recovering NaCl for
that aqueous solution would require further processing. Since there is no recycling,
new sodium must be introduced every run and the sponge price by the Hunter
process is higher.

Today, the form and purity of the metal deposit produced in the Hunter process
keeps it attractive despite Kroll process’s predominance. However, there are some
differences which made the latter the prevalent industrial practice. Mainly, the diffi-
culty separating the final product and the lack of recycling process for the reducing
agent, sodium metal [37]. Until those challenges are resolved, the production of
titanium metal through the Hunter process, with the exception of the production of
some electronic materials [52], will remain industrially irrelevant.

2.4 Metallurgical Electrochemistry

The primary extraction of metals can be accomplished in two ways: thermochemical
and electrochemical [47]. The latter involves an electrolytic reduction in an ionic
medium whereas the former requires a metallothermic reduction of the compound
containing the desired metal. Today, 33 out of 70 of the most common metallic
elements are electrolytically produced [53].

Electrochemistry dates back to the beginning of the 19th century after the
discovery of a continuous source of electric current by Alessandro Volta [24]. In
1808, the decomposition of molten potash to potassium is credited to be the first
demonstration of electricity’s ability to isolate metals [54]. Since then, metallurgical
electrochemistry has expanded to the point of being the only commercially viable
means for the extraction of metals, e.g. aluminium, to compete with thermo-
chemical processes, e.g. magnesium, and even to be considered for the future of
extra-terrestrial metal extraction [55].

Metallurgical electrochemistry encompasses the use of electrochemical pro-
cessing to extract metals from their ores (electrowinning), to purify and recycle
(electrorefining) or for the formation of metal coating (electroplating) [56]. Elec-
trorefining, in contrast to electrowinning’s fierce competition, has an unrivalled
capability to produce the most pure grade of metals. Copper, nickel and lead are
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electrorefined metals, where the recovery of silver and gold from copper anode
slimes is another application [57]. Electroplating work is concentrated on gener-
ating abrasion-resistant coatings, where molybdenum and titanium have received
noticeable attention [56].

In this doctoral thesis, the focus is put on the electrochemical extraction of met-
als, specifically titanium. This process implies the use of an electrolyte where the
metal is electrolytically reduced. Depending on the choice of electrolyte, different
categories are defined. Aqueous electrochemistry employs aqueous solutions as
electrolytes. This most traditional electrochemistry is quite restrictive for metal
extraction as, broadly speaking (i.e without kinetic considerations), the desired
electrochemical reaction must occur in the energy window between hydrogen and
oxygen evolution [56].

A quick look to the electromotive force series in water shows that the most reac-
tive metals, such as refractory metals and their compounds, require a non-aqueous
electrolyte [54]. Molten salts and ionic liquids are liquids composed of merely ions.
These media are excellent alternatives as one can selectively choose the constituent
ions, engineering supporting electrolytes that allow for the electrochemical reaction
of most chemical elements [58]. The use of molten salts unlocked the electrochem-
ical deoxidation of TiO2 [9], and even insulating materials such as SiO2 has been
electrochemically reduced [59].

Electrochemistry in molten salts has revolutionized the way we manufacture
metals such as aluminium [53]. Still, they require the use of a supporting electrolyte
which implies a fixed cost for the process and additional processing to separate
the final product and recycle it. The Holy Grail of extractive metallurgy is to use
the mineral deposit containing the metal of interest directly. As most metals in the
Earth are bonded to either sulphur or oxygen, this reasoning gave birth to the two
newest categories in electrochemical extraction of metals: molten oxide electrolysis
[60] and molten sulfide electrolysis [61]. The electrolysis of molten ironmaking slag
belongs to the former category as its composition is mainly a mix of oxides.

2.5 Principles of Molten Oxide Electrochemistry

The main objective behind any extractive metallurgical process that involves oxide
ores is to accomplished the decomposition of the metal oxide (MO2) into metal (M)
and oxygen (reaction 2.10). This reaction is generally non-spontaneous and requires
either work or heat [60]. This is the reason behind metals being present as ores and
rocks in the Earth’s surface. Traditionally, the combustion of fossil fuels (eg. reaction
2.3) has been coupled to reaction 2.10 as the source of the energy required to drive
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the reaction, binding the metallurgical sector to the production of harmful emissions.

MO2(s) −−→ M(s or l) + O2(g) (2.10)

Molten oxide electrolysis provides a shift in the status quo. It eliminates the direct
process emissions as it does not require the coupling reaction. This process relies on
the use of a molten metal oxide feedstock as the supporting medium (electrolyte)
where the metal oxide of interest dissociates into its constitutive ions. Then, the
charged species (cations and anions) are separated within the medium by applying
a potential difference at the electrodes, where the electron transfer reactions occur.

The electrolytic cell is the device where this succession of physical events take
place. The electrical charge (i.e. a potential difference) is transferred between two
electrodes submersed in the ionically conducting liquid. The negatively charged
electrode (working electrode or cathode) reduces the cations and deposits them as
neutral metallic atoms. At the positively charged electrode (counter electrode or
anode) oxidation produces gaseous evolution. The reaction depends upon the type
of cell and electrode material used.

Using the decomposition of TiO2, the metal oxide of interest in this work, as an
example, if the counter electrode material used is inert under the reaction conditions,
this process has the potential to emit only titanium metal and oxygen as products:

TiO2 −−→ Ti + O2 (2.11)

The cathodic reaction can be assumed to be:

Ti4+ + 4 e− −−→ Ti + 2 O2− (2.12)

And the anodic reaction:

2 O2− −−→ O2 + 4 e− (2.13)

Electrons are collected from the anodic reaction and supplied to the working elec-
trode via an external circuit. There the use of a potentiostat or power supply pro-
vides the driving force for the reaction to happen.

2.5.1 Thermodynamic and kinetic fundamentals

To assess the feasibility of using a molten oxide mixture, such as an ore or slag, as
the chosen electrolyte for a MOE, the electrochemical window of operation needs to
be defined. It is important that none of the components of the electrolyte are less
stable that the metal oxide of interest [60]. Their stability can be compared by the
minimum thermodynamic cell voltage (∆E◦) required for their decomposition and
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it is given by:

E◦cell =
∆G◦

−nF
(2.14)

where ∆G◦ is the standard Gibbs energy of dissociation at the temperature and
pressure of interest with products and reactants at unit activity, n is the number of
electrons involved in the reaction, and F is the Faraday constant.

However, MOE systems do not operate at unit activity. Liquidus temperatures
for oxide solutions tend to be above 1000 K. Moreover, these complex liquid solu-
tions tend to present negative deviation from ideal behaviour, indicating short-range
ordering [62]. The effect of the melt structure is particularly relevant for ironmak-
ing slags where nuclear magnetic resonance and raman spectroscopy studies [63,
64] have consistently found a 3-dimensional interconnected network of tetrahedral
silicate anionic units. The thermodynamic cell voltage (Ecell) is calculated from the
Nernst equation and it varies as a function of the activities of the reactants and prod-
ucts:

Ecell = E◦cell −
RT
nF
· ln

∏ aν
products

∏ aν
reactants

(2.15)

where R is the universal gas constant, T is the temperature of interest, ν are the
stoichiometric coefficients and ai are the thermodynamic activities of the species
under cell conditions for the reaction.

Still, during electrolysis, the potential difference required to drive the process
is going to be higher than the thermodynamic minimum calculated by the Nernst
equation. The Hall-Heroult cell, for example, operates at voltages more than three
times higher than the thermodynamic minimum [12]. Kinetics factors associated
to ohmic drops and to the cathodic and anodic reactions require an increase in the
energy consumption (overpotentials) that must be taken into account:

Ucell = E◦cell + (ηa + ηc)cathode + (ηa + ηc)anode + ηelectrodes + iR (2.16)

where ηa and ηc are, respectively, the activation and concentration overpotentials at
each electrode, which depend on temperature, current density and melt chemistry.
ηelectrodes corresponds to the voltage drop associated to the electrode probes. The
iR drop is the ohmic losses and is governed by the electrolyte’s electrical resistance
and distance between electrodes. Its value is optimized in MOE as certain ohmic
drop is necessary to maintain thermal balance in the cell [65].

At the ultra-high temperatures required for MOE, reaction kinetics are expected
to be very fast and, consequently, mass transfer is expected to determine the pro-
duction rate. Therefore, detailed knowledge of the mass transport properties of the
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chosen electrolyte is vital to optimize operation. Their characterization, for ironmak-
ing slag, is the central part of this body of work.

2.6 Analytical Methods

2.6.1 Electrochemical techniques

Cyclic voltammetry (CV)

Cyclic voltammetry is arguably the most widely used technique to assess the
thermodynamics and kinetics of electron transfer reactions. In this work it was used
to identify the reduction and oxidation processes involving electroactive species in
the electrolyte. It can also be used to obtain information regarding the electrode’s
active surface area and capacitance.

In this technique the potential of the working electrode is linearly scanned,
forward and backwards (cyclic), between two potential limits at a constant scan rate
(V/s). The resulting voltammogram is the measured current response vs the applied
voltage. The shape of the voltammogram is commonly referred to as "duck-shaped"
and it gives an idea of the chemical and electrochemical reversibility of the electron
transfer reaction [66]. For a full discussion of cyclic votammetry one may refer to
Brownson and Banks [67].

Electrolytic Polarization

This analytical method consists of measuring potentiometrically or galvanometri-
cally the change to the potential-current relationship. Single step chronoamperom-
etry is a technique where the potential applied at the working electrode is stepped
to a final value and held for a period of time. If the potential was initially held at a
value where no faradaic reactions occurred, the resulting current-time dependence
recorded provides an estimation of change in concentration at the electrode surface
[67].

Double step chronoamperometry is another useful technique where there is a
second potential step that returns the final potential value to the initial condition.
This current step technique is fully discussed in Chapter 7 where is used to estimate
the individual contributions to the total electrical conductivity. Chronopotentiome-
try can also be an useful technique, as monitoring the potential as the current is held
constant allows to compare, for example, the performance of different electrodes at
a given current density.
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2.6.2 Physicochemical techniques

X-Ray Diffraction (XRD)

X-ray diffraction is a technique used to characterize the structure of materials. This
non-destructive technique is primarily used for phase identification of crystalline
materials, but it can also provide structural information (unit cell dimensions, ori-
entation of grains) [68], and mechanical properties such as strain in the crystalline
lattice [69]. It is commonly used to characterize single crystals, but can also be used
to investigate powders or polycrystalline solids.

It is important to remember, however, that this technique only provides informa-
tion for the crystalline part of the sample, not amorphous. Also, it does not provide
surface structure information as the incoming X-rays penetrate the material to probe
its internal structure. An X-ray diffraction pattern is then a plot of the intensity of
X-rays diffracted at different angles by the sample. X-ray scattering occurs when the
angle of the incoming X-ray and that of a component of the crystal lattice share the
same orientation. The resulting diffraction angle can be correlated to the particular
crystal orientation using the Bragg relationship and, hence, XRD provides a method
to identify crystalline phases. In this study, powder X-ray diffraction was used to
qualitatively determine ironmaking slag’s various mineral phases after cooling.

X-Ray Fluorescence (XRF)

The X-Ray Fluorescence spectrometry is a quantitative technique to determine a
material’s elemental composition. It requires minimal preparation and it can be
used for powdered, liquid and solid samples [70]. During this non-destructive
technique, the core-level electrons of a sample are excited by incident X-rays. The
return of these electrons from the excited states results in the emission of fluorescent
(secondary) X-rays. These X-ray signals are unique to the energy levels of each
atomic species and, hence, when detected by the XRF detector they produce a
characteristic spectrum for every element present in the material under study [71].

Since the intensity of the XRF signal correlates to the amount of atoms of a
particular species that are present, depending on the XRF spectrometers’ mode
used, not only the elemental composition but also the thickness of the material
can also be measured [70]. A limitation of the XRF is that it does not distinguish
variations of isotopes or ions of an element, so valance states of elements such
as titanium and iron cannot be determined [72]. XRF was used to investigate the
chemical composition of the titanomagnetite ore and ironmaking slag. For both, the
elemental composition is reported using an oxide basis.



2.6. Analytical Methods 25

Electron microscopy

Electron microscopy operates in a similar manner as conventional light microscopy
but uses electrons instead of photons to probe the sample [73]. When the electron
beam scans the sample’s surface different techniques can be employed depending
on which signal is read by the detector:

• In scanning electron microscopy (SEM), primary (backscattered) electrons and
secondary electrons are emitted from the sample when the beam of electrons
interacts its surface. The low energy level of the secondary electrons dictate
that, in order to be detected, they must belong to the surface of the sample, and
hence, they provide information about the surface morphology. The backscat-
tered electrons are the beam’s primary electrons that have been reflected back
out of the sample after interaction with the atomic nuclei [74]. The resulting
image can be used to study the element distribution in the sample as the re-
flection (backscattering effect) correlates with atomic number.

• Energy dispersive spectroscopy (EDS) provides a quantitative composition
analysis by detecting the X-Rays emitted when electrons from higher-energy
orbitals relax to fill the hole left by the secondary electrons ejected from the
sample after the electron beam probed its surface. The emitted X-rays have a
distinctive energy and wavelength, which, similar to XRF, allows to identify
elemental composition of the sample.

In this work, SEM combined with EDS was used to investigate the materials
used (e.g.. electrodes, slag and crucibles) before and after experimentation (e.g..
electrolysis, thermal treatment). The images produced were mainly used to in-
vestigate samples’ morphology, topology, chemical composition and elemental
distribution.

Simultaneous Thermal Analysis (STA)

Simultaneous thermal analysis is a powerful tool that allows the performance of
different thermoanalytical methods at the same time, in one sample, and in a single
instrument. Generally, it refers to the simultaneous application of a thermogravi-
metric analysis (TGA), and a differential thermal analysis (DTA) or differential
scanning calorimetry (DSC). TGA measures the change in mass of a sample as
a function of temperature or time. The changes in the sample under study are
measured relative to a reference material and are associated with transitions in the
material happening along the programmed thermal cycle.

During an STA measurement, the sample can be exposed to an inert atmosphere
(i.e. nitrogen, argon), to an oxidizing environment (i.e. oxygen, air) or even to
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reducing conditions (i.e. hydrogen) if specialized equipment is used. As TGA
measures the gain or loss of mass, one can determine the thermal and chemical
stability (e.g.. oxidation, dehydration, decomposition or phase transitions) of the
sample under different experimental conditions [75].

DTA and DSC techniques share most of theory behind them. Basically, when the
reference and the sample are identically heated, if the sample experiences a physical
transformation heat will be absorbed or released (endothermic or exothermic
processes) and, consequently, more (or less) heat needs to flow to the reference
to keep it at the same temperature as the sample. The difference between both
techniques is that DTA measures the temperature difference between the sample
and reference, and DSC the heat flow difference. In both techniques, such difference
can be associated with the sample’s physical transformations [76].

The calibration of the reference material using inert standards is vital to obtain
any accurate information. It is crucial that the reference material has a well-studied
heat capacity over the range of temperatures of interest. These techniques are
most commonly use to obtain information about a sample’s liquidus and solidus
temperature. However, a properly calibrated instrument can measured other phase
transitions such as glass transition temperatures. It can also be used to measure
polymerization, percent of crystallinity and heat capacity.

It is worth noting that the DSC technique that is used in a STA instrument is com-
monly refereed to as Heat-Flux DSC. Power Compensating DSC is another type of
calorimeter technique that involves heating the sample and the reference in different
furnaces. Different DSC methods for slag characterization have been successfully
developed in the past [77, 78]. The application of these techniques helped to assess
the phase relations of the ironmaking slag in this work.

2.6.3 Computational thermodynamic calculations

Due to the analytically complex nature of high temperature materials processing, the
use of computational thermodynamic software is frequently required by material
scientists and metallurgists. The methodology behind these thermodynamic soft-
ware packages is the so-called CALPHAD [79] (CALculation of PHAse Diagram).
This method feeds all the available thermodynamic information (i.e. experimental
phase equilibria data, and thermochemical and thermophysical studies of a system)
to mathematical models that perform the optimization of Gibbs energy functions
to best match existing phase diagrams [80]. The thermodynamic models with
optimized parameters are then used to predict unknown phase equilibria and
thermochemical properties such as thermodynamic activities.
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This is particularly useful when exploring complex multicomponent systems,
like ironmaking slag, whose low-order subsystems are well studied. As the thermo-
dynamic model that has been optimized for the binary and ternary subsystems will
provide a good estimate of the higher-order system. It is clear then that the accuracy
of the thermodynamic prediction will depend on the accuracy of the available
thermodynamic data for the system under study, and on the accuracy of the Gibbs
energy minimization routine used [62].

FactSage [19] is the most widely used thermodynamic software package in
steelmaking. Per calculation, its Fortran routine to minimize Gibbs energy function
can handle up to 40 elements and 1500 stoichiometric phases [62]. Since the early
2000s, their oxide database, FToxide, has been assessing and evaluating data for
more than 23 elements. This database includes pure oxides, liquid solutions and
oxide solid solutions. The solid solutions are modelled using the Compound Energy
Formalism [81], which takes into account the crystallographic information of each
solution.

Moreover, it uses the Modified Quasichemical Model for liquid solutions such
as molten oxide (slag) systems or metallic liquid solution [19]. This model [82] was
first introduced for molten slags and it takes into account the melt structure and
uses the Ising model to describe the solution entropy of mixing. This is important
for liquid solutions as quite often they exhibit negative deviations from ideal solu-
tion behaviour, indicating short-range ordering. This is especially relevant as most
commercial software use the Brandon-Williams model that assumes ideal entropy of
mixing [62]. Hence, FactSage meets all the prerequisites for accurate thermodynamic
calculations involving molten ironmaking slag and it was chosen as the thermody-
namic software package for this study.
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Chapter 3

Literature Review

3.1 Introduction

During the 20th century alone, the world’s population grew from 1.65 billion to 6
billion [83] and, consequently, the need for structural materials increased exponen-
tially. To meet that demand, several metallurgical processes were developed and
implemented to extract metals from their natural deposits. However, metallurgy
is an energy, carbon, and waste-intensive sector. Today, the annual demand on
resources exceed what Earth can regenerate in a year [84]. In an effort to meet
the requirements for sustainable growth, pathways toward deep decarbonisation,
waste minimization and reutilization are enforced by environmental regulation and
encouraged by international agreements [85].

Optimizing the use of natural resources by recycling industrial waste is a
potential solution to meet the current demand of materials in a sustainable manner.
In steelmaking, where the production of solid waste is inevitable, extracting more
value from metallurgical by-products appears vital to cope with the advances in
the field of environmental regulation in the 21st century. In this work, we take a
close look at the steelmaking process since with a yearly production of 1700 million
tonnes in 2017 [23], steel is the most widely used alloy in the world. Accordingly,
waste management in the steelmaking industry must be considered in order to meet
the current needs without compromising the ability of future generations to meet
their own needs.

The aim of this chapter is to demonstrate that the direct extraction of titanium
from ironmaking slag by ultra-high-temperature electrolysis is the route to recy-
cle this metallurgical by-product with the biggest disruptive potential from a New
Zealand context. The following literature review:

• starts introducing the motivation of developing a new process for the produc-
tion of titanium from ironmaking slag (Section 3.2).

• investigates the current uses for ironmaking slags and highlights the disad-
vantages of different methods that have been employed to treat them (Section
3.3).
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• compares the available routes to produce titanium metal (Section 3.4).

• finishes by outlining the features and challenges of the chosen route, the elec-
trolytic extraction of titanium from ironmaking (Section 3.5).

3.2 Slag, an Opportunity

Conventional steelmaking processing is dominated by the reduction of haematite
in blast furnaces [85]. Nevertheless, titanium-bearing iron ores are an alternative
source of iron. New Zealand has the capacity to produce 650,000 tonnes per year of
iron and steel products, and holds more than 150 million tonnes of titanomagnetite
mineral deposits [28]. China is also rich in titanomagnetite minerals, which are
also used to produce steel. However, these mineral deposits are also an alternative
source of titanium. So much so that China, which holds approximately 50% of
the total titanium reserve in the world, has 98% in the form of vanadium-titanium
magnetite ores [86].

Based on the yearly production of steel, between 320 to 384 million tonnes of
ironmaking slag and 190 to 280 million tonnes of steelmaking slag are estimated to
be produced [87]. In countries like China [15] and New Zealand, these slags are
available as by-products of the local steelmaking processes, and can contain more
than 30 wt.% TiO2. Obtaining high-purity titanium metal from this inexpensive by-
product, would be ground-breaking considering the current titanium price [23], and
the high extraction and processing costs of the current commercial process [33]. This
work explores the direct extraction of titanium metal from ironmaking slag. A pro-
cess with the potential of minimizing environmental industrial impact by further
utilization of titanomagnetite natural resources. Extracting not only iron but tita-
nium would inevitably increase the value of ironmaking process’s most abundant
by-product.

3.3 Slag, a Resource

For every tonne of iron produced in the smelter, approximatively 300 kg of iron-
making slag is formed [88]. Without proper recycling, this large amount of slag can
become a significant source of waste. Increasing global environmental awareness
is forcing the metallurgical industry to meet their environmental responsibility.
This may be achieved, in part, by minimizing and reutilizing the slags. Research
attention has been drawn to the different types of industrial slags and their environ-
mental consequences has been extensively characterized before [89]. However, it
remains a great challenge today to, both, utilize the solidified slag while recovering
the heat from the molten slag [90].
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The disposal of ironmaking slag accounts for 10% of the waste energy in the
steel industry since it is drained in its molten state at temperatures above 1500 K
[91]. Based on China’s 2012 steel production, Sun et. al [92] estimated that wasted
heat corresponds to what would be produced by 16.5 million tons of standard coal.
The opportunities for managing this waste have been studied before [93–95]. The
existing heat recovery technologies are still in early stages of their development
[90, 91]. Uncontrolled heat treatments, such as dumping and water quenching, are
still the conventional method for disposal of slag. Since Roman times, uncontrolled
heat treatments have limited slag recycling to civil engineering applications, such
as road construction [93]. Fast cooling rates facilitates the vitreous solidification
of these silicate glasses. Then, due to the similar chemical composition of slag
to that of cement, fast-cooled slags meet the hydraulic properties required for
cementing components [96]. That is the case in New Zealand, where the slag is
used for road construction as an aggregate in open-graded emulsion mixes [7]. In
Europe, where the reutilization ratio is high, still 35% of these slags are dumped [97].

The lack of land available for disposal, the shortage of water and the envi-
ronmental concerns are preventing the continuity of these mainstream methods
[98]. Interest has increased towards studying dry granulation as a substitutional
technology [99]. This is a promising alternative which could be coupled to a heat re-
covery unit [100]. Despite that, its development has been hindered by cost-effective
uncertainties [23]. Alternatively, controlling the heat profile when disposing the slag
has the potential of expanding its potential uses, as the solidification step defines
the applications for ironmaking slag [88]. Glass-ceramics materials can be produced
this way. By controlling the heat treatment of the slag, the nucleation and growth
of the crystalline phases dispersed in the glass’s matrix can be tuned and, therefore,
the physical and chemical properties of these materials can be tailored.

Research in this field focuses on optimizing compositions and thermal treat-
ments to match the desired properties of the glass-ceramics. The possibility of
engineering a material with high electrical resistivity, mechanical strength and low
thermal expansion made missile nose cones one of their first applications [101].
Nonlinear optical properties and unusually high dielectric constants have been re-
ported in glass-ceramics containing titanium [102]. Recently, glass-ceramic scaffolds
have received noticeable attention in tissue engineering where they benefit from
the bioactive properties of these materials, which can form chemical bonds with
mineral components of bones [103, 104]. Manufacturing glass-ceramics materials
from slag is a promising alternative that is currently understudied [88]. Today,
the detrimental effect of the presence of iron and the required low basicity needed
(CaO/SiO2 ratio below 0.5 wt. %) limits the rate of utilization of ironmaking slag
for this application [90].
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FIGURE 3.1: XRD analysis of ironmaking slag representative of the local pro-
cess in New Zealand that shows perovskite (triangular shapes), armalcolite
(circular shapes), magnesium iron aluminate (rectangular shapes) and cal-

cium magnesium silicate (diamond shapes) as the main mineral phases.

Furthermore, to process the solidified slag remains a challenge. The recycling
of slag back in the steelmaking process as a source of calcium or manganese can
reduce material costs, but it can be harmful for the mechanical properties of the
steel since phosphorus and sulphur are normally partitioned to the slag [105]. The
selective crystallization and phase separation (SCPS) method [106] aims to increase
the recyclibility of the slag. It uses controlled crystallization to enrich a phase with
the undesired element that can then be separated. Although useful, this method
does not address the poor volume stability caused by the expansion of CaO after
hydration, which would still be a factor limiting slag reutilization [88].

Further metal extraction is the most disruptive route to improve the utilization
of titanomagnetite ores. In particular, the extraction of titanium, as it is the highest
value component of the slag. Research exploring its extraction has highlighted the
difficulty of recovering metallic titanium through traditional separation processes
[107]. She et al. attributes this difficulty to the scattered distribution of titanium
components in various mineral phases with complex interfacial combinations [108].
X-ray diffraction was used in this work to confirm that complex phase distribution.
Solidified ironmaking slag representative of the local process in New Zealand (see
Figure 3.1) is an array of at least 4 primary mineral phases: perovskite (CaTiO3),
armalcolite (Mg0.5Fe0.5)Ti2O5), magnesium iron aluminate (Mg(Fe0.6Al1.4)O4) and
calcium magnesium silicate (Ca0.8Mg1.2 Si2O6).



3.4. Slag, a Source of Titanium 33

It seems obvious that a different approach is needed to find a solution that un-
locks further utilization. Recently, molten oxides have been proven as candidate
electrolytes for high-temperature, carbon-free metal electrolytic production [109,
110]. Along those lines, the electrolytic separation of titanium metal from ironmak-
ing slag directly from the industrial process, in its molten state, has the potential
to be a game changing opportunity. Extracting valuable metals from molten slag is
proposed as a solution in this work that would allow us to tap into all the titanium
content while still utilizing the available heat. The next section justifies electrolysis
as the chosen route by reviewing the established and R&D titanium manufacturing
technologies.

3.4 Slag, a Source of Titanium

As discussed in the previous chapter, the inability to explore the full potential of
titanium is due to its high manufacturing cost. According to a study by Norgate
and Welwood [111], a 50% fall in the price of titanium could overcome its current
restriction to high-added value applications, increasing its use by 200%. While such
a price drop appears to be unrealistically large, their results show a great potential
for market penetration influenced by the production cost. Consequently, research
on cost effective alternatives to produce titanium metal has received noticeable
attention [112].

It is worth noting that research into cost effective alternatives did not stop with
the development of the Kroll Process and large scale commercialization plants.
The intended users of a more affordable titanium metal drove it [47]. In the 1950s
military space applications drove the entire market [31]. In the early 1990s, the end
of the Cold War and the changes to missile-based defense meant a collapse in the
demand of titanium metal. Domestic application in consumer goods then entered
the market [43]. In recent years, the wide range of titanium’s application such as
structural engineering (potential substitute of steel) or medicine (implants) has led
to an increase in the research intensity (see Figure 3.2).

In fact, the research interest on studying titanium extraction has multiplied by a
factor of four in the past ten years (blue bars in Figure 3.2), based on the number of
specific entries in the Scopus database. The amount of research focused on using an
electrolytic route to produce titanium has also notably increased (red bars in Figure
3.2), in particular since the year 2000. In that year, pioneering research efforts by
Chen et al. [9] demonstrated that high purity titanium could be also obtained from
the electrolysis of a titanium-bearing oxide. The announcement of the direct electro-
chemical extraction of Ti metal from solid TiO2 in molten CaCl2 salt, the FFC process,
probably triggered the current pace of extraction projects involving electrolysis [38].
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FIGURE 3.2: Number of titanium specific database entries per year using the
keywords indicated in the legend. According to Scopus database.
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3.4.1 R&D performance evaluation

New cost-affordable titanium routes have attracted noteworthy research attention
with many extraction processes under development [113]. The consultant Roskill
stated in 2007 that there were over 20 active R&D projects [114]. It is particularly
hard to elucidate how advanced any particular project actually is since most of these
developing processes have unpublished associated intellectual property (i.e. trade
secrets). Yet, Table 3.1 provides an overview of the main work published.

It should be stated that the intention of this section is not to provide a detailed
description of the available literature, which can be found elsewhere [33, 36, 38, 39,
43–45, 47, 50, 113, 114], but a performance summary that justifies the chosen process
to develop in this thesis. These projects were classified (see Table 3.1) and assessed
according to the type of precursor, reductant, and reaction route used:

Precursor

Historically, titanium tetrachloride has been used as the precursor for the produc-
tion of titanium. It was thought that only by transforming the ore into a compound,
which contains no oxygen or carbon, high purity grade metal could be yielded.
Recent research has proven that wrong [9]. Furthermore, the use of different
precursors could potentially halve the extraction cost since it is estimated that
52% of the titanium sponge’s (i.e. raw form of the metal in the Kroll process [47])
production costs come from the preparation of TiCl4 [38].

However, from the point of view of those precursor production, TiCl4 is the
cheapest option. TiO2 is more expensive than TiCl4, as the latter is a precursor used
in TiO2’s most common production route [36]. Additionally, high purity grade TiO2

is, itself, a product [45]. The use of fluorotitanates would not be cheaper than TiO2

since their production requires a more complex process and it is not produced at
large scale. Nevertheless, at an industrial level, the possibility of recycling fluorides
could decrease the cost significantly [115]. The use of other titanium halides such as
TiI4 has been considered [41], but the high cost associated with iodine has shifted
away large-scale commercialization approaches [45].

Direct extraction from ore or slag would be the ideal solution because it would
eliminate the costly production of an intermediate precursor. Attempts have been
made [109, 116], but the maturity of the Kroll process attracts the major part of the
investment and academic coverage (see Table 3.1).

Reductant
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Changing the reducing agent of the process is another source of new routes.
Magnesium, sodium, hydrogen, aluminium, calcium and electrons are the main
reductants considered. Other metals, such as lithium or potassium, could be used
but their high cost have limited their research [36]. The use of magnesium is the
preferential industrial way. It requires less energy to be produced than sodium and
calcium, but its low solubility makes the purification process complex [38]. Sodium
facilitates the separation, but the high vapour pressure of NaCl makes the process
potentially dangerous [45]. Calcium’s high solubility and ability to remove oxygen
provides a particular advantage when TiO2 is reduced, but it is twice as expensive
as magnesium [47].

Out of the metals, aluminium’s low price could make it the most attractive
alternative. However, titanium reacts with aluminium forming an alloy that makes
separation or recycling of by-products difficult [43]. Hydrogen is used in the SRI
International and Idaho Titanium Technologies processes to reduce TiCl4. Although
it has a relative low price when is produced from natural gas or oil, the low
conversion of the reaction results in the need for large amounts of the reductant
and recycle systems [45]. Iodine is used in the Mir-Chem process for the reduction
of TiO2. Reduction of the reaction’s dwell time may be needed to achieve low cost
titanium [44]. Scarce information is available from this collaboration between the
company and Bremen University.

Electrons are the most promising option, as the use of electricity eliminates
the need to separate the reducing agent from the product. Different processes are
under study using the conventional halide precursor (Ginatta) or titanium dioxide
(FFC, EMR-MSE, OS, MER, CSIR, BHP). The technology for the direct electrolysis
of the titanium ore or slag (MIT, QIT) has been improved over decades, but suitable
electrolytic cells for the electrowinning of titanium have not been scaled up yet [45].
Efforts have not ceased.

Route

Electrolytic or metallothermic reduction are the two main potential routes to reduce
the precursors. However, the hydride-dehydride process (HDH) and the selective
crystallization and phase separation (SCPS) are examples of two non-conventional
extraction processes which are under study. The HDH process modifies the Kroll
Process to continuously produce Ti powder by hydrogenating the Ti sponge, crush-
ing it to the desired size and dehydrating it [39]. Optimisation work on this process
has continued since 1961 [130]. It allows scrap Ti metal to be used as feedstock and
reduces the cost notably if the reduction and hydrogenation steps are combined
[47]. The demanding operational and safety requirements to yield specification
are a drawback for industrial scalability [131]. The SCPS process corresponds to
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the current effort in China to characterize vanadium-titanium magnetite ores, their
biggest source of titanium [132]. Their goal, similar to this doctoral work, is to
extract titanium from the slag. Their approach is different, selective crystallization
for Ti-rich phase separation [86]. Their work is still at a laboratory scale.

In the quest for cost affordable titanium, modifying the conventional Kroll
and Hunter processes has attracted noticeable attention. Processes based on the
reduction of TiCl4 by Mg (TIRO) or Na (Armstrong) have been developed. The
search for process simplicity and time reduction are common in the new projects.
Both processes reduce the operating and capital costs by changing the operation
mode to continuous [38]. The commercialization of the Armstrong process is one of
the most advanced, but the effectiveness of the complex purification process, when
scaled, remains to be seen [133]. A common challenge for both processes is the
difficulty in the control of the oxygen content in the titanium powder product [47].

Even though a large number of new processes have been investigated, there
is no process to date that can replace Kroll at a commercial scale. Some concepts
have been successful at a pilot plant scale and companies such as Metalysis are
commercializing their developments [134]. However, no process will be able to
compete with the conventional one until the economics of scale are achieved [47].
The lack of commercial success can be attributed as well to industry’s immobility.
There is an interest in the industry for more affordable titanium but there is also a
need of amortizing the current plants and investment. Allanore argues, "if you don’t
pay for the environmental costs, and you have a steel plant that needs to be valuable
for the next 30 years, there is no way you’re going to change your technology"
[135]. Nevertheless, the current push for sustainability growth and environmental
awareness are reasons to be optimistic.

For the foreseeable future, any modern-day substitutes must address the avail-
ability and cost concerns derivative from the incumbent Kroll process. Then, in order
to be realistic and scalable, the new process must present an improvement concern-
ing its environmental hazards and process complexity issues [60]. Accordingly, an
electrochemical process for the extraction of titanium is the route with the highest
potential to displace the Kroll process [53]. This promising route has been proven
by recent research published in the highest-ranking international journals [9, 10].
Furthermore, the direct electrolysis of an oxide ore to obtain metal and oxygen has
attracted organizations like NASA or the U.S. NAVY who, intrigued by the possibil-
ities that the new process could offer, have financed its study [55, 109]. Thus, this
thesis is attracted to determine the feasibility of direct electrolytic extraction of tita-
nium from ironmaking slag as a new route to high-purity titanium that aligns well
with the values of a circular economy.
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3.5 Electrolytic Production of Titanium

The electrolytic manufacturing of titanium is attractive because titanium is abun-
dant, has many of the common refractory metal characteristics and a high near term
market potential [54]. Furthermore, capital and operating cost of electric power are
not new to the conventional titanium extraction processes as molten salt electrolysis
is used in the Kroll and Hunter processes [47]. William J. Kroll, himself, predicted
in 1953 that his metallothermic process would be displaced by an electrolytic route
in 15 years [38]. It is legitimate to wonder then what is stopping the creation of an
electrolytic route that can have the same positive effect that the Hall-Heroult process
had in the aluminium industry. This process, invented independently in 1886 by
Charles Martin Hall and Paul Heroult, changed aluminium from a precious metal
to a commodity [53]. The answer is that the electrochemical processing of titanium
has some major differences with well-established practices such as aluminium
processing, which makes it more challenging.

The melting point of titanium is 1273 K higher than aluminium. The typical
operating temperatures of electrolytic cells to electrowin lithium, sodium and
magnesium are 723, 853 and 853 K respectively, while for titanium it would have to
be above 1933 K to have liquid metal as a product [43]. If the product were solid,
there would be another obstacle to overcome since solid-state deposition tends
to result in nucleation and dendrite formation, which facilitates reoxidation [38].
Additionally, aluminium has only one stable valence while titanium has several,
resulting in electronic conductivity and loss of current efficiency [133]. The possi-
bility of contaminating the titanium product with carbon calls for more restrictive
material constraints, and makes the mechanical design of the electrochemical cell a
more complex task than for the commercially successful Hall-Heroult cell, which
uses graphite electrodes [45].

The challenges discussed above have contributed to the failure of Kroll’s predic-
tion, but considerable research attention has been drawn since then [47]. Early on,
an electrolytic route to reduce TiCl4 was studied. The main drawbacks that stopped
the development of that process were the low solubility of TiCl4 in molten salts, the
solid-state deposition difficulties, and the facility to reoxidize the product. However,
work carried out by M. V. Ginatta [122] since the early 1980s has been successful at
producing liquid titanium in such a fashion. The process uses a multilayer cathodic
interphase to separate the molten titanium from the mixed fluoride-chloride elec-
trolyte. The complexity of the reactor and the long process time at extreme condi-
tions have limited its scalability to a pilot plant. Today it is clear that, if the objective
of a new electrochemical process is to displace the incumbent Kroll process, TiCl4
could not be used. The new process would have to present important economic
benefit and that will not happen using TiCl4, which represents half of the titanium
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sponge production cost [38].

3.5.1 Slag, a suitable electrolyte

It was not until the year 2000 that the use of an alternative, non-chloride, route
became a popular solution. The so-called FFC process [9] presented a simple
electrochemical route for the direct cathodic reduction of solid TiO2 in a molten
salt. This discovery was important because, with the exception of molybdenum, all
refractory metals (considering as such the chemical elements, including titanium,
found in the Groups 4, 5 and 6 of the Periodic Table) are present in oxygen-bearing
compounds [56]. This work increased the research attention in the reduction of
titanium directly from an oxide ore.

Some significant examples are the OS process developed by Ono and Suzuki
[129] and the EMR-MSE process [127], which is more complex but prevents the
contamination of titanium utilizing an "electronically mediated reaction" (EMR) to
avoid physical contact. Work by Okabe and Sadoway suggests that the metallother-
mic reduction is an electronically mediated reaction rather than strictly a chemical
reaction [51], hence, contact between reactants is not necessary. The differences
between both processes can be explained by the rate limitations of electron transport
between the reactants [49]. Both of these technologies come from universities in
Japan, where their study is still ongoing.

However, the direct use of TiO2 is an obstacle limiting less expensive titanium
production. The high purity required implies that TiO2 must be previously manu-
factured to be worthwhile [43], turning it into a product itself. In the Hall-Heroult
process, bauxite is refined to obtained pure alumina, a fraction of which is then
dissolved in a supporting electrolyte (i.e. cryolite). It is obvious then that to create
an electrolytic process, which is the real analogue to the Hall-Heroult process, first a
suitable electrolyte from which dissolved titanium would be electrolytically reduced
needs to be found [60]. The choice of a suitable electrolyte is the process enabler [53].

Metal reactivity delimits the choice of electrolyte [57]. Aqueous solutions
are used for metals that can be electrochemically reduced more readily than H2

is evolved from water or that rely on the kinetics of H2 evolution being slow
enough to have a negligible effect in the efficiency of the electrolysis. Zinc and
copper are the main examples of metals extract from aqueous solutions, but
manganese and cobalt are extracted that way as well [136]. An advantage of
these processes is that the cell temperature is relatively low (308 K for zinc and
cooper, and from 323 to 338 K for cobalt [136]). However, on the other hand, the
ore has to undergo different stages before electrolysis (e.g. leaching, purification),
which increases the production cost and diminishes the sustainability of the process.
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TABLE 3.2: Standard reduction potentials in decreasing order.

Reduction half-reaction Standard reduction potentials / V

Cu2+(aq) + 2 e– −−→ Cu(s) +0.34
2 H+(aq) + 2 e– −−→ H2(g) 0.00
Co2+(aq) + 2 e– −−→ Co(s) -0.28
Zn2+(aq) + 2 e– −−→ Zn(s) -0.76

Mn2+(aq) + 2 e– −−→ Mn(s) -1.18
Ti2+(aq) + 2 e– −−→ Ti(s) -1.63
Al3+(aq) + 3 e– −−→ Al(s) -1.66

The traditional aqueous electrolytes are not suitable for refractory metal extrac-
tion [56]. The standard reduction potentials1 for these metals are so negative that
the overpotential and thus rate constant for H2 evolution will be high enough that
the H2 evolution will dominate over metal deposition. That is also the case for
titanium (see Table 3.2), where the electrolysis in an aqueous media would result in
the liberation of hydrogen and oxygen [38]. Consequently, non-aqueous solutions
must be exploited.

The use of molten salts for electrolytic extraction has its hallmark in the Hall-
Heroult process for aluminium [53]. Liquid metal is obtained by an electrolytic
reduction of pure alumina in a molten cryolite bath (81 wt.% Na3AlF6, 11 wt.%
AlF3, 5 wt.% CaF2) at approximately 1233 K. In aluminium smelting, 60% of the
electrolytic extraction cost comes from electricity [24]. Electricity’s low cost, simple
process, and continuous mode of operation has allowed it to become the main
route to aluminium metal. Magnesium is another metal that is reduced in a molten
salt, mainly, for its use as reductant in the Kroll process, which drives the world’s
production of this metal [56]. Magnesium is also produced industrially via thermal
reduction of magnesium oxide, mainly in China [137].

The fact that some electrochemical processing techniques are industrially mature
practices does not prevent the presence of unresolved challenges. In aluminium
smelting, the lack of suitable materials for the construction of the Hall-Heroult
cell presents a limitation in the productivity of the process [54]. Furthermore, it
is far from being a carbon-free extraction technology. The carbon consumption
(0.45 kg of carbon per 1 kg of Al) is the main concern, and so the quest for a
non-consumable anode has become the ultimate material challenge [138]. Following
a conventional approach is an obstacle limiting the development of a technology
that is environmentally respectful and produces cost-affordable titanium.

1The standard potentials are all measured at 298 K, 1 atm, and with 1 M solutions. They indicate
the ease of reduction for a specie in an aqueous solution. The more positive the reduction potentials,
the greater the likelihood of being reduced. If the value is negative, then hydrogen reduction from the
aqueous solution will compete with the reduction of the desired specie.
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Sadoway [60] realized that a change of paradigm was going to be needed to
cope with these constraints and his group at MIT was one of the first to use a molten
oxide feedstock as an electrolyte. The direct electrolysis of an oxide ore or a slag is
a process capable of emitting only valuable products. The so-called molten oxide
electrolysis (MOE) process enables the production of liquid metal at one electrode
and the evolution of oxygen at the other electrode. This process is a simpler, one
stage process that reduces energy consumption and CO2 emissions [10]. All of these
are advantages over the existing production methods.

With all this potential, it is reasonable to ask why the use of molten oxides as
electrolytes has not gained more relevance as an alternative to traditional process-
ing. The answer may be motivated by the cost, scarce information available and
constraints in the choice of materials for cell construction [110]. Nonetheless, new
opportunities are emerging with advances in the field of environmental regulation
that aim to charge traditional practices a cost associated with the emission of CO2

to the atmosphere [85]. Additionally, advances in material science are allowing
researchers to overcome the electrolytic cell’s construction difficulties by tailoring
the composition and structure of construction materials [139] and taking on new
experimental approaches [13].

It is the author’s opinion that the current push for sustainable growth can por-
tend the renaissance of this technology, facilitating clean electrochemical technology
to replace the current one, which is incapable of meeting tighter environmental reg-
ulations. The industry has realized that and has started to patent their developments
[116, 140–143]. Consequently, this literature review motivates experimental explo-
ration to verify the feasibility of using ironmaking slag as an electrolyte.

3.6 Summary

The extraction of further value from ironmaking slag, an industrial by-product,
has been investigated. Emphasis has been placed on understanding the unique
features of titanium manufacturing. The recycling possibilities for ironmaking
slag obtained from the processing of ironsand have been discussed. This literature
review elucidates the timely need for a new process to extract titanium at a lower
cost.

Several attempts have been made in the past with limited success, but the
requirements for the new operation are now clear. The new process needs to be less
time consuming than the conventional Kroll process. A simpler process, preferably
continuous, could reduce capital and labor costs by 10% to 15% [48]. Additionally,
it should present an improvement in sustainability. Severe environmental hazards
such as the risks associated with the purification of TiCl4 (i.e. possible formation
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of HCl), the low efficiency (7257 kg of input metal are needed to yield 2743 kg of
high grade Ti [44]) or the high energy consumption (98.68 kcal per kg are required
to extract the metal in ingot form [144]) should be tackled.

The electrolytic extraction of titanium from ironmaking slag is a process that can
potentially meet all those requirements. The possibilities that such a process could
offer has attracted New Zealand’s Ministry of Business Innovation and Employment
to finance its study. This novel approach will be explored in the following chapters
where extensive research was conducted to verify the feasibility of the proposed
hypothesis in a purpose-built, lab-scale, ultra-high temperature electrolytic cell.
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Chapter 4

Implications of the Direct Use of
Slag from the Ironmaking
Processes as a Molten Oxide
Electrolyte

Abstract

The thermochemical and electrical behaviour of ironmaking slag produced from ti-
tanomagnetite concentrates was assessed in the vicinity of its liquidus temperature.
A combination of electrochemical measurements in a modified thermal imaging fur-
nace and computational thermodynamic calculations were employed to elucidate
its potential use as a molten oxide electrolyte for the extraction of titanium metal.
The results show that the presence of entrained iron species in the ironmaking
slag decreases the faradaic efficiency of the electrolysis and would contaminate the
final metallic product. Thermodynamic predictions reveal a small electrochemical
window of operation between the decomposition of silica and titania, which might
result in the co-reduction of titanium and silicon ions from the melt. Practical
considerations based on the present work on the electrochemical production of
titanium metal directly from the ironmaking process are discussed, and a further ex-
perimental investigation of the electrochemical behaviour of this material is justified.

4.1 Introduction

With the increase in environmental awareness and the world’s population predicted
to reach 10 billion by 2050 [145], society expects metal extraction industries to revisit
their technologies for alternative solutions to meet current and future demand
for materials in a sustainable manner. Aluminium’s change from precious metal
to commodity has demonstrated the potential of electrochemical processing to
mass-produce high purity metals at lower cost than the more traditional pyrometal-
lurgical processes [53]. The direct electrochemical decomposition of metal-bearing
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compounds has been proven as an alternative carbon-free production route [9, 10],
capable of minimizing the total use of carbon or fuel compared to the current metal
extraction processes. The electrolysis of iron in a molten oxide electrolyte [146] and
copper in a molten sulfide [147] are promising solutions, where O2(g) and S2(g)
are the only by-products. While molten sulfides remain understudied [24], recent
governmental efforts to cut down carbon dioxide emission have brought research
attention to molten oxide electrolysis (MOE) as an alternative to decarbonize the
metallurgical sector [85].

The direct electrolysis of molten ironmaking slag has been postulated [16] as
a promising alternative to address the universal need to recycle large-scale waste
materials. These slags can contain up to 30 wt.% TiO2 [16] and are available at
1773 K as a by-product of the ironmaking process in countries such as China, South
Africa and New Zealand. The use of this material as a molten oxide electrolyte has
the potential to reduce emissions to the environment, stop land-fill disposal [148],
and reduce energy inefficiency of the overall steelmaking process [91]. Processing
the slag does not involved any mining costs compared with ilmenite, the most
common feedstock for titanium production. In fact, based on the relative content
of each material1, ironmaking slag is more than 10 times cheaper than ilmenite
as a source of titanium. Today, steelmaking companies typically contract outside
processing companies to get rid of the slag. These companies tend to receive the
slag for free, process it, and pay a small percentage of the sale revenue back to the
steelmaker [150].

The extraction of titanium metal from slag has been studied in the past with
limited success [107]. The scattered distribution of titanium in various mineral
phases with complex interfacial combinations yields very low recovery rates with
the use of traditional separation techniques in cooled slag [108]. The use of the slag
directly from the process, in its molten state, to electrochemically extract high-purity
metal is proposed in this work as a pathway towards clean metal production that
enables tapping into all the available titanium and uses the embodied heat.

One of the major challenges towards this clean metal production route is the
complexity of determining the properties of the electrolytes at the operating tem-
peratures. The high temperatures required for operation and the highly corrosive
nature of the oxide melts have traditionally imposed very demanding material
constraints [14, 151], hindering the required characterization at temperature.
Schiefelbein and Sadoway [152] pointed to silicate melts as promising candidate
electrolytes for MOE, but highlighted the general lack of data to asses the properties
of the melts. Experimental data is scare and only available for selected temperatures

1Calculations were made based on slags with 30 wt.% TiO2 [16] and 54 wt.% TiO2 for ilmenite
[149]. Selling prices for air-cooled ironmaking slag average 8.53 USD per tonne [150] and 180 USD per
tonne for ilmenite [149].
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and composition ranges [153], so researchers mainly rely on empirical models
[154] backed by computational thermodynamic calculations [62]. Nevertheless,
motivated by recent technological advances [13], this work provides a comprehen-
sive study of ironmaking slags, produced from titanomagnetite concentrates, with
respect to its use as an electrolyte in prospective high-temperature electrochemical
processes.

For the practical implementation of an electrochemical route to extract titanium
the ironmaking slag should, at the operating conditions, (a) have high solubility for
TiO2, (b) be molten, (c) have sufficient ionic conduction, and (d) present metal oxide
constituents that are thermodynamically more stable than TiO2. When considering
the industrial application of such a route, there are, of course, additional properties
that an ideal electrolyte should possess to optimize the process for commodity metal
extraction standards. The electrolyte should be inexpensive and, ideally, be benign
to the environment. This material needs to be stable at the range of oxygen partial
pressures experienced at the electrodes. Additionally, in order to efficiently harvest
the metal produced, the electrolyte must be less dense than the product, and have
low viscosity so it facilitates the movement and separation of charged species. Also,
ideally, if a liquid metal pool is formed, the electrolyte should wet it.

In this work, a combination of electrochemical measurements in a modified ther-
mal imaging furnace and computational thermodynamic calculations was used to
characterize the use of ironmaking slag, directly from the ironmaking process, in
an MOE cell. The aim of this paper is to assess the feasibility of extracting tita-
nium metal from ironmaking slag. Consequently, the focus was set to investigate
the potential constraints arising from operating directly from the process, i.e. pres-
ence of entrained iron in the slag; the electrical conduction of the slag, in particular,
the fraction of the charge that goes to the reaction of interest; and the thermody-
namic stability of the melt components, crucial for an efficient process and a pure
metal product. This paper provides the knowledge required for an effective use of
the ironmaking slag as electrolyte in an MOE process, and highlights the effect of
iron, often overlooked in the literature where ironmaking slag is normally treated as
TiO2 − SiO2 −Al2O3 −MgO−CaO.

4.2 Experimental

4.2.1 Sample - origin

In ferrous metallurgy, the raw materials used determine the amount of titania
present in the slag phase formed during the ironmaking process. In New Zealand
and China, the fraction of titania in the slag comes from the use of titanomagnetite
deposits, commonly referred to as ironsands, as the source of iron in the ironmaking
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TABLE 4.1: Titanomagnetite sand, primary concentrate and synthetic iron-
making slag compositions (wt.%) measured by XRF.

TiO2 CaO SiO2 Al2O3 MgO Fe3O4 MnO V2O5
wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.%

Titanomagnetite sand 1.8 12.6 46.2 9.0 8.6 12.9 0.4 0.1
Primary Concentrate 7.9 0.5 2.3 3.7 2.9 81.4 0.6 0.5
Slag#1 32.5 16.4 13.8 18.5 13.6 4.3 0.9 0.2
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FIGURE 4.1: Daily measurements of the TiO2 concentration for tapped iron-
making slag representative of the local process in New Zealand over a period

of four years, 2013-2017. Data supplied by Blue Scope Steel.

proces [16]. These mineral deposits are first concentrated by magnetic and gravity
separation processes [4]. Davis Tube tests [155] indicated that the strongly magnetic
constituents separated are rich in iron and correspond to 20 wt.% ± 5 wt.% of the
total sand weight. This concentrate, commonly referred to as primary concentrate,
is the feedstock of the ironmaking process alongside coal and the fluxes.

Depending on the type of process, the last steps of the reduction occur in a blast
furnace or in an electric melter. In both cases, the reduced, more dense, iron metal
sinks to the bottom of the vessel, whence it is drained and collected. On top of
the iron, an oxide layer is formed containing all the remaining elements. This less
dense, left-over material is what is commonly referred to as slag, and it can contain
a certain amount of trapped iron. The compositions of titanomagnetite sand,
primary concentrate and ironmaking slag samples representative of the local, New
Zealand ironmaking process were measured by x-ray fluorescence spectroscopy
(XRF, Siemens/Bruker SRS3000), and are reported in Table 7.1. The multivalent
species, iron and titanium, are reported as wt.% Fe3O4 and TiO2, respectively, as
the samples were heated to 1273 K to obtain the most stable oxides before the XRF
measurement.

In 2019, between 320 and 384 million tonnes of ironmaking slag were produced
worldwide [87]. With an average of more than 30 wt.% of TiO2 dissolved within,
ironmaking slags from titanomagnetite concentrates present concentrations of the
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target metal cations higher than common industrial electrolytes such as cryolite [60].
From such a standpoint, the high solubility of the metal cations of interest in this
molten oxide system makes it an ideal candidate for future industrial applications
[24]. Furthermore, its stability over time is an important parameter that influences
the quality of the final product (see Figure 4.1).

4.2.2 Analytical methods

A thermal imaging furnace (TX-12000-I-MIT-VPO-PC, Crystal Systems Corp.) that
had been previously modified to carry out electrochemical measurements [13] was
used to study the electronic conduction of the slag without container compatibility
constraints. This containerless method uses the pendant droplet technique to con-
figure the electrochemical cell, which has been described and illustrated elsewhere
[156]. UHP Ar (99.999%, Airgas Inc.) was used inside the furnace during operation
at a flow rate of 200 mL min−1 yielding a partial pressure of oxygen of 10−6 atm.
The furnace lamp power-sample temperature relations were determined for the
various samples by contacting the molten droplet with a type C (W–Re (5 wt.%) |
W–Re (26 wt.%)) thermocouple.

Stepped-potential chronoamperometry was used to perform transference num-
ber measurements in the thermal imaging furnace. Fried et al. [157] proved this
technique capable of differentiating between the ionic and electronic conduction in
titanate melts. Chapter 7 reviews the use of this technique in molten oxides, ac-
knowledging its limitations, and adapted the technique to obtain an estimation of
the partial contributions to the total electrical conductivity. The electronic (te) and
ionic (ti) transference numbers obtained have been used before to quantify the cur-
rent associated to the flow of electrons (Ie) or ions (Ii), respectively, in mixed conduc-
tor media [157–162], where both contributions sum to unity:

ti + te =
Ii

It
+

Ie

It
= 1 (4.1)

For each measurement, iridium wires (Ir > 99.9 %, diameter = 0.5 mm, Furuya
Metals Co. Ltd.) were used in a three-electrode configuration inside an Al2O3 four-
bore tube. Using a potentiostat (Gamry Reference 3000), the open circuit potential
was recorded to confirm that the electrodes had contacted the molten slag droplet.
For each transference number measurement, the working electrode was maintained
at open circuit potential for 15 s before being stepped to 0.01 V vs Ir for 30 s. 100
measurements per second were recorded to accurately captured the potential step.
The transference numbers can be calculated from the current response to the poten-
tial step as a function of time [158]. In particular, the electronic transference number
is calculated by dividing the initial (t→ 0) from the long-time (t→ ∞) values of the
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current (I) using:

te =
It→∞

It→0
(4.2)

Additionally, Slag#1 was thermally treated to 1723 and 1823 K inside a a verti-
cal tube furnace (GSL-1700x-100VT-UL, MTI Corp.). Graphite crucibles (Baofeng
Graphite) were used to study the slag at similar conditions that the slag experi-
ences in the industrial ironmaking processes. The system was purged with zero
grade Ar (99.999 %, BOC) during the 1 K min−1 heating and cooling cycle. For the
post-experiment analysis, the samples were cross-sectioned upon cooling using a
high-speed diamond saw (Bühler), set in a conducting mounting compound (Probe-
Met), and polished using progressively finer grades of silicon carbide paper (180,
320, 400, and 600 grit) and a diamond suspension with an average particle size of 9
µm. The composition and microstructure of the sample was examined using a scan-
ning electron microscope (SEM, JEOL JSM-IT300LV) with LaB6 filament equipped
with a X-Maxä 50 silicon drift energy dispersive spectroscopy (EDS) detector.

4.2.3 Thermodynamic predictions

The thermodynamic software FactSage 7.2 [19] was used to predict the equilibrium
reduction potentials for the electrolytic extraction of metals from ironmaking slags
(Section 4.3.3). The thermodynamic (minimum) cell voltage required for the reduc-
tion of metal ions from the slag (Ecell) was calculated using the Nernst equation:

Ecell =
∆G◦

−nF
− RT

nF
·ln

∏ aν
products

∏ aν
reactants

(4.3)

where F is the Faraday constant. R, T and ν are the universal gas constant, the
temperature of interest and the stoichiometric coefficients from the overall cell re-
action, respectively. In this study, all reactions were based on the formation of one
mole of O2 so the number of electrons involved in the reaction, n, is 4. ∆G◦ is the
standard Gibbs energy of the dissociation reaction at unit activity in pure compo-
nent state, and ai is the activity of the ith species in the reaction at cell conditions.
Model parameters were obtained from FactSage’s FToxid and FactPS databases [19],
where the molten slag phase is described using an optimized Modified Quasichemi-
cal Model [82]. The thermodynamic activities for the components of the molten slag
system were obtained from this validated solution model [62], while unit activity
was chosen for the metal and oxygen gas. Oxygen was assumed to be in equilib-
rium with pure O2 bubbles evolved at the counter electrode.
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4.3 Results and Discussion

4.3.1 Chemical considerations

In MOE, the choice of supporting electrolyte is the single most important process
parameter. For the current study, the composition of the electrolyte is fixed as the
study focuses on the direct use of ironmaking slag from the process, without the
use of a supporting electrolyte. The elemental composition of Slag#1 given in Table
7.1 reports iron as Fe3O4 since the sample was oxidized before XRF measurements,
but iron in melter slag at process conditions would be in the form of low valency
iron ions, FeO, and metallic iron [163, 164]. This is mostly due to the operating
conditions of the melter, where a liquid pool of pig iron metal forms at the bottom
as the carbon content in the pig iron (around 3.40 wt.% [28]) reduces the melting
point of the metal product about 300 K [165]. The slag floats on top of the reduced
layer of pig iron metal at 1773 K [28].

At those operating conditions, most of the iron will be metallic and in equilib-
rium with wüstite in the slag phase. It is worth noting that prolonged exposure
to high temperature oxidizing conditions favours the oxidation of metallic iron,
but that gas-liquid reaction between oxygen and molten iron will be slower than
the Fe2+ oxidation within the slag [163]. However, there is little Fe3+ expected, as
hematite decomposes spontaneously at those temperatures [146, 164]. In this way,
most iron in the slag is likely to be metallic iron trapped as it settles to the bottom of
melter.

A significant number of small metallic droplets can be observed on the surface
of the quenched Slag#1 after it was fired in a graphite crucible to 1723 K (Figure
4.2A). There were fewer metal beads suspended on top of the slag (Figure 4.2C), and
most metal droplets were suspended near the bottom of the crucible (Figure 4.2D)
for the experiment where Slag#1 was quenched from 1823 K. The large bubbles
suspended in quenched slag in Figure 4.2B, and, to a lesser extent, in Figure 4.2D
illustrate the viscous nature of the slag at temperature. An increase in temperature
should decrease the viscosity of the slag, reducing the amount of entrained iron in
the slag at temperature. While this may have allowed more droplets to sink under
gravity, droplet coalescence was still hindered by metal carbide formation. The
presence of these carbide precipitates has been reported to cause a rapid increase in
the viscosity of the slag [163, 166, 167].

At the strongly reducing conditions of the melter due to the large carbon
electrodes, metallic iron is trapped by solid carbide particles in the slag. At those
operating conditions, V2O5 and TiO2 in the molten slag can react with carbon to
form mixed metal carbides precipitates at the liquid metal-slag interface [168]. The
carbides heterogeneously nucleate at the liquid-liquid interphase interface [163],
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FIGURE 4.2: Slag#1 after being fired in a graphite crucible under an argon
atmosphere. (A) and (C) are plan views of the crucible showing a number of
small metal beads on top of the slag. (B) and (D) are complete cross-section
of the crucible showing entrained gas bubbles and metallic droplets. The
yellow circle in (B) indicates the region analysed in Figure 4.3, where the
yellow ellipse in (D) shows a region of metal droplets near the bottom of the

crucible.
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FIGURE 4.3: EDS elemental composition maps illustrating the distribution of
the major elements around a metallic iron drop suspended in Slag#1 at the

region indicated in Figure 4.2 after quenching from 1723 K.

which inhibits the growth and coalescence of metallic iron droplets [167]. The
carbide shells of the several smaller solidified droplets that have coalesced are
visible in the V and Ti x-ray maps in Figure 4.3.

Zhang et al. [167] found that TiC can be oxidised easily under dynamic oxidation
conditions, causing a rapid decrease in the viscosity of the slag. Hence, increasing
the oxygen chemical potential enables iron droplets to coalescence, facilitating the
separation of iron from the slag [163]. This is consistent with the large metallic iron
droplet found at the base of the quenched pendant droplet of molten slag formed
during experimentation in the thermal imaging furnace at PO2

= 10−6 atm (see
Figure 4.4A). The containerless method meant there was no carbon being used in
the system, i.e. no carbothermal reduction was possible, and so it can be concluded
that for the temperatures of interest the metal carbide precipitates contained in the
slag had a larger effect on the viscosity than temperature.

The slag is considered to be fully molten as it is tapped from the process. That
observation is consistent with the literature [169, 170]. Ratchev and Belton [170]
also found that a decrease in the partial pressure of oxygen increased the liquidus
temperature and reported a spinel phase precipitating above 1873 K for some com-
positions of a pseudo-quinary TiO2 − SiO2 −Al2O3 −MgO−CaO slag system. It is
important to know the state of the electrolyte because, unlike in aqueous or molten
salt electrolysis where the analyte of interest can be a solid that dissolves in a molten
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FIGURE 4.4: Assessment of the metallic iron content in Slag#1. (A) Pendant
droplet sample of Slag#1 after being quenched from 1823 K in the thermal
image furnace at PO2

= 10−6 atm. The yellow square shows a metallic droplet
that coalesced after melting and settled in the bottom of the pendant droplet.
(B) Back-scattered image of the metallic droplet. The yellow star indicates the

location of the compositional analysis reported on the image.

supporting electrolyte, MOE depends on the molten state of the electrolyte (contain-
ing the dissolved metal cations of interest) in order for the charge to be transferred
by the movement of ions. In the next section, the effect of the presence of iron and
operating temperature on the slag’s electrical conductivity will be explored.

4.3.2 Electrical considerations

All electrochemical reactions rely on the use of a solvent (i.e. supporting electrolyte)
to enable the flow of current, providing the pathway for the charged species (i.e.
dissolved ions and electrons) to flow between electrodes, balancing the flow of
electrons in the external circuit [171]. The solute (compound of interest) dissolves
in that medium. Oxide melts are known to be mixed conductors, where electrons
and ions contribute to the charge transfer [158]. In molten slags, the current is
known to be transported through the oxide melt mainly by ions [172]. Hence, in this
work, it is postulated that, due to the mixed oxide nature of the slag, the fraction of
the charge carried by ions (i.e. ionic conductivity) will be high enough to sustain
a current efficiency that enables high production rates while minimizing energy
consumption. Using the slag directly from the process, at temperatures above 1773
K, will facilitate the ionic mobility of the charged species, and it is hypothesized that
this will enable a solvent-free process, i.e. no additional electrolyte would be needed.

In order to consider ironmaking slag a successful electrolyte, it is desirable that it
possesses acceptable values of total electrical conductivity [152]. Following Ohm’s
law, a high total electrical conductivity, or low ohmic resistance, of the electrolyte
is desired to maximize the production of the target metal as it will enable greater
current densities for a given applied voltage. For comparison, the total electrical
conductivity for pure cryolite is reported to be 2.8 S cm−1 [173] at 1273 K, a value
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FIGURE 4.5: Ionic transference number variation as a function of tempera-
ture for Slag#1 with different amounts of iron in its base composition for a
partial pressure of oxygen of 10−6 atm. Values correspond to the average of
two measurements, where the maximum average deviation measured was±

0.014.

which is close to Al smelting temperatures. For Ti-bearing blast furnace slag with
23 wt.% of TiO2 and 4.8 wt.% of FeO, Wang et al. [174] reported a value of 1.2 S
cm−1 at 1773 K. At that temperature, increasing the amount of TiO2 in the slag
to concentrations above 70 wt.% increased the total electrical conductivity up to
100 S cm−1 [175]. The reported range of values suggests that the total electrical
conductivity of titanium-bearing slags can be tuned to what is required for a
successful industrial electrolyte.

To maximize the production of metal in the proposed MOE system, the fraction
of the charge carried by electrons (i.e. electronic conductivity) plays also an impor-
tant role. On one side, electronic conduction constitutes a source of waste energy
as the movement of electrons in the electrolyte is not linked to the production of
metal [176]. This lowers the faradaic efficiency of the electrolysis and more energy is
required to achieve a certain production rate. However, some electronic conduction
is beneficial as that "wasted" energy can be used to self-heat the electrolytic cell (i.e.
Joule heating), satisfying the thermal needs of the process [65]. Hence, in order
to produce metal at an economically viable rate, the total electrical conductivity
has to be maximized and the electronic conduction minimized [177]. The fraction
of applied current that is used in the electrochemical reaction, i.e. the faradaic
efficiency of the process, can be used to determine the feasibility of this approach.

The ionic conduction was investigated as a function of temperature (see Figure
7.3). Temperature between 1773 and 1933 K were chosen to study the slag in the
vicinity of its tapping temperature. At those temperatures, the effect of temperature
was minor and the ionic transference numbers obtained ranged from 0.53 to 0.61
for Slag#1. The ionic conduction in the slag depends on the concentration, charge
and mobility of charge carriers [171]. As all the measurements were done at the
same partial pressure of oxygen, the variation of the degree of polymerization of
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the melt as a function of temperature is expected to be the main factor influencing
ionic conduction. For the system under study, Liao et al. [178] illustrated that
there is not a significant change in viscosity above 1773 K, with values less than
0.5 Pa s reported [153]. The negligible effect of temperature on the ionic conduc-
tion above 1773 K can be associated with the viscosity of the slag being stable at
the operating temperatures and too low for mass transport to limit current efficiency.

As ironmaking slag may contain a small amount of iron, the effect of the iron
on the transference numbers was also investigated. The concentration of Fe in the
slag sample was reduced by separating the droplet of metallic iron, formed at the
bottom of the quenched pendant droplet, from a sample of Slag#1 (Figure 4.4A). The
amount of iron in the slag was not measured post operation, but Zhang et al. [167]
reported a decrease from 2.50 wt.% to 0.07 wt.% after the metallic Fe in a Ti-bearing
blast furnace the slag coalesced and settled to the bottom of their container. In
this work, the ionic transference numbers for Slag#1 with Fe droplet removed
(square shapes in Figure 7.3) were higher than for Slag#1. The decrease of the ionic
transference numbers with increasing metallic iron content might be explained by
the role of dissolved metallic iron at increasing the total electrical conductivity by
increasing the electronic conductivity.

Rouaut et al. [177] compared the electronic conductivity of cryolitic melts with
and without metals, and highlighted the role of dissolved aluminium metal as a
source of mobile electrons. In metal-molten salts systems, the presence of dissolved
metal not only increases the total electrical conductivity of the molten electrolyte, as
it provides electrons that are highly mobile, but it decreases the faradaic efficiency
of the electrolysis as the dissolved aluminium is reoxidized by the gas evolved at the
counter electrode. The gain of efficiency resulting from the removal of multi-valency
iron ions from the melt was further confirmed by measurements performed on a
related synthetic slag sample with a similar base composition but with no iron and
other minor components (diamond shapes in Figure 7.3). This synthetic TiO2 - SiO2

- Al2O3 - MgO - CaO slag, containing approximately the same composition ratios as
Slag#1, resulted in even higher ionic transference numbers, ranging from 0.76 to 0.79.

To put the results for the compositions investigated herein into perspective, the
use of cryolite as a supporting electrolyte yields ionic transference number values
close to unity at industrial operation conditions [179]. A priori, this might suggest
that an electrochemical route involving the direct use of ironmaking slag might be far
from the creation of a commodity-cost extraction process, analogous to aluminium’s
Hall-Heroult process; however, the elevated cost associated with upstream process-
ing to convert the ore to pure Al2O3 (i.e. Bayer Process) and the low concentration of
Al2O3 in cryolite (between 2 and 5 wt.% [180]) are constraints that could be avoided
with our proposed route. Furthermore, newly established routes such as the FFC
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TABLE 4.2: Gibbs energy and minimum thermodynamic cell voltage for the
decomposition reactions in the proposed electrolyte, Slag#1, at 1773 K pre-

dicted with FactSage.

∆G◦decomp / kJ mol−1 Ecell / V

CaO (s) −−⇀↽−− Ca (l) + 1
2 O2 (g) 445 -2.89

Al2O3 (s) −−⇀↽−− 2 Al (l) + 3
2 O2 (g) 1108 -2.00

MgO (s) −−⇀↽−− Mg (g) + 1
2 O2 (g) 367 -2.18

Ti2O3 (s) −−⇀↽−− 2 Ti (s) + 3
2 O2 (g) 1044 -2.10

TiO2 (s) −−⇀↽−− Ti (s) + O2 (g) 627 -1.70
SiO2 (s) −−⇀↽−− Si (l) + O2 (g) 596 -1.66

FeO (l) −−⇀↽−− Fe (s) + 1
2 O2 (g) 153 -0.98

Fe3O4 (s) −−⇀↽−− 3 Fe (s) + 2 O2 (g) 560 -0.87

process report a faradaic efficiency of 50% [181] and the molten sulfide electrolytic
route to produce copper is around 5% [61]. Hence, the further exploration of the
electrochemical behaviour of the slag is encouraged.

4.3.3 Thermodynamic considerations

The stability of the metal oxide constituents of the molten slag at the operating con-
ditions must be investigated as their decomposition will limit the operating temper-
ature of the MOE cell [60] and define the purity of the final metallic product.

Thermal stability

The Gibbs energy for the disassociation reactions of the pure compounds in their
standard state, ∆G◦decomp, is given in Table 4.2. At 1773 K, the thermal stability of
all the pure major components found in the slag (∆G◦decomp > 0) is guaranteed. No
constituent of the electrolyte will decompose spontaneously and metal and oxygen
gas can be produced by a faradaic reaction.

Electrochemical stability

In non-aqueous electrochemistry the selectivity of the process depends on the
exclusive reduction of the metal ions of interest from the melt [182]. Hence, in
order to produce high-purity titanium metal and oxygen gas from the electrolysis
of molten slag, the melt must be free of elements more noble than titanium [152].
The relative stability of the metals at 1773 K (∆G◦decomp) is: Fe < Si < Ti < Mg < Al
< Ca. Hence, the first metal that will be formed is iron and it must be removed
before operation. However, molten oxides are complex non-ideal solutions [62]
and the relative stability of the components in the melt reported in Table 4.2 fails
to take into account the electrolyte composition (i.e. thermodynamic activities).
Using the Nernst equation, the minimum difference in electrode potential between
the working and counter electrode required for any redox reaction to occur at the
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operating conditions (Ecell) was calculated.

The small potential window between the reduction of Si and Ti ions indicates
that they might co-reduce from the melt (see Table 4.2). However, the small potential
window between both reduction reactions may imply that the deposition series
could be altered by modifying the composition of the electrolyte or the concentration
of the electronegative species (eg. through the use of a supporting electrolyte [182,
183]), which was out of scope of this study. Regardless, producing titanium silicides
as a product is a promising high-added value alternative [184]. Either way, the
results presented in this paper justify further study of the electrochemical behaviour
of this material to investigate the kinetics of the reduction process, determining its
potential as a secondary source of metals.

4.4 Conclusions

The implications of using TiO2-rich ironmaking slag as a molten oxide electrolyte
were investigated in this paper. To assess the feasibility of producing titanium metal
directly from the ironmaking process, the following considerations must be taken
into account:

• Operating in the vicinity of the liquidus temperature of the slag did not have a
significant effect on the charge transfer

• The presence of iron in the melt, even in small quantities, increased consider-
ably the electronic conduction in the melt, hindering the faradaic efficiency of
the process.

• If pure titanium metal is the desired product, the melt should be free of any
iron as it is easier to reduce than the target metal.

• The proximity of the thermodynamic cell voltage values for the reduction of Si
and Ti ions from the melt calls for an electrochemical study to understand the
overpotentials at the electrodes, which will ultimately control the composition
of the metal produced.

The results presented in this paper, alongside the timely need to recycle large-
scale waste materials, motivate further exploration of the electrochemical behaviour
of titanium-bearing slags relevant for molten oxide electrolysis.
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Chapter 5

Electrochemical Behaviour of
Titanium-Bearing Slag Relevant for
Molten Oxide Electrolysis

Abstract

A containerless approach was used to investigate the electrochemical behaviour
of TiO2 – SiO2 – Al2O3 – MgO – CaO slags in their molten state. Iridium was
used in a three-electrode configuration to perform a combination of electrochemical
techniques inside a modified thermal imaging furnace. The real-time visualisation
during experimentation and the post-mortem microscopy analysis confirmed
the direct production of an Ir−Ti−Si alloy and the evolution of oxygen during
electrolysis. Thermodynamic properties of the slag were predicted with FactSage
and were consistent with experiment. The results justify the use of this method to
better characterize the potential of these systems as a secondary source of materials.

5.1 Introduction

The electrolysis of molten metal oxide feedstocks has been proposed as a more
sustainable and environmentally friendly alternative to the conventional extractive
metallurgical processes [110]. This method is commonly referred to as molten oxide
electrolysis (MOE). MOE uses electrons as the reducing agent to separate metals
from molten oxide electrolytes. One key feature of this process is that oxygen can
be the only by-product generated if the counter electrode (CE) material is inert at
the operating conditions [185]. Provided the electricity is generated from renewable
resources, the implementation of MOE can contribute to decarbonization of the
metallurgical sector.

The success of using electricity to extract any metal from its ore relies upon
finding an appropriate supporting electrolyte. A profound understanding of the
physical-chemical properties of the electrolyte in its molten state is then crucial
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to the development of this technique. However, the high melting points of most
oxides have traditionally imposed very demanding material constraints making it
extremely challenging to study them at a laboratory scale. Traditionally, crucibles
have been used to place the oxide melts under study in the hot zone of a furnace.
The containment compatibility issues (i.e. slag / crucible interaction [14]) derived
from the use of this type of furnace have limited the thermodynamic data available.
The larger the number of constituent elements in the melt, the scarcer the data.
Characterizing the properties of the candidate molten oxide electrolytes remains a
major challenge for MOE [60].

The push for green electrification and decarbonization of industrial processes
brought attention to the application of MOE in steelmaking [85]. Steel is the most
widely used alloy in the world with a yearly production of 1.8 billion tons [87].
For each ton of steel produced, 1.83 tons of CO2 are produced [186], which makes
steelmaking one of the largest industrial source of the greenhouse gas. Research in
this field has been mainly focused on the extraction of iron from FeOx containing
melts [139, 146, 160, 186]. For the more complex, chemically-aggressive, Ti-bearing
oxide melts, such as TiO2− SiO2−Al2O3−MgO−CaO slags, thermodynamic data
is only available for narrow ranges of temperature and composition [153]. However,
in countries like China and New Zealand, these slags are available as by-products
of the local steelmaking processes, and can contain more than 30 wt.% TiO2 [15].
The slag is tapped at temperatures above 1700 K, dumped to cool, crushed and
sold as an aggregate for cement production or fill for roading. This practice is a
waste of titanium resources and sensible heat, which constitutes around 10% of the
waste energy of the steel industry [91]. With the universal need to improve resource
efficiency and mainstream sustainability practices [1], research efforts have been
drawn towards the extraction of further value from Ti-bearing slag [16].

Jiao et al. [15] performed two-electrode electrolysis in TiO2 − SiO2 − Al2O3 −
MgO− CaO slag. They used a graphite anode, a liquid iron cathode and a silicon
nitride crucible to study the recovery of Ti. MOE is particularly attractive due
to the molten state of the available slag and the possibility to electrochemically
extract metals from the oxide melt while producing only oxygen [187]. The use
of the slag for such a purpose would benefit from a containerless method and an
oxygen-evolving anode. A more extensive study can help to bridge the knowledge
gap around the physical-chemical properties of Ti-bearing slag in the molten state,
determining crucial information to enable recycling of the slag. The study of the
electrochemical behaviour of this complex oxide system is hence justified.

In this work, a containerless approach with in situ, real-time visu-
alization was used to study the electrochemical properties of molten
TiO2 − SiO2 − Al2O3 − MgO − CaO slag. Following the pioneering efforts of
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Nakanishi and Allanore [13], the pendant droplet technique was employed in a
modified thermal imaging furnace. Cyclic voltammetry and potentiostatic electrol-
ysis measurements were performed in a three-electrode configuration using iridium
metal as working, pseudo-reference and counter electrodes. Thermodynamic
predictions using FactSage were validated with measured phase relations, and the
cell voltages required to deposit Si and Ti from the slag were determined. The
results presented in this paper demonstrate a methodology to accelerate the pace of
characterization of titanium-bearing slags.

5.2 Experimental

5.2.1 Sample preparation

The slag produced during the processing of titanium magnetite ores in China [15]
and New Zealand [16] is composed mainly of TiO2, SiO2, Al2O3, MgO and CaO. The
compositions studied in this paper represent New Zealand Ti-bearing slag where the
TiO2 concentration has been lowered to study the effect of the continuous extraction
of titanium from the slag on its electrochemical behaviour. The relative amounts of
the other oxides are kept approximately constant. The compositions of the samples
were measured by x-ray fluorescence spectroscopy (XRF, Siemens/Bruker SRS3000),
and are reported in Table 5.1.

Four compositions of a synthetic TiO2 − SiO2 −Al2O3 −MgO− CaO slag were
prepared using powders of Al2O3 (98%, CARLO ERBA Reagents), TiO2 (99.9%,
CERAC Inc.), CaCO3 (99.95%, CERAC Inc.), SiO2 (99.4%, CARLO ERBA Reagents)
and (MgCO3)4 ·Mg(OH)2 · 5 H2O (99%, SIGMA-ALDRICH) as starting materi-
als. Approximately 100 g of the mixed powders were weighed into high-density
polyethylene bottles and ball mill blended overnight in EtOH with ZrO2 milling
balls on a rotating roller mill. The powder was recovered using rotary evaporation,
dried, then granulated through a coarse sieve. Granulated blended batch materials
were fired in air at 1873 K in a platinum crucible and furnace cooled. The resulting
solid was reheated in a platinum crucible to 1473 K and water quenched. The recov-
ered material was micronized, placed into latex balloons (Pioneer Balloon Co.) and
cold hydrostatically pressed at 300 MPa for 5 minutes.

5.2.2 Thermodynamic predictions

Thermodynamic properties were calculated for slags using the thermodynamic
software FactSage 7.2. Model parameters are from FToxid and FactPS databases
[19]. For each slag composition at a total pressure of 1 atm, the phase relations as a
function of temperature were predicted. The maximum temperature for any solid
phase to be stable, the liquidus temperature (Tliq), and the minimum temperature
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TABLE 5.1: Thermodynamic properties predicted for the electrolyte compo-
sitions investigated in ascending order of their predicted Tliq. Ecell,TiO2 is the

cell voltage for Reaction 5.3 at 1903 K.

TiO2 CaO SiO2 Al2O3 MgO Tsol Tliq Ecell,SiO2 Ecell,TiO2

wt.% wt.% wt.% wt.% wt.% K K V V

Slag A 33 18 15 19 15 1486 1803 −1.61 −1.65
Slag B 15 24 25 18 18 1494 1823 −1.63 −1.72
Slag C 9 25 26 20 19 1494 1883 −1.66 −1.75
Slag D 21 21 11 26 21 1615 1960 −1.69 −1.73

for any liquid phase to be stable, the solidus temperature (Tsol), were determined.
These values are given in Table 5.1.

The thermodynamic cell voltages required to deposit metals from the molten
slag were calculated in the following manner. For brevity only the example for Ti
deposition is given. The cathodic reaction was first assumed to be:

TiO2 + 4 e− −−→ Ti + 2 O2− (5.1)

The anodic reaction was then assumed to be:

2 O2− −−→ O2 + 4 e− (5.2)

Thus the full cell reaction was:

TiO2 −−→ Ti + O2 (5.3)

While the overall Gibbs energy change for Reaction 5.3 is independent of mech-
anism, the cell voltage for Reaction 5.3 will depend on pathway and thus should be
treated as an indicative value only. At standard conditions and the temperature of
interest, the cell voltage, E◦cell , was then determined by:

E◦cell =
∆G◦

−nF
(5.4)

where ∆G◦ is the standard Gibbs energy of dissociation for Reaction 5.3, n = 4 is
the number of electrons involved in the reaction, and F is the Faraday constant. ∆G◦

for the full cell reaction was obtained at the temperature of interest from FactSage.
At 1903 K, the standard cell voltage for Reaction 5.3, E◦cell,TiO2

, is -1.56 V. However,
as the system under the examined conditions is not at standard conditions, the cell
voltage (Ecell) is calculated from the Nernst equation:

Ecell = E◦cell −
RT
nF
· ln

∏ aν
products

∏ aν
reactants

(5.5)

where R is the universal gas constant, T is the temperature of interest, ν are the
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stoichiometric coefficients and ai are the activities of the species present in the reac-
tion. To account for the non-ideal properties of the molten slag system, the activity
of TiO2 in the melt, aTiO2 , at T was calculated from FactSage. Unit activity was cho-
sen for titanium metal as it was assumed that pure solid metal will be produced. All
the ν of the reaction quotient are 1 (see Reaction 5.3). Since the pressure inside the
furnace was low, and 1 atm pure O2 gas was chosen as the standard state of the oxy-
gen gas at the CE, the partial pressure of oxygen was assumed equal to the activity
of oxygen. The PO2 is 1 atm as dissolved O2 is assumed in equilibrium with pure
O2 bubbles evolved at the counter electrode. The cell voltages for Si and Ti metal
deposition were calculated according to Equation 5.6, and is reported in Table 5.1.

Ecell,TiO2 = E◦cell,TiO2
− RT

4F
· ln 1

aTiO2

(5.6)

5.2.3 Phase relations determination

Differential scanning calorimetry (DSC) and X-ray powder diffraction (XRD) tech-
niques were utilized to validate thermodynamic predictions. Heat flow measure-
ments were performed (NETZSCH STA 449 F3 Jupiter) under an argon atmosphere
(120 mL min−1, 99.999%). Platinum crucibles with a lid were used to contain about
10 mg of slag which was thermally cycled at 20 K min−1 up to 1873 K. An alumina
spacer was used to protect the sensor from the crucible when operating at temper-
atures above 1673 K. In situ XRD analysis of slag was conducted at the Australian
Synchrotron using the powder diffraction beamline. The samples were mounted in
a 0.1 mm deep rebate in a platinum strip element in an Anton Paar Furnace. Diffrac-
tograms were measured every 60 seconds as the samples were heated from 1500 K
to 1873 K at 5 K min−1. The X-ray energy was set at 11 keV and the diffraction data
acquired using a Mythen 1D detector between 10 and 85 degrees 2θ.

5.2.4 Furnace operation

The use of the pendant droplet technique in a modified thermal imaging furnace
(TX-12000-I-MIT-VPO-PC, Crystal Systems Corp.) to carry out electrochemical
measurements has been described before [13, 188, 189]. Briefly, at the beginning
of each experiment, a cylindrical sample was suspended from the upper furnace
shaft inside a quartz tube (Technical Glass Products Inc.). The sintered electrolyte
samples were 5 to 7 mm in diameter and 60 to 80 mm in length, and sample position
was controlled using a stepper motor with submillimeter precision. Vacuum was
applied to certify that there were no leaks in the system. The quartz tube containing
the electrochemical cell was then purged three times before turning on the furnace.
UHP Ar (99.999%, Airgas Inc.) was used to refill the chamber and during operation
with a flow rate of 200 mL min−1 (PO2= 10−6 atm). The operating temperature was
determined by contacting the molten droplet with a thermocouple. W – Re (5 wt.%)
| W – Re (26 wt.%) thermocouples (type C) were used, with a ± 1% maximum error
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FIGURE 5.1: Optical image of the electrochemical cell: (A) solid sample rod,
(B) molten pendant droplet, (C) electrodes, (D) electrode probe.

at the operating temperatures.

Once the operating temperature (i.e. furnace lamp power) was chosen, the
sample was lowered until its bottom end was in the hot zone and it was rotated
until a stable pendant droplet was formed. Then, the three iridium wire electrodes
(Ir > 99.9 %, diameter = 0.5 mm, Furuya Metals Co., Ltd.), held inside an Al2O3

four-bore tube, were raised up while monitoring the open circuit potential (OCP). A
sudden change in the OCP, and in situ visualization, confirmed that the electrodes
had contacted the molten droplet. Once the electrodes had made contact with
the molten droplet, the wires were raised further into the molten droplet to an
immersion depth of approximately 2 mm. See reference [13] for details regarding
the assembly of the iridium electrodes and electrical connections to the potentiostat.
An image of the electrochemical cell configuration is shown in Figure 5.1. The image
was captured through a flat window in the quartz tube by a camera (EOS Rebel T5i
DSLR, Canon Inc.) with telescopic lens during operation at 1903 K.

5.2.5 Electrochemical measurements and analysis

Iridium wires were employed as the working (WE), counter and pseudo-reference
electrodes. Iridium was chosen as the electrode material as it satisfied the technical
requirements of being solid at the operating temperatures (melting point = 2179 K)
and mechanically robust enough (elastic modulus = 528 GPa at room temperature)
to insert a thin wire into the molten slag repeatedly. Tungsten and molybdenum
also met the requirements and are cheaper, but, unlike iridium, they are susceptible
to oxidation under the given experimental conditions. Initial experiments found
that Mo and W wires were not stable during electrolysis as the oxygen gas that
evolved at the counter electrode (which is very close to the other electrodes in the
pendant droplet configuration, see Figure 5.1) quickly reacted with these metals
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and formed volatile metal oxide phases leading to severe corrosion. The melting
points of silicon, iron and platinum make them unsuitable for this application. The
use of carbon is avoided due to the likelihood of a carbothermal reaction with Ti
or Si to form carbides [190]. Other high melting point metals such as titanium and
zirconium are not chemically stable in the slag as they can reduce metals from oxide
species within the melt. Iridium has been intensively studied in MOE [13, 186, 188,
191], where it has been demonstrated to act as an oxygen-evolving anode [186].
While the price of iridium is too high for large-scale applications, iridium plays an
important role in laboratory scale studies.

In this work, the pseudo-reference electrode consisted of an iridium wire im-
mersed into the molten slag droplet. This type of reference electrode is commonly
used in MOE when performing three-electrode measurements [13, 160, 186, 188,
191], where it provides a constant potential and has the advantage of having a low
impedance [192]. However, its potential cannot be calculated thermodynamically
as the species in equilibrium at the pseudo-reference electrode are unknown. All
the potentials measured are referred to this pseudo-reference electrode, which was
found to be stable throughout multiple measurements. While some have success-
fully used oxide / oxygen reference electrodes based on solid ZrO2 electrolyte
separators [139], in this system, the small size of the molten oxide droplet limits the
ability to use this type of reference electrode. Furthermore, as ZrO2 is soluble in
this oxide melt [193], using this type of reference electrode would contaminate the
system. An alternative approach is to use metal / metal oxide reference electrodes,
which are essentially metal wires coated in a thin oxide layer [194]. While these
have proved useful in some systems, the electrode material constraints stated above
made these unsuitable for this study.

All the electrochemical measurements were conducted using a potentiostat
(Gamry Reference 3000). The OCP was recorded to begin each measurement. The
ohmic resistance between the working and pseudo-reference electrodes was cal-
culated from electrochemical impedance spectroscopy measurements at OCP. The
distance between both electrodes was approximately 2 mm. For each experiment,
the value was obtained at high frequency when the phase angle was close to zero. A
typical resistance value was 1.5 Ω. To account for the ohmic drop, 70% of this value
was applied for positive feedback and the remaining 30% used for post-run IR
correction. Cyclic voltammetry (CV) was used to determine the potential scan range
and to identify the presence of redox couples within the electrolyte. Potentiostatic
electrolysis experiments were performed to confirm the peak identified with the CV
measurements.

Following the experiment, the quenched droplet was cross-sectioned from the
remaining unmolten rod using a low speed diamond saw (Bühler). The sample



66 Chapter 5.

was polished down to 1 µm using a diamond suspension over abrasive pads. The
microstructure and morphology of the product were observed using a scanning
electron microscope (SEM, JEOL IT-300) equipped with an energy dispersive
spectrometer (EDS).

5.3 Results and Discussion

5.3.1 Validating thermodynamic predictions

The thermodynamic predictions reported in Table 5.1 were validated by comparing
the calculated Tsol with those determined by DSC, and the calculated Tliq with in
situ XRD analysis. For Slag C, the Tsol was predicted to be 1494 K. The onset of the
first endothermic peak detected in the heating path was used as a proxy for Tsol in
the DSC measurements. The experimental solidus was 1488 K, which is consistent
with the prediction. The Tliq was difficult to determine via DSC due to the decrease
in sensitivity at very high temperatures, possibly aggravated by the use of a spacer
[195]. In situ XRD, was used for further validation of thermodynamic predictions.
FactSage predicted that the last stable solid phase would be magnesium aluminium
spinel with nominal composition MgAl2O4. Indeed, on heating to the maximum ex-
perimentally achievable temperature (1873 K) the only crystalline phase present was
the spinel. Complete melting at the maximum operating temperature of the in situ
XRD heater (1873 K) was not observed for Slag C, which is consistent with the liq-
uidus temperature prediction (1883 K) for this composition. Taken together, the DSC
and XRD measurements validate the use of thermochemical data from FactSage for
the complex, pseudo-quinary slag phase and support its use for reaction potentials
in this composition space.

5.3.2 Cyclic voltammetry

The influence of the lower potential limit during CV was investigated (Figure 5.2).
The scan rate was set to 1 V s−1 to mitigate the effect of the interaction between the
metallic product and the WE. A slower scan rate would allow more time at reducing
conditions, which could affect the dimensional stability of the WE. The potential
was scanned from 0.5 V vs Ir towards negative potentials for three cycles. The
upper potential limit was set at 0.5 V as, above this potential, the voltammograms
became less reproducible, possibly because of the oxidation of the iridium or the
oxygen evolution reaction (gas bubbles could be observed at 0.7 V vs Ir).

The negative potential scan limit was shifted to more negative values for each
curve in Figure 5.2 in steps of -100 mV (from 0 V to -0.6 V). Decreasing the lower
potential limit towards more negative potentials resulted in the cathodic current
becoming more negative. Each curve corresponds to the third cycle of an individual
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FIGURE 5.2: Cyclic voltammograms of Slag C at 1903 K. The upper potential
limit was 0.5 V vs Ir for all measurements and the lower potential limit was
varied across 0 V, -0.1 V, -0.2 V, -0.3 V, -0.4 V, -0.5 V and -0.6 V. Scan rate: 1 V

s−1.
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FIGURE 5.3: Cyclic voltammograms of the four slag compositions at 1903 K
with a 1 V s−1 scan rate. The upper and lower potential limits were 0.5 V and

-0.5 V vs Ir.

CV measurement for Slag C, where the features of the CV were reproducible from
cycle to cycle. The CV is not reproducible when the lower potential limit is below
-0.6 V. This may be due to changes in WE shape / area due to metal deposition and
slag droplet disturbances caused by the gas bubbles generated at the CE. Based on
the potential at which oxygen evolution reaction was observed (0.7 V vs Ir) and the
potential for the cathodic metal deposition (-0.6 V vs Ir), the overall cell voltage was
estimated to be -1.3 V. This is lower than the predicted cell voltages required for Si
and Ti deposition from Slag C at 1903 K, which are -1.66 V and -1.75 V, respectively
(see Table 5.1). This is possibly due to the underpotential deposition of Ti and Si on
the Ir WE. It seems unlikely that two reduction events would be observed as there
is less than 100 mV between the predicted cell voltages.

The effect of slag composition on the cyclic voltammograms was investigated
(Figure 5.3). For all measurements, the potential was swept in the negative direction
until -0.5 V vs Ir, and it was found that the current density increased with the concen-
tration of TiO2. This is consistent with thermodynamic predictions using FactSage
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FIGURE 5.4: Current density vs time plot recorded from a potentiostatic elec-
trolysis experiment for Slag D. Potential held at -0.6 V for 300 s. T: 1903 K.

Electrode area: 0.035 cm2.

(Table 5.1). Slag A has the most positive predicted Ecell,TiO2 , -1.65 V, compared with
the least positive -1.75 V for Slag C. For a process involving the cathodic deposition
of a metal, the cathodic current density increases as the potential becomes more neg-
ative. For all slags, the increase in the cathodic current density is consistent with the
increase in the concentration of TiO2. Interestingly, the concentration of SiO2 seems
to have little effect, where no clear trend was found. However, based on the ther-
modynamic predictions, the reduction of Si from SiO2 is thermodynamically more
favourable than Ti from TiO2.

5.3.3 Potentiostatic electrolysis

Potentiostatic electrolysis experiments were performed to confirm the electrochem-
ical deposition of metals and to investigate whether the shape of the CVs could be
attributed to phenomena occurring after the electron transfer reaction. The current
density during electrolysis of Slag D (21 wt.% TiO2) was quite noisy (Figure 5.4).
Kim et al. [196] associated the spikes in the signal recorded during electrolysis
to an increase in the electrical resistivity caused by large bubble formation in the
electrolyte. Similarly, in this system, the number of gas bubbles formed was such
that they interfered in the electrical connection between the electrodes and the
molten sample. Bubbling began as soon as potential was applied to the cell. The
bubbles evolved at the CE were observed to disturb the shape of the molten droplet
which would have altered the length of WE wire inserted into the droplet, and thus
altered the current. The current density value in Figure 5.4 assumes a constant WE
area.

After 300 seconds the lamps of the thermal imaging furnace were shut off,
quenching the electrodes inside the droplet prior to terminating the experiment.
SEM observations of the polished cross-section after electrolysis are presented in
Figure 5.5. The Ir WE surface was noticeably modified (Figure 5.5A). The area of the
pure iridum WE decreased slightly. As a result of the electrolysis, the remaining Ir
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FIGURE 5.5: Back-scatter electron (BSE) images of the quenched iridium
working electrode after the potentiostatic electrolysis experiment reported
in Figure 5.4. (A) is a complete cross section with the pure iridium electrode
area delimited by a red circumference. (B) is the higher magnification of left

portion of product with Ir-Si-Ti phases labelled.

is part of an alloy that had formed around the surface of the WE. EDS compositional
analysis indicated that it was an oxide-free Ir−Ti−Si region. This shows unequivo-
cally that Ti and Si were reduced from the slag during the experiment. Along that
deposited layer, three regions with different Z-contrast were identified (Figure 5.5B).
The composition of each phase was determined from five EDS spot measurements
from different regions of each phase. The ranges of normalised atomic compositions
are given by Ir0.29 – 0.40Ti0.32 – 0.42Si0.26 – 0.30 (dark grey), Ir0.48 – 0.50Ti0.32 – 0.34Si0.17 – 0.18

(medium grey) and Ir0.65 – 0.69Ti0.31 – 0.35 (light grey). The light grey Ir−Ti phase has a
composition between the reported TiIr and TiIr3 intermetallics [197].

Thermodynamically, Si reduction from the melt was predicted to be the most
favourable, which could suggest that Si would be preferentially deposited. How-
ever, based on the EDS compositional analysis, the Ti content in the different alloy
phases is always larger than that of Si. This suggest that Si may not be reduced
from SiO2, but it may be reduced from a more stable complex or ion, which explains
the lack of a clear trend with SiO2 concentration in Figure 5.3. Nakanishi and
Allanore [188] reported that a non-ideal mixing behaviour in the molten state for
the La2O3−Y2O3 mixture led to selective extraction of La, contradicting simple
thermodynamic predictions. Further research needs to address the non-ideal
behaviour of the metallic product. The thermodynamic cell voltage of the reactions
should be calculated with the chemical potential of the reduced metals in the
intermetallic or solid solutions rather than in the pure metallic phase. However, no
experimental ternary Ir−Si−Ti phases have been reported and no predicted phase
relations are available. The lack of thermodynamic data makes detailed analysis of
metal deposition challenging.
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The faradaic efficiency, η, of the reaction was determined from:

η =
V · ρ · F · n

M · I · t (5.7)

where V, ρ, and M are the volume, density and molar mass of the product,
respectively, n = 4 is the number of electrons in the reaction, F is the Faraday
constant, I is the current passed during t, time of the potentiostatic electrolysis. The
area of product and the length of electrode inside of the melt were estimated from
image analysis of Figure 5.5. A capped, cylindrical shell geometry was assumed
for the deposition volume calculations. The product was assumed homogeneous
with representative composition IrTiSi, and Vegard’s rule was used to obtain the
molar mass and density of the product at room temperature. From this, the faradaic
efficiency for the electrochemical deposition of Ti and Si from the molten oxide was
estimated to be approximately 29% ± 6%. The uncertainty in this value was calcu-
lated from the uncertainties in the measured composition and volume of the deposit.

We speculate that the main contributor to the low faradaic efficiency found in
this electrolysis experiment was the oxygen reduction reaction occurring in parallel
with metal deposition. During electrolysis, oxygen bubbles could be observed
rapidly streaming off the counter electrode and mixing through the molten elec-
trolyte droplet. This oxygen could then be reduced at the working electrode, and
thus lower the current efficiency. While we could observe oxygen in the inert gas
purge stream using an inline oxygen sensor, the measurements were not accurate
enough to confirm that some of the oxygen evolved at the counter electrode was
subsequently reduced at the working electrode.

The proposed electrochemical reaction mechanism consists of an initial electron
transfer reaction followed by surface alloy reaction and diffusion, including any
consequent new phase formation. The initial electron transfer reaction can be con-
trolled by the imposed potential (see Figure 5.2), while the following phenomena
are successive non-electrochemical steps. The reduced metal dissolves in the surface
of the iridium WE creating a chemical potential gradient that drives solid state dif-
fusion, lowering the activity of the deposited metal towards the thermodynamically
stable state of the alloy. A similar mechanism was proposed by Gao et al. [139] in the
recovery of iron from a silicate melt using an Ir WE. Alloying of the metal produced
on a platinum-group metal electrode has been observed before with oxide melts [13,
139, 198].
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5.4 Conclusions

A three-electrode cell configuration using the pendant droplet technique was used
to investigate the electrochemical behaviour of TiO2 − SiO2 −Al2O3 −MgO− CaO
slag. Thermodynamic predictions from FactSage were in agreement with phase re-
lations from DSC and high temperature XRD measurements. This validated the use
of thermochemical data for the slag in FactSage in the composition and temperature
range of interest. Cyclic voltammetry and potentiostatic electrolysis experiments
were performed to investigate the reduction process of the electroactive species in
the melt. Oxygen gas evolution was observed during the electrochemical measure-
ments, and the post-experiment microscopy analysis confirmed the reduction of
metal ions from the melt. An initial electron transfer reaction followed by surface
alloy reaction and diffusion is the mechanism proposed to describe the formation of
the ternary Ir−Ti−Si phases that formed during electrolysis. The results presented
confirm that the electrochemical recovery of metals from molten Ti-bearing slags is
feasible. The temperature requirements on electrodes for these experiments intro-
duce additional challenges when characterizing the reduction products and high-
light the lack of thermochemical data for Pt-group alloys. Overall, this work shows
the importance of containerless methods to enable the study of the physical-chemical
properties of molten oxides at ultra-high temperatures.
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Chapter 6

Electrochemical Study on the
Reduction of Si and Ti from
Molten TiO2 - SiO2 - Al2O3 - MgO -
CaO Slag

Abstract

The reduction process during the electrochemical production of titanium via
the electrolysis of molten TiO2 − SiO2 − Al2O3 − MgO − CaO slags has been
investigated. A laboratory scale, electrolytic cell was designed to study the effect of
TiO2 concentration at ultra-high temperatures. Galvanostatic and potentiostatic ex-
periments were performed using a molybdenum working electrode. The reduction
of Si and Ti ions from the melt on a molybdenum electrode is a complex process
that combines electron transfer and chemical phenomena. For the concentrations
studied, the extraction of pure metallic Ti directly from ironmaking slag is unlikely
without the prior removal of SiO2 or other chemical modifications to the system.

6.1 Introduction

The focus on circular economy is pushing research to find beneficiation tech-
niques for the abundant industrial by-products [1]. Ironmaking slag is the biggest
by-product of the steel industry, and hence researchers have been attracted to
study ways to extract further value [199]. Extracting high purity metals is a high
added-value solution, which would allow traditional recycling practices to still
be used for the remaining slag material [7], potentially increasing its value [6].
Furthermore, the direct electrolysis of molten slag has the potential to cut the direct
emissions of green house gases associated to traditional metallurgical practices [146].

The study of the ionic nature of slags has been gaining relevance since the
beginning of the 20th century [200]. These metal oxide mixtures have proven to be
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good high temperature solvents of 3d transition metal oxides, achieving metal ion
concentration higher than industrial electrolytes [60]. Moreover, the present of silica
in the oxide network provides the thermal stability needed to operate at the high
temperatures required to cast a liquid metallic product. Due to the timely need to
find more sustainable alternatives to the current steelmaking practices [201], the use
of ironmaking slag as a secondary source of metal has been mostly linked to the
production of iron [10, 146]. The production of iron from the electrolysis of molten
slag benefits from the fast kinetics of high temperature operation and potential high
selectivity as iron oxide has the lowest thermodynamic stability compared to the
other slag constituents.

At standard conditions, the Gibbs energy required for the reaction of a pure
molten oxide into the most stable metallic phase can be obtained from the Elling-
ham Diagram. At temperatures in the vicinity of its liquidus temperature [156],
TiO2 – SiO2 – Al2O3 – MgO – CaO slags are chemically stable and no reduction
reactions are predicted to occur spontaneously for any constitutive oxide. Upon
the application of a potential, any iron oxide dissolved will be reduced first as it
requires the minimum thermodynamic cell voltage. Silica is the component of the
slag that will be next to reduce, closely followed by titania. Thermodynamics seems
to indicate that an electrolytic route for the production of more reactive 3d metals,
such as titanium, might need silica-free electrolytes [60].

However, in this study the electrolyte is not a pure molten oxide but a solution
of five different oxides. The non-ideal properties of the molten slag system are
likely to shift the decomposition voltage predicted [202]. The small electrochemical
window of operation between the decomposition of silica and titania [156], along
with the high concentration (> 20 wt. %) of titania commonly present in ironmaking
slags [16] have attracted research attention [15]. Recently, we electrochemically
produced Ti-Si alloys from molten TiO2 – SiO2 – Al2O3 – MgO – CaO slag [156].
Our proof of concept study showed that reduction of Ti and Si was possible, but it
did not elucidate the thermodynamic conditions for the reduction.

In this work, galvanostatic and potentiostatic electrolysis were performed to
study the electrochemical reduction process of titanium and silicon ions from
molten TiO2 – SiO2 – Al2O3 – MgO – CaO slags. Thermodynamic predictions using
FactSage [19] were used to investigate the effect of composition changes on the cell
voltages required to deposit silicon and titanium from the slag. Characterisation of
the products of the molten oxide electrolysis (MOE) experiments give insight into
the kinetic processes and are timely as Ti-Si alloys are gaining traction in the market
for their high temperature structural properties [203, 204].
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6.2 Experimental

6.2.1 Sample preparation

Two TiO2 – SiO2 – Al2O3 – MgO – CaO samples, Slag A and Slag C, were prepared
by calcining reagent grade powder starting materials. The final compositions of the
samples were measured by x-ray fluorescence spectroscopy (XRF, Siemens/Bruker
SRS3000), and are reported in Table 7.1. Sample production has been described pre-
viously for these mixtures [156].

TABLE 6.1: Electrolyte compositions (wt.%) measured by XRF.

TiO2 CaO SiO2 Al2O3 MgO
wt.% wt.% wt.% wt.% wt.%

Slag A 33 18 15 19 15
Slag C 9 25 26 20 19

6.2.2 Experimental set-up

For this study, a vertical tube furnace (GSL-1700x-100VT-UL, MTI Corp.) was used
to achieve the temperatures required to melt the slags and perform electrochemical
measurements.

Vertical tube furnace

An alumina tube (Al2O3 > 99.5 %, 90.2 mm ID x 101.7 mm OD x 1000 mm H, MTI
Corp.) was used to contain the entire system inside the vertical tube furnace, and a
graphite crucible (45 mm OD x 35 mm ID x 80 mm H, Baofeng Graphite) was used
to contain the sample. A secondary graphite crucible (80 mm OD x 60 mm ID x
60 mm H, Graphite Store) was used prevent any damage by leakage. The samples
were placed in the centre of the hot zone using an internal support structure made
of molybdenum (Figure 6.1A).

The design allowed electrodes to be raised/lowered into the molten material
while maintaining an inert environment inside the tube. In order to reach the
ultra-high temperature required for operation, insulating alumina blocks (Al2O3

foam, 80 mm D x 65 mm H, MTI Corp.) were placed on either side of the furnace
hot zone. The two flanges (304 SS, MTI Corp.) sealing the alumina tube were
water-cooled during operation to prevent them from overheating due to radiative
heat transfer. A type B thermocouple (National Basic Sensor) was used to map the
temperature of the hot zone. The temperature at the base of the secondary crucible
was approximately 100 K lower than the controlled set-value for the furnace. During
operation, the temperature was monitored by a thermocouple in the secondary
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FIGURE 6.1: Electrochemical cell used in the vertical tube furnace adapted
from [17], showing (A) the various individual components of the internal
support structure system and (B) the modified area of the molybdenum
working electrode in contact with the slag. (C) is the computer-aided design

drawing of the set-up.

crucible.

To begin the experiments, while the furnace was at room temperature, the
system was purged with zero grade Ar (99.999 %, BOC) for 90 minutes at a flow
rate of 500 cm3 min−1. Once the oxygen content, detected by an oxygen analyser
(Thermox CG-1000), was confirmed to be below 100 ppm, the flow rate was lowered
to 150 cm3 min−1 for the remainder of the experiment. After the purge sequence, the
sample was heated at a rate of 1 K min−1 to a furnace temperature of 1923 K, which
corresponded to an internal temperature of 1823 K. Once the system had been at
temperature for an hour, the electrodes were lowered into the slag. During that
process, the resistance between the working and counter electrode was measured
with a voltmeter (Fluke 117 Handheld Digital Multimeter). A drop in the resistance
value indicated when the electrodes had contacted the slag. The electrodes were
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then lowered to their desired depth. The experiment finished by cooling the system
at 1 K min−1 down to room temperature.

Upon cooling, the working electrode (WE) was cross-sectioned perpendicular to
the electrode’s longitudinal axis, using a high-speed diamond saw (Bühler). The
sample was set in a conducting mounting compound (ProbeMet), and polished us-
ing progressively finer grades of silicon carbide paper (180, 320, 400, and 600 grit)
and 9 µm diamond suspension. The composition and microstructure of the elec-
trolysis product was examined using a scanning electron microscope (SEM, JEOL
JSM-IT300LV) with LaB6 filament equipped with a X-Maxä 50 silicon drift energy
dispersive spectroscopy (EDS) detector. For the post-mortem XRD analysis, fine
crushed powders samples were scanned using a Bruker D8 instrument with CoK
radiation. 2 Theta range 30-110 degrees.

Electrochemical measurements

A three-electrode configuration was used with the graphite crucible as counter
electrode, and two molybdenum wires (Mo > 99.95 %, 600 mm L, Extreme Bolt &
Fasteners) serving as the working and pseudo-reference electrodes. Molybdenum
was used as the working and pseudo-reference electrode material as its physical
properties make it robust enough for a wire to be inserted repeatedly into the
molten slag. Molybdenum is an affordable, easily machinable and high melting
temperature (2896 K) metal. However, molybdenum is not a suitable counter
electrode material since it reacts easily with oxygen at the temperatures of interest,
forming volatile oxides [205].

Galvanostatic and potentiostatic electrolysis experiments were performed using
power supplies (Keithley 2260B-30-72 and Powertech MP3090, respectively). The
voltages between the electrodes were recorded with a data logger (Measurement
Computing 1808). The pseudo-reference electrode (1 mm D) was sheathed in an alu-
mina (Al2O3 > 99.8 %, 6.35 mm OD, 1.3 mm ID, McDanel Advanced Ceramics) single
bore tube. The top of the tube bore was sealed to prevent oxygen from entering the
system. A thicker molybdenum rod (6 mm D, 600 mm L) was used as the working
electrode in order to minimize the voltage drop along its length. However, to avoid
large currents that the equipment could not support, the electrode’s active area in
contact with the slag was minimized by decreasing down to 2 mm the diameter of a
20 mm section at the end of the rod (Figure 6.1B).

6.2.3 Computational thermodynamic calculations

Thermodynamic cell voltages for the electrolytic extraction of metals from TiO2 -
SiO2 - Al2O3 - MgO - CaO slags were predicted with the thermodynamic software
FactSage 7.2 [19], using model parameters from its FToxid and FactPS databases.
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Thus, thermodynamic activities, based on validated solution models and free ener-
gies of intermetallic products, rather than unit activities, as in Ellingham diagrams,
or first-order ideal solution approximations, were used. The cell voltages were cal-
culated from the Nernst equation:

Ecell = E◦cell −
RT
nF
·ln

∏ aν
products

∏ aν
reactants

(6.1)

where E◦cell is the thermodynamic (minimum) cell voltage at standard conditions,
R is the universal gas constant, T is the temperature of interest, ν are the stoichio-
metric coefficients and ai are the activities of the species present in the reaction. All
reactions were based on the formation of one mole of O2 as the anodic reaction:

2 O2− −−→ O2 + 4 e− (6.2)

while the cathodic reaction was the reduction of one or two of the metal oxides
from the slag. This allows direct comparison of the minimum energy required to
drive the various reduction reactions.

The conditions inside the vertical tube furnace were simulated to model the gas
phase. As a graphite crucible and an Ar purge gas were used in the experiments,
the gas phase was modelled using 15 g of Ar, approximate amount contained in the
vertical tube furnace at standard pressure and temperature, and the oxygen activity
in the gas was determined from the equilibrium with graphite. Consequently, O2

activities were around 10−17 at 1973 K. The activity of unary metallic products
was assumed to be one. Cell voltages where the metallic reduction product was
an intermetallic formed by co-reduction of two metals or by reaction of a reduced
metal from the slag with the electrode material were also predicted. In those cases,
the activity of the compound was assumed to be one and the standard chemical
potential was the molar free energy of formation extracted from FactSage.

6.3 Results and Discussion

6.3.1 Materials compatibility

In order to guarantee that they are going to be able to perform as originally de-
signed, ideally, all components should be inert at the conditions they are going to be
exposed to. Graphite (crucible and counter electrode) and molybdenum (electrode
and cell’s support structure) are the main materials used on the electrochemical
cell. An accurate knowledge on their behaviour in the presence of oxygen is of vital
importance. Most metals upon contact with oxygen form an adherent protective
oxide film on its surfaces which prevents further oxidation until certain temperature
[206]. Gulbrasnsen et al. [205] established that for molybdenum this temperature
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FIGURE 6.2: Slag A after being fired to operating temperatures in a graphite
crucible. The convex meniscus indicates a lack of reactive wetting.

is 873 K. Additionally, they observed that between 873 and 1073 K both oxide
film formation and oxide volatility occur, while above that molybdenum trioxide
is spontaneously formed. The amount of oxygen inside the vertical tube furnace
was not measured for these experiments, but the negligible weight change of the
molybdenum support rods after each experiment confirmed the air-tightness of
the designed system. The oxidation of metallic Mo will be faster than for graphite,
whose activation energy (82.4 kJ/mol [205] and 163.2 kJ/mol [207], respectively) is
nearly twofold.

For the system under study, thermodynamic calculations predicted no sponta-
neous metallothermic reaction of molybdenum with any of the components of the
molten slag. The stability of the molybdenum as an electrode materials at the op-
erating conditions was experimentally verified as it is known that molybdenum is
susceptible to oxidation by iron oxide in molten slags [139]. Post-mortem electron
microscopy of control experiments, i.e. experiments in which the system under-
went the same thermal treatment but without electrolysis, validated this prediction.
Additionally, no evidence of carbide formation was detected from post-mortem EDS
analyses in the slag when fired using a graphite crucible, and no sign of any graphite
was detected in any XRD trace. This is consistent with the non-reactive wetting be-
haviour observed in the present experiments (Figure 6.2), and with observations by
Van der Colf and Howat [208], who studied ironmaking slags in graphite crucibles.

6.3.2 Initial electrolysis experiments

In electrolytic cells, a cell voltage threshold, E◦cell , has to be exceeded for ionic
charge transfer to occur during an electrochemical reaction at the electrodes. The
corresponding thermodynamic cell voltages for the reduction of metallic cations
in the slag were predicted as a function of temperature for Slag A chemistry
(Figure 6.3). Titanium was the only transition metal in the slag. As such, it could
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FIGURE 6.3: Thermodynamic cell voltages sequence for Slag A. Cell reac-
tions are from the molten metal oxide to a pure metallic phase. Each line
type represents a state of the stable metallic phase formed at the specified

temperature: solid (solid line), liquid (dashed line) and gas (dotted line).

exist in multiple oxidation states (Ti4+, Ti3+, Ti2+ or Ti0). Under the operating
conditions of the experiments, Ti4+ is expected to be the main oxidation state in
the melt [209]. Ti3+ is included in the thermodynamic calculations as it was the
other main titanium species at equilibrium in the slag phase [170]. The predicted
thermodynamic threshold for the conceivable decomposition reactions within the
electrolyte indicated that silicon first, and then titanium ions will be reduced from
the melt, with a potential window between both smaller than 200 mV.

This prediction was checked against experimental potentiostatic experiments
performed on Slag A. For 150 minutes, a constant cell voltage of -2.0 V was applied
at an internal temperature of 1823 K inside the vertical tube furnace. During this
the average current was 4 A. 130 g of slag were electrolyzed until the system
started its cooling sequence. At this point the applied voltage was halted and the
working electrode was raised from the melt to allow easier sample manipulation
for post-mortem microscopy analysis. The backscattered-electron images of the
polished material indicated that phase segregation occurred on cooling (Figure
6.4). Large blocky spinel crystals and dendritic perovskite crystals were the main
crystalline phases that precipitated from the slag below its liquidus temperature. In
our previous study [156], in-situ XRD analysis identified this spinel phase as the last
stable solid phase in the slag below the liquidus. The phase identification on cooling
is consistent with reported by Ratchev and Belton [170] in similar titanomagnetite
smelting type slags. Similarly, they also observed crystals on the slag segregating to
the bottom of the container.

An ring of electrolytically reduced material surrounding the molybdenum
working electrode is noticeable in Figure 6.4C. The composition of this cathodic
deposit was investigated by EDS, where five different regions were identified
(Figure 6.5). The first region represents the core of the molybdenum working
electrode. Region II is bounded to the surface of the working electrode where a
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FIGURE 6.4: Procedure for the microscopy analysis after potentiostatic elec-
trolysis on Slag A. (A) portion of the WE pulled out of the molten slag after
electrolysis. (B) polished cross-section of the electrode, indicated by orange
line in previous image, embedded in mounting compound. (C) superposition
of three back-scatter electron images of the area surrounding the Mo WE, or-
ange rectangle in previous image, containing the bulk slag and the region

containing electrolytically reduced products.
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TABLE 6.2: Gibbs energy for binary intermetallic formation in descending
order. Predicted for the stable phases at 1823 K [212, 213] using FactSage’s

FTlite database.

∆G◦f ormation / kJ mol−1

Si (l) + 3 Mo (s) −−⇀↽−− Mo3Si (s) -118
Si (l) + Ti (s) −−⇀↽−− TiSi (s) -131

2 Si (l) + Mo (s) −−⇀↽−− MoSi2 (s) -147
3 Si (l) + 5 Mo (s) −−⇀↽−− Mo5Si3 (s) -339

3 Si (l) + 5 Ti (s) −−⇀↽−− Ti5Si3 (s) -564
4 Si (l) + 5 Ti (s) −−⇀↽−− Ti5Si4 (s) -634

combination of phases containing Si, Mo and Ti were formed. Since the cell voltage
during the potentiostatic experiment was held above the thermodynamic threshold
at which titanium and silicon ions can be reduced from the slag (see Figure 6.3), it
is speculated that the product formed is a consequence of a surface alloy reaction
that followed the electrochemical reduction of silicon and titanium ions from the
melt. According to thermodynamic predictions, the formation of Mo3Si, MoSi2

and Mo5Si3, TiSi, Ti5Si3 and Ti5Si4 intermetallic phases will be thermodynamic
spontaneous at 1823 K (see Table 6.2). A limitation of the computational model used
is that it does not account for the possibility of reduced metals forming metallic
solid solutions, as it would be the case of Ti-Mo [210], or ternary alloys. Regardless,
the formation of any alloy would decrease the activity of the metallic species formed
compared to the pure metals. Hence, it is speculated that the gradient of metallic
alloy compositions formed in the surface of the working electrode is the result of
different rates of diffusion of the reduced, Si and Ti, metal and the molybdenum
working electrode. On the electrode surface, the nucleation kinetics would have
defined the final size distribution, in particular the interfacial free energy barrier
and the strain effects [211].

Region IV shares the same features of Region II, including the gradual decrease
on the concentration of Mo with distance from the working electrode. We speculate
that Region II and IV formed part of a compact reduced layer that grew radially
surrounding the working electrode with time along the electrolysis. It is speculated
that the layer broke on cooling, as the electrode was pulled out of the melt. Region
III is part of the bulk electrolyte. This is in accordance with the composition of
Region III mapped being with that of the spinel cubic crystals previously identi-
fied in the slag, where Ti has partially substituted Al. This also agrees with the
formation of solid solution spinel of magnesium meta-aluminate, MgAl2O4, and
magnesium meta-titanate, MgTi2O4, observed by Ratchev and Belton [170] for a
titanomagnetite smelting type slags with a similar TiO2 concentration. Region V
is also part of the bulk electrolyte. The location mapped corresponds to that of
amorphous slag phase, whose composition is depleted of TiO2. Due to the presence
of TiO2 in the spinel and perovskite phases, the reduced amount of TiO2 in the



6.3. Results and Discussion 83

0 25 50 75 100

Distance / m

0

25

50

75

100

A
t.

%

Al

Ca

Mg

Si

O

Ti

Mo

IIIIIVV II
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tive of the bulk electrolyte.

slag can not be exclusively correlated to the electrolytically produced titanium metal.

In addition to this cathodic ring deposit, a bright speckled phase was also
found dispersed in the area adjacent to the working electrode (Figure 6.4C). The
composition of the speckled phase was determined by EDS analysis to be around
Ti1.7Si, which is close to the stoichiometric phase Ti5Si3 [212]. The difference might
be associated to the use of standard-less EDS. The lack of molybdenum in its
composition suggests that, as the MoxSiyTiz intermetallic phases (Region II) grow,
no Mo will be available for reaction. At that point TixSiy intermetallic phases would
start forming onto the cathodic surface. The presence of pockets of this phase
dispersed in the bulk electrolyte, instead of being attached to the working electrode,
was not expected.

This phenomenon could be explained by the separation of precipitated crystals
from the melt during solidification by convention currents. Alternatively, Lei et
al. [214] reported that, contradicting the Ellingham diagram, TiO2 in a Ti-bearing
blast furnace slag could be reduced by Si. In this study, the electrochemically
reduced Si would be liquid at the operating temperature. Liquid Si could drift
away from the working electrode due to the density difference with the slag and
react in the bulk, reducing TiO2 from the melt. In the Hunter process, dissolved
sodium metal in molten sodium chloride enhances that electrolyte’s conductivity
and allows the reaction to take place in the bulk, where titanium particles nucleate
[37]. As another option, Si could have reacted in the bulk with electrochemically
reduced Ti dissolved in the slag forming the observed precipitates. Otherwise, the
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TixSiy pockets could be part of a sponge structure that can not be appreciated in
the one dimensional cross-sectioned material. Dendrites could have grown radially
outward from the working electrode, which would have connected the pockets
to the charged working electrode. Regardless of its location, this phase is further
evidence of the product of an electrochemical reaction as it was not present in
control experiments (same thermal treatment, no electrolysis).

6.3.3 Effect of varying the slag composition on the electrochemical reduc-
tion sequence

The initial electrolysis experiment showed that titanium and silicon were deposited
together, with titanium seemingly kinetically favoured. This is relevant since with
the small potential window between silicon and titanium reduction, kinetics might
be able to alter the reduction sequence, and enable selective reduction of titanium.
The effect of varying the slag composition and temperature on the electrochemical
reduction sequence were predicted using FactSage (see Figure 6.6).

The thermodynamic activities and cell voltages for the constituents of the slag
phase were investigated at 1773 and 1873 K, the range of operating temperatures of
ironmaking melters. By varying the ratio of SiO2 and TiO2 while keeping the total
concentration of the two components in the melt constant, the effect of extracting
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concurrently silicon along with titanium from the slag on the thermodynamic cell
voltages was investigated. For the range of temperatures and compositions studied,
the results from the computational model illustrate that the reduction of silicon ions
from the melt will still be the most favourable. According to the thermodynamic
predictions, the change in temperature has a minor effect. The activity of SiO2 was
always greater than TiO2, which results in lower cell voltages for the reduction
of silicon independent of the amount of TiO2 in the slag. Titanium reduction is
preferred only when there is no silica in the system.

However, the model used is purely thermodynamic and had no consideration
for the kinetics of the process. Hence, further electrochemical experiments need to
be performed in order to elucidate the effect of the overpotentials at the electrodes
on the reduction sequence. To investigate the kinetics of the reduction, galvanostatic
electrolysis was performed on Slag C (with 9 wt.% TiO2 compared to 33 wt.% for
Slag A). In the experiment, a thinner Mo WE (1 mm D) was used, along with a
smaller graphite crucible (20 mm OD x 14 mm ID x 20 mm H, Baofeng Graphite)
to contain the 5 g of Slag C. The current was held at 5 A for 317 min at an internal
temperature of 1823 K inside the vertical tube furnace. The resulting cell voltage
stabilized over time around -2.4 V, and its reported in Figure 6.7.

For this experiment, the working electrode was not pulled out of the molten slag
after electrolysis, but instead it was allowed to cool down in the melt. The rest of
the post-mortem microscopy procedure was as previously described, and the com-
position surrounding the working electrode was mapped using EDS (Figure 6.8).
The presence of carbon came from the coating required to improve the secondary
electron signal from the slag (non-conductive oxides) in the electron microscope.
The carbon layers deposited on the surface of the sample are transparent to the elec-
tron beam but conductive. At -2.4 V, similar value to the potentiostatic electrolysis
experiment, the EDS maps show that Ti and Si ions were also reduced from the melt.
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FIGURE 6.8: EDS composition maps of the molybdenum working electrode
and the electrolytic deposit surrounding it after the galvanostatic experiment
performed on Slag C, showing the same product morphology as Figure 6.5.

In accordance with a longer electrolysis time, there is a significantly bigger reduced
layer of metal in the surface of the molybdenum working electrode compared to
the potentiostatic electrolysis of Slag A. The composition of the various product
regions formed in the reduced layer was measured by EDS to experimentally
verify the predicted negligible effect of TiO2 concentration on altering the slag’s
electrodeposition sequence (see Figure 6.9).

Similar as for Slag A, a gradient of alloy composition was formed at the surface
of the molybdenum electrode with the reduced Ti and Si metals (Region II), which
can be correlated to the different Z-contrast in the back-scatter electron image.
Si diffused further into the Mo working electrode, lowering its activity towards
the thermodynamically stable Mo5Si3 alloy. Closer to the interface with the bulk
electrolyte (i.e. Region V, also depleted of TiO2), the concentration of Ti increases
in the alloy, forming a gradient of alloy compositions that resembles Region IV in
Figure 6.5. The lack of an intermediate Region III in Figure 6.9 confirmed that a
compact reduced metallic layer likely formed during the potentiostatic electrolysis
on Slag A and broke on cooling due to the effect of pulling the electrode out of the
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FIGURE 6.9: EDS linescan of the various product regions formed in the re-
duced layer around the molybdenum working electrode shown in Figure 6.8.

melt.

Alloys of silicon and titanium were also found dispersed in the area of the bulk
electrolyte adjacent to the working electrode in Slag C. Hence, in this work, Ti was
never selectively extracted as the electrolysis product for any of the TiO2-bearing
silicate slags. The results indicate that the extraction of pure metallic Ti from TiO2 –
SiO2 – Al2O3 – MgO – CaO slag is unlikely without the prior removal of SiO2. Even
though it was out of the scope of the current study, the small potential window
between the reduction of silicon and titanium ions from the melt motivates the
study that further chemical modifications to the oxide system, such as changes in
the concentration of the electronegative species [183], could have in the deposition
series of the electrolyte.

While producing titanium metal would be the highest added-value product,
the proven electrolytic extraction of Ti-Si alloys will still be a profitable endeavour
if implemented as these alloys are gaining traction in the market for their use
as high-temperature structural materials [204]. Ti-Si alloys have a wide range
of potential applications [215], from microelectronics to the aerospace industry,
due to their low density (4.32 g cm−3 [203]), high melting point (up to 2403 K for
Ti5Si3 [212]), and high temperature stiffness (from room temperature to 1273 K, the
Young’s modulus only decreases from about 160 to 143 GPa for Ti5Si3, and 250 to
215 GPa for TiSi2 [216]). Traditionally, these alloys have been produced from pure
Si and Ti metals which are reacted to form intermetallics and solid solutions of the
two components [203]. Considering the price of metallic Ti and the extra processing
required to form Ti-Si alloys, electrolysis from a molten slag has the potential to
reduce the costs of production. A further in-depth techno-economical study would
need to be performed to assess the viability of this production method.
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6.4 Conclusions

This work demonstrates the production of high purity alloys as an avenue to reuse
TiO2-rich ironmaking slag, an industrial by-product. The experiments performed in
this study indicate that titanium-silicon alloys are the main products of the electro-
chemical reduction of TiO2 – SiO2 – Al2O3 – MgO – CaO slags. It was concluded that
changing the amount of TiO2 and SiO2 in the system will not yield either titanium
or silicon as a pure metallic product. Thermodynamic simulation validated exper-
imental results. To alter the electrochemical sequence, future work could explore
modifying the chemistry of the system, e.g. using a supporting electrolyte.
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Chapter 7

Determination of the Partial
Contributions to the Electrical
Conductivity of TiO2 – SiO2 –
Al2O3 – MgO – CaO Slags: Role of
the Experimental Processing
Conditions

Abstract

The pendant droplet technique was used inside a modified floating zone fur-
nace to avoid containment contamination when evaluating the effect of the
experimental processing conditions on the electrical conduction of molten
TiO2 − SiO2 − Al2O3 − MgO − CaO slags. Electrochemical impedance spec-
troscopy was used to measured the electrolyte resistance of the slag. Electronic and
ionic transference numbers were obtained from stepped-potential chronoamper-
ometry experiments in order to quantify the contribution of the electronic/ionic
conductivity to the total electric conductivity. The results show that these slags
are mixed conductors, where current is carried by ionic and electronic carriers.
The oxygen partial pressure dependence of the electronic transference numbers, te,
indicated a semiconducting mechanism in the molten slag. The ratio of the different
valences of the transition metal ions had a predominant effect on the te. The TiO2

content also favoured electronic conduction, while the effect of temperature and
structure was less noticeable within the temperature and composition range studied.
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7.1 Introduction

The use of molten oxide electrolysis (MOE) to produce metals has been proven
more sustainable and environmentally friendly than the common, carbon-intensive,
traditional metallurgical processes [85]. The potential to reduce emissions to the
environment increases if large-scale waste materials are used as feedstock for this
process. Along these lines, previous work [156] has shown that the electrochem-
ical recovery of metals from molten TiO2 − SiO2 − Al2O3 −MgO − CaO slag, a
by-product of some ironmaking processes, is feasible. Moreover, Ti-bearing slag has
been proposed as a substitute for rutile as the feedstock for the titanium industry
[175]. However, a more extensive understanding of the electrical properties of this
complex oxide system in its molten state is paramount in the design of industrial
electrolytic cells.

Knowledge about the electrical resistivity of the melt is essential to establish
the thermal balance of the electrochemical cell [65], as the ohmic drop affects
the cell voltage of the electrochemical reaction of interest [159] and it is one
of the major sources of heat generation in a high temperature electrolysis re-
actor [160]. To simulate a process where titanium is continuously extracted
from the slag, the determination of the variability of specific electrical con-
ductance or total electrical conductivity (σ, S cm−1) with TiO2 concentration is
necessary. For TiO2 − SiO2 − Al2O3 − MgO − CaO slags, it has been found to
vary from 0.2 S cm−1 to 2 S cm−1 with concentrations up to 30 wt.% of TiO2

[174, 217]. This value keeps increasing as the concentration of TiO2 increases,
with Hu et al. [175] reporting values up to 141 S cm−1 for molten high titania
TiO2 − Ti2O3 − FeO − SiO2 − Al2O3 −MgO − CaO slags.

The electrical properties of molten transition metal oxide bearing slags depend
on the valence of the transition metal, as might be expected from a mechanism
of semiconduction [218]. However, few studies proceed then to quantify the
contributions to such behaviour. This is of particular importance in the electrolysis
of molten oxide electrolytes, where the current is known to be transported through
the oxide melt by both ionic and electronic charge carriers [157, 158, 175, 219],
and, consequently, the charge transport mechanism across the electrolyte defines
how much of the applied current is used in the reaction of interest. Transference
numbers quantify the contribution of each charge carrier, which helps to determine
the current efficiency [158]. Fried et al. [157] developed the framework to perform
transference number measurements in titanate melts, but their study was limited to
a narrow range of compositions and to temperatures below those required for the
electrolysis of molten slag.

The purpose of the present study is to quantify the contribution of the ionic and
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TABLE 7.1: Electrolyte compositions (wt.%) measured by XRF in ascending
order of their predicted liquidus temperature, Tliq. Predicted solidus temper-
ature, Tsol , and optical basicity, Λcorr, calculated according to [220] are given.

TiO2 CaO SiO2 Al2O3 MgO Λcorr Tsol Tliq
wt.% wt.% wt.% wt.% wt.% - K K

Slag A 33 18 15 19 15 0.629 1486 1803
Slag B 15 24 25 18 18 0.635 1494 1823
Slag C 9 25 26 20 19 0.633 1494 1883

electronic charge carriers in the electrolysis of TiO2 − SiO2 − Al2O3 −MgO − CaO
slags. Transference number measurements were performed to determine to what
extent the conductive mechanism is affected by changing the experimental pro-
cessing conditions, such as temperature, atmosphere and electrolyte composition.
Transference numbers were obtained using stepped-potential chronoamperometry
(SPC), and their contribution to the mixed conduction mechanism in the molten
slag was discussed.

7.2 Experimental

7.2.1 Sample preparation

Reagent grade TiO2 (99.9%, CERAC Inc.), SiO2 (99.4%, CARLO ERBA
Reagents), Al2O3 (98%, CARLO ERBA Reagents), (MgCO3)4 ·Mg(OH)2 · 5 H2O
(99%, SIGMA-ALDRICH), and CaCO3 (99.95%, CERAC Inc.) powders were
used as starting materials to prepare three compositions of a synthetic
TiO2 − SiO2 −Al2O3 −MgO−CaO slag. The compositions studied in this paper are
representative of Ti-bearing slag formed in the ironmaking process in New Zealand.
The TiO2 concentration has been lowered, while keeping the relative amounts of
the other oxides approximately constant, to simulate a process where only tita-
nium is continuously extracted from the slag. X-ray fluorescence spectroscopy (XRF,
Siemens/Bruker SRS3000) was used to measure the compositions of the samples (see
Table 7.1). The steps to prepare the final, rod-shape samples used in the furnace have
been described before [156].

7.2.2 Electrochemical measurements and operation

In this work, all the electrochemical measurements were carried out by contacting a
pendant droplet of molten slag with electrodes inside a modified thermal imaging
furnace (TX-12000-I-MIT-VPO-PC, Crystal Systems Corp.). This containerless
technique, and details regarding the assembly of the electrodes and electrical
connections to the potentiostat, have been described before [13, 156]. Briefly, the
sintered sample was suspended from the upper furnace shaft inside a quartz tube
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(Technical Glass Products Inc.), while the electrode probe was inserted through
the bottom port. Their position was adjusted using two individual stepper motors
with submillimeter precision. Real time visualization during experimentation was
achieved through a flat window in the quartz tube using a camera (EOS Rebel T5i
DSLR, Canon Inc.) with telescopic lens.

At the beginning of each experiment, the electrochemical cell was purged three
times before turning on the furnace. Argon gas (UHP 99.999%, 50 ppm O2 or 100
ppm O2; Airgas Inc.) at a flow rate of 200 mL min−1 was used to refill the chamber
and during operation. The molten droplet was contacted with a type C thermocou-
ple (W−Re (5 wt.%) | W−Re (26 wt.%)) to determine the operating temperature
with ± 1% maximum error. Once the operating temperature (i.e. furnace lamp
power) was chosen, the pendant droplet was formed by lowering the sample until
its bottom end was in the hot zone. At the hot zone, the sample was rotated until
the pendant droplet was stable. Then, the electrodes were raised up into the molten
droplet to an immersion depth of approximately 2 mm. A sudden change in the
open circuit potential (OCP), alongside the in situ visualization, confirmed that the
electrodes had contacted the molten droplet.

For all measurements, a three-electrode configuration held inside an Al2O3

four-bore tube was used. The working (WE), counter (CE) and pseudo-reference
electrode (REF) consisted of individual metallic wires immersed into the molten
slag droplet. This type of reference electrode can provide a stable potential [192],
and it is commonly used in MOE. Iridium (Ir > 99.9 %, diameter = 0.5 mm, Furuya
Metals Co., Ltd.) was chosen as the electrode material due to its high melting point
and mechanical stiffness. Both properties are required to repeatedly insert thin
electrode wires into the molten slag. Moreover, Ir does not react with the slag or
oxidise under the experimental conditions [156]. Its application on the electrolysis
of molten oxides has been validated before [13, 156, 191].

All the electrochemical measurements were conducted using a potentiostat
(Gamry Reference 3000). Each measurement began by recording the OCP. The ohmic
resistance of the electrolyte between the working and pseudo-reference electrode
(Rslag, Ω) was calculated from EIS measurements at OCP. The amplitude of the AC
signal was 10 mV over a frequency range of 100 kHz to 1 Hz (10 points/decade).
The analysis of the impedance data is detailed in the next section. Transference num-
ber measurements were obtained using SPC in order to quantify the fraction of the
charge carried by ionic (anions and cations) or electronic (electrons and holes) carri-
ers. Temperatures in the vicinity of Tliq were chosen, ranging from 1773 to 1933 K.
For each measurement, the working electrode was maintained at OCP for 15 seconds
before being stepped to 0.01 V vs Ir for 30 seconds (see Figure 7.1). Cyclic voltam-
metry confirmed that the SPC measurements were within a potential window where
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FIGURE 7.1: Current vs time response for Slag B at 1933 K following a poten-
tial step from OCP to 0.01 V vs Ir (at t = 0 s) then back to OCP (at t = 30 s).

Inset: magnified view of the short time current decay.

no faradaic reactions occurred. 100 samples per second were recorded to accurately
capture the current response to the potential step.

7.2.3 Considerations and measurement principles for the determination
of

Phase relations

The phase relations were required in order to study the slags at temperatures in
the vicinity of Tliq. Open and closed symbols in the experimental results represent
measurements performed below and above a sample’s Tliq, respectively. For each
slag composition, at a total pressure of 1 atm, the phase relations were predicted as a
function of temperature using the thermodynamic software FactSage 7.2 [19]. Model
parameters are from FToxid and FactPS databases. The solidus temperature (Tsol),
minimum temperature for any liquid phase to be stable, and the Tliq, maximum
temperature for any solid phase to be stable, were determined. These values are
reported in Table 7.1, and were calculated for PO2= 10−6 atm. In our previous work
[156], differential scanning calorimetry (DSC) and in situ, high temperature X-ray
powder diffraction (XRD) techniques were employed to validate the predictions.

Electrolyte resistance

EIS measurements were used to measure the total resistance between the working
and pseudo-reference electrode. The impedance spectrum presented in Figure 7.2
was recorded at OCP for Slag C at 1903 K. A modified Randle’s circuit was used
to fit the impedance spectra. The equivalent circuit used to model the interfacial
impedance between solid electrodes (REF | electrolyte | WE) is given in the inset
of Figure 7.2. Randle’s circuit was modified to account for the positive imaginary
component present above 25 kHz. This inductive component, L1, is a characteristic
of high temperature measurements at high frequencies, and associated with the
long electrode leads required in the assembly of the electrical connections to the
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FIGURE 7.2: Bode plot recorded at OCP for Slag C at 1903 K (10 mV excitation,
100 kHz to 1 Hz). The experimental data is represented with points while a
line is used for the fitted model. Inset: equivalent circuit diagram used to

model impedance measurements in this study.

potentiostat [191]. Between 25 kHz to 5 kHz, the nearly constant real component
of the impedance is associated with the electrolyte resistance. The presence of
such a feature in this frequency range is consistent across silicate slags [221]. Rslag

is obtained when the imaginary part of the impedance is zero to exclude the
polarization effect, i.e. frequency-dependent impedance associated with double
layer capacitance, which corresponds to the 45◦ shift in the phase angle below 5 kHz.

Typical Rslag values for the experiments ranged from 1 to 3 Ω. Overall, the mag-
nitude of the electrolyte resistance varied with the slag composition, the atmosphere
used, and electrode configuration (i.e. size of working electrode, and its distance
to the pseudo-reference electrode [222]). In this work, the distance between both
electrodes was approximately 2 mm and the area of the working electrode was 0.035
cm2. In order to obtain a more precise value of Rslag, the ohmic contributions from
the lead wire and electrode were subtracted. The resistance from the electrode’s
electrical connections was measured at room temperature to be approximately 0.3
Ω. The resistance corresponding to the electrode wire exposed to the operating
temperatures was calculated from electrical resistivity data [223] to be on the order
of 10−5 Ω.

The effect of the electrolyte resistance in fast transient electrochemical measure-
ments must be taken into account [222]. In SPC measurements, the applied square
pulse of voltage is susceptible to perturbation due to the Rslag producing a lag be-
tween the potential applied by the potentiostat and the potential of the working
electrode. The cell time constant controls the time domain over which the distor-
tion to the potential applied to the cell is significant. For systems where no faradaic
reactions occur at the potential applied to the cell, the time constant is defined by
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the charging time of the double-layer, RslagCdl , where Cdl is the double layer capac-
itance. The associated current will drop to virtually zero after a time equivalent to
a few time constants [222]. For the electrode geometries used in this work, the time
associated with double-layer charging is in the range of 10−5 − 10−6 seconds, which
is consistent with reports for molten oxides [157, 191]. The experiments were de-
signed to minimize its effect by choosing a time scale on the order of seconds for
the experiments, and a resolution time of 10 milliseconds to accurately capture the
current response to the potential step. Furthermore, a least squares regression was
used to model the initial second of the current peak decay in order to exclude the
current associated with the double layer charging from the current response in the
calculation of transference numbers, detailed in the next section.

Ionic and electronic charge carrier contribution

While the use of EIS to measure electrolyte’s ohmic resistance has been robustly
used across aqueous and non-aqueous media, there is no standardised technique
to measure transference numbers in corrosive, ultra-high melting temperature
electrolytes such as the TiO2 − SiO2 − Al2O3 −MgO − CaO slag. Olsen et al. [162]
reviewed different experimental methods for measuring transference numbers,
such as nuclear magnetic resonance and Radio Tracer, Hittorf, ac-impedance,
dc-polarization (i.e. SPC) and the concentration cell. They concluded that the
predominant Hittorf method is as effective as the SPC for the determination of
transference numbers if the ion pairs, i.e. electron donor/acceptor couples, are
present and mobile. In MOE, where these conditions are met, SPC is normally
chosen since the Hittorf method is technically difficult in non-aqueous solutions.
This method has been used previously for measuring transport properties of oxide
melts [157–160], sulfide melts [224], salts [161], and even solid oxide electrolytes
and polymers [162].

The transference numbers obtained using this technique are always positive1,
and express how charge is carried across the electrolyte. In a mixed conductor, the
ionic transference number, ti, is the fraction of the current that is carried by ionic
charge carriers. The contribution of the electronic charge carriers is referred to as the
electronic transference number, te. Both contributions sum to unity:

ti + te =
Ii

It
+

Ie

It
= 1 (7.1)

where Ii is the current carried by ionic charge carriers, Ie is the current carried
by electronic charge carriers, and It is the total electric current. Provided the charge
carries are distributed homogeneously in the melt, i.e. the same voltage is applied

1The sign of transference numbers calculated from SPC technique do not reflect the direction of
transport. These transference numbers are called internal as they are referred to a fixed amount of a
compound or ion [161].
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to all of them, the partial contributions to the total electrical conductivity can be
calculated from the corresponding transference numbers as:

σi/e = σ · ti/e (7.2)

Fried et al. [157] proved this technique capable of differentiating between the
ionic and electronic conductivity (σi and σe, S cm−1) in titanate melts. Their model
studies the charge transport dynamics in the bulk melt originated as response to an
electric field (stepped-potential) for a system with mixed conduction. Based on the
assumption of quasi-neutrality in an imposed field model, if there are no faradaic
reactions occurring at the potential applied, the dynamics in the bulk melt result
from the division of current between the diffusion of ions and ohmic conduction
(ion drift and electron drift).

The model isolates the charge transport dynamics in the bulk by defining time
limits that exclude dynamics arising from the electrode processes and external
circuit elements, as well as any bounding double layers. On this time scale it is
demonstrated that, if the cell time constant for the system under study is small
compared to the time scale of the experiment, there is no net charge accumulation
in the bulk, and the current in the bulk is merely ohmic. Hence, the material in
the bulk will remain uncharged, sustaining the quasi-neutrality assumption. This
approach was validated for this work by comparing the cell time constant (microsec-
onds, discussed in the previous section) to the time scale of the charge transport
dynamics in the bulk (seconds). A limitation of the technique is that it cannot dis-
tinguish which ion is the charge carrier if there are a plurality of mobile ionic species.

Transference numbers can be calculated by monitoring the total electric current
response to a potential step as a function of time (see Figure 7.1). After the potential
is applied, the current decay as a function of time can be correlated to the transition
from mixed to pure electronic conduction. Consequently, the te can be calculated
from the value of the two limiting cases, the initial current peak and the value at the
long-time limit:

te =
It→∞

It→0
(7.3)

To exclude the double-layer charging time, 3 · RslagCdl was chosen as the short-
time limit. This conservative approach supposes an underestimate of maximum 2%,
if compared to starting the model at the peak of the current response, and assures
that the current value associated with the double-layer charging time would have
been completely accounted for at t → 0 [222]. Therefore, when the model starts,
there is a uniform concentration of ions outside the double layers, and It→0 is purely
ohmic (ion + electron drift). At the long-time limit, t → ∞, the ion concentration
will no longer be uniform. However, since no faradaic reactions are occurring at the
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electrodes, diffusion balances drift, and It→∞ is, again, solely ohmic (only electron
drift).

7.3 Results and Discussion

7.3.1 Conductive mechanism

Molten metal oxide electrolytes are proven mixed conductors, where current
is conducted by ionic and electronic carriers [158]. Experimentally, the mixed
conduction nature of TiO2 − SiO2 − Al2O3 − MgO − CaO slags can be identified
from the shape of the current response to the applied potential step in the SPC
measurements (see Figure 7.1). The ionic contribution is noticeable upon removal of
the applied potential, when a current is measured as a result of the diffusion of ions
during relaxation. This observation is in agreement with what has been reported
previously in titanate melts [157]. The electronic contribution is illustrated by the
non-zero value of It→∞. As discussed in the previous section, any current present at
t→ ∞ is representative of electronic conduction.

In molten transition metal oxide bearing slags, pure electronic charge transfer,
as reported for solid glasses [63], is an unlikely mechanism for the electronic
conduction. Free electrons in the melt are instead attracted to the 3d-orbitals
of the transition metals cations [63]. Mott [225] associated the electronic con-
duction to the semiconducting character of these melts, where the different
oxidation states of the transition metal cations would act as ion pairs. For the
TiO2 − SiO2 − Al2O3 − MgO − CaO slags under study, EIS measurements were
used to determine the temperature dependence of electrolyte resistance. The
electrolyte resistance decreased with increasing temperature suggesting that the
slag may act as a semiconductor. This is consistent with expectations for a melt
containing TiO2, a known semiconductor [157]. Furthermore, semiconducting
behaviour has been seen in most of the Earth’s mantle minerals [226], including
ferrous and titanate melts [157, 175, 219].

The electronic conduction on many metal oxides has been proven polaronic in
nature [226]. Recently, Barati and Coley [219] explained the electronic contribution
to the mixed conduction of FeOx – SiO2 – CaO slags with a diffusion-assisted charge
transfer model. Briefly, the distance between the ferrous and ferric ions has to be
sufficiently short to activate the tunnelling of electrons through the ion pair. The
short-range electron-lattice interaction derived by this hopping mechanism between
low- to high-valence ions is commonly refereed to as small polaron. This model
was also used by Hu et al. [175] to explain the electrical conductivity values for
TiO2 − Ti2O3 − FeO − SiO2 − Al2O3 −MgO − CaO high-titania slags. In order to
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FIGURE 7.3: Electronic transference number variation with temperature for
Slag A, Slag B and Slag C at a fix partial pressure of oxygen of 10−6 atm.

Measurements below the predicted Tliq are presented with open symbols.

extend this theory to TiO2 − SiO2 − Al2O3 −MgO − CaO slags, the dependence of
the transference numbers on oxygen potential, temperature, TiO2 content and melt
structure will be discussed in the following sections.

7.3.2 Effect of TiO2 content

It is known that the electrical conductivity of titanium containing slags is predomi-
nantly ionic [172, 227]. However, in slags containing high concentrations (>70 wt.%)
electronic conduction has been reported to dominate [175]. Slag A (33 wt.% TiO2),
Slag B (15 wt.% TiO2) and Slag C (9 wt.% TiO2) were used to quantify the effect of
TiO2 concentration during electrolysis on the electronic conduction of the Ti-bearing
slags.

The electronic transference number of the different slags as a function of
temperature ranged from 0.04 to 0.25, and was found to vary with temperature
and slag composition (see Figure 7.3). Across all the temperatures studied, the te

increased as TiO2 concentration increased. Ducret et al. [160] reported a similar
behaviour in the electronic transference numbers with the concentration of FeO in
FeO − CaO − MgO − SiO2 melts. Fried et al. [157] identified titanium’s multiva-
lence as responsible for the increase in electronic conduction, facilitating charge
hopping. As the concentration of titanium cations increases in the melt, the easier it
becomes to find a neighbouring ion, and an increase in the electronic conduction is
expected. Accordingly, the te was lowest for Slag C, the slag with the lowest TiO2

concentration, and highest for Slag A with the highest TiO2 concentration.

The effect of the titania content of the melt on the total electrical conductivity
is more complex. An increase of the titania content does not necessarily correlate
with an increase on the total electrical conductivity. Mori mapped the total electrical
conductivity for FeOx − TiO2 melts at 1673 K [228], and CaO − SiO2 − TiO2 melts
at 1693 K [227]. Mori observed an increase in the total electrical conductivity with
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increasing TiO2 for the latter, while a decrease was observed for the former with
TiO2 concentration up to 40 wt.%. Such contradicting behaviour is associated to the
complex relation of TiO2 with the structure of these slags. This effect will be further
explored in Section 3.5.

7.3.3 Effect of temperature

The electronic transference number were measured as a function of composition
and temperature between 1773 and 1933 K (see Figure 7.3). Temperatures around
Tliq were chosen to investigate the effect of multi-phase conditions on the transfer-
ence numbers. For Slag C and Slag B, te decreased initially. This is common for
measurements made at Tsol < T < Tliq where solid and liquid phases coexist. In that
two phase region, the solid phase fraction decreases with increasing temperature,
which facilitates ionic mobility. That increases the ionic transference number, and,
consequently, decreases te.

From there, the te increased as temperature continued to increase since both slag
compositions are above their Tliq. Such increase can be attributed to molten semicon-
duction, in particular, to small polaron hopping as it is a thermally activated process;
however, the effect of temperature on electronic conduction has been reported to be
negligible above the liquidus temperature [158]. This is consistent with measure-
ments made for Slag A. The insensitivity of te to temperature is most pronounced
for Slag A since most of the SPC measurements for this slag composition were done
above its liquidus temperature (closed symbols in Figure 7.3). Sokhanvaran et al.
[159] associated the increase of the electronic transference numbers to an increase in
the disassociation of a cryolite-silica melt at temperatures above the Tliq that leads
to an increase in the multivalent anions. The effect of the temperature seems to also
correlated with the structure of these slags. This effect will be further explored in
Section 3.5.

7.3.4 Effect of oxygen potential

PO2 is known to influence the ratio of the different valences of the transition metal
ions present in the slag. Three different gas atmospheres were used to study
the effect of the partial pressure of oxygen on the electronic conduction of Slag
A (see Figure 7.4). From 1823 to 1933 K, the te increased with a decrease in the
oxygen potential. All measurements were done at temperatures above the Tliq.
In this molten state, the electronic transference number dependency on the PO2

is an indication of a semiconducting mechanism [218]. According to the model
proposed by Barati and Coley [219], an increase in the ratio of the different valences
is expected to increase the te. The larger the ratio between oxidation states of the
transition metal, the higher the likelihood that two ions with different valence states
will be close enough for the charge to jump from the lowest to the highest valence
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FIGURE 7.4: Electronic transference number variation with temperature for
different partial pressures of oxygen (atm) for Slag A.
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for Slag A.

state. In titanium bearing slags, the distribution among Ti4+, Ti3+, and Ti2+ valence
states depends on slag composition, temperatures and oxygen partial pressures.
Tranell et al. [209] investigated the redox behaviour of titanium in CaO−SiO2−TiOx

slags with up to 52.3 wt.% TiO2, and found that most reduced titanium was in Ti3+

valence in the melt at oxygen partial pressures between 10−12 and 10−7 atm. In the
present study, similar experimental conditions were used, and hence all reduced
titanium in the slag is reported as Ti3+.

The effect of the temperature and PO2 on the Ti3+ / Ti4+ ratio were predicted for
Slag A using FactSage (see Figure 7.5). The ratio between Ti3+ and Ti4+ increases
with increasing temperature. This is consistent with the endothermic character
of the reduction of TiO2 to Ti2O3 [229]. Ti4+ is the most predominant titanium
oxidation state in the melt. This is consistent with thermodynamic predictions
in the temperature range studied, where any Ti2O3 is spontaneously oxidized to
TiO2 [167]. The concentration of Ti3+ increases with decreasing the oxygen partial
pressure, as lower oxygen potentials favours the reduction of Ti4+ [209].
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equilibrium speciation ratio, between Ti3+ and Ti4+, measured for Slag A,

Slag B and Slag C above their predicted Tliq.

The ability of electrons to act as charge carriers depends on the availability of un-
occupied electronic states. Ti3+ has been found to increase electronic conductivity
by creating holes in the valence band in crystalline titanium sesquioxide [230]. An
increase in concentration of Ti3+ is proposed to be the main contribution to the re-
ported increase in te (see Figure 7.6). Since electron mobility is usually much higher
than ionic mobility, it is speculated that a bit of mixed valence is sufficient to gener-
ate electronic conductivity.

7.3.5 Effect of melt structure

Initial attempts to explain the conductive mechanism of molten oxides were
derived from the theory of electric conduction in ionic liquids [231, 232]. This
approach, even though successful to explain the behaviour in molten salts, fails in
its application to complex molten silicates because it does not consider short-range
ordering [63]. Mysen [64] and, more recently, Min and Tsukihashi [63] reviewed
the XRD, nuclear magnetic resonance and raman spectroscopy literature and found
that a 3-dimensional interconnected network of tetrahedral silicate anionic units
was consistent within silicate slags. The effect of structural changes (eg. phase
transitions) on the total electrical conductivity on solid silicate minerals has been
studied before [226]. As free ions in the slag are the only ionic charge carriers [174],
ionic conduction strongly depends upon structure [63]. The location of metal cations
in the silica network at their substitutional Si sites or at interstitial sites in the free
volume affects the degree of polymerisation and, hence, the transport properties of
silicate melts [64, 220].

The effect of the melt structure is expected to prevail for the ionic conduction as
it is achieved by the migration of ions [63]. The Nernst-Einstein equation defines the
total electrical conductivity in an ionic conductor as proportional to the number and
mobility of charge carriers [226]. It is then expected that the slag depolymerization
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will positively influence the ionic conduction facilitating the movement of ions
through the melt. The optical basicity, Λ, is a common metric used in process
metallurgy to measure the degree of depolymerization of silicate systems [220]. In
oxide networks, it indicates the proportion of basic oxides. In more acidic slags
(eg. higher fraction of the network-forming SiO4

4− tetrahedral units) the degree of
polymerization is higher. Λ is a concept derived from the bonding characteristics of
the Lewis acid-base theory [233], and it has been experimentally correlated to the
position of equilibrium for redox reaction within the melt [233] and to parameters
such as viscosity in ironmaking slags [234].

The optical basicity calculated for the different slag compositions was corrected
(see Λcorr in Table 7.1) to account for the numbers of Ca+ cations needed to charge
balance the Al3+ incorporated into the silicate network [220]. Slag A has the lowest
Λcorr, so it should present a bigger opposition to ionic diffusion than Slag B and Slag
C. This is consistent with Slag A having the highest te (see Figure 7.3). However, the
values of Λcorr are very close for all slag compositions, indicating a similar degree
of polymerization and of ionic mobility. Additionally, above 1773 K, TiO2 does not
have any significant effect on viscosity, with values less than 0.5 Pa.s [153, 178]. The
low and almost constant viscosity along with the small deviation in Λcorr indicates
that the influence of structure in the ionic conduction for the temperatures and
composition measured will be minor.

With regards to the slag chemistry, the effect is more prevalent on the electronic
conduction due to the electronic conduction mechanism of these transition metal
cation-bearing slags [63]. As explained before, hopping conduction requires neigh-
bouring ions of different valence for the charge transfer to occur [158]. Previous
research [201, 209] has shown that the amount of Ti3+ in the melt increased with
the decreasing basicity when the temperature and oxygen partial pressure were
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kept constant. A less basic system is more polymerized, it contains fewer free
oxygen anions, and more Ti3+ [233]. This is consistent with the trend observed with
reducing atmospheres in Section 3.4. The Ti3+ / Ti4+ ratio was predicted using
FactSage for Slag A, Slag B and Slag C at a fixed partial pressure of oxygen of 10−6

atm (see Figure 7.7). The predicted ratio increased, specially above the Tliq, with
increasing temperature as discussed in the previous section.

The amount of Ti3+ predicted changed slightly with increasing TiO2 concen-
trations from 9 wt.% (Slag C) up to 33 wt.% (Slag A). The values agree with those
reported by Tranell et al. [209] for the amount of TiO2 in the melt. However, it is
worth noting that Tranell et al. [209] observed a more complex relation between
the amount of TiO2 in the melt and the Ti3+ / Ti4+ ratio. For concentrations up
to 14 wt.% in CaO – SiO2 – TiOx, an increase of TiO2 lead to a decreased in the
ratio, while the trend was reversed if the concentration of TiO2 was increased up
to 50 wt.%. This behaviour can be related to a change of the oxygen coordination
state of Ti4+ with TiO2 content [64]. The contradictory effect of TiO2 content on
the total electrical conductivity of titania containing slags without silica [228] and
titania containing slags with silica [227] may be also attributed to this complex
relationship. Accordingly, incorporating the actual structural changes associated
with TiO2 addition is a hard task with on-going research efforts [235].

7.4 Conclusions

The mixed conduction mechanism of molten TiO2 − SiO2 − Al2O3 − MgO − CaO
slags was assessed using EIS and SPC measurements, where the contribution of the
ionic and electronic charge carriers was quantified as temperature, oxygen partial
pressure, and electrolyte composition were varied. The main conclusions are sum-
marized as follows:

1. Across all the temperatures studied, the te increased as TiO2 concentration in-
creased from 9 to 33 wt.%. Further experiments must be done before extrapo-
lating to other concentrations as the oxygen coordination state of Ti4+ has been
reported to change with TiO2 content [64].

2. The effect of temperature on the te was minor for the range of temperatures
studied. However, the trend of the te changed around Tliq. It was found
that te increased with temperature above the Tliq, as expected from thermally-
activated polaron hoping. te increased again as temperature decreased below
the Tliq as the solid phase fraction increased in the two-phase region.

3. Decreasing the oxygen potential, from 10−4 to 10−6 atm, increased the partition
between Ti3+ and Ti4+. The oxygen partial pressure dependence of te is an
indication of a semiconducting mechanism in the molten slag.
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4. The influence of structure in the ionic conduction was minor for the slags stud-
ied as the degree of depolymerization and the viscosity were nearly constant
[153, 178] within the temperature and composition range investigated.

The electronic transference number of the different slags ranged from 0.04 to 0.25
and was found to vary mainly with oxygen potential and total titanium content.
This is consistent with the diffusion-assisted charge transfer model recently used
to explain electronic conduction on molten FeOx bearing slags [219]. The under-
standing gained about the conductive mechanism of the slag in relation with its
physical-chemical properties and the extent to which it is affected by changing the
experimental processing conditions provides valuable information that is required
to optimize the recycling of the slag.
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Chapter 8

Main Findings and Outlook

This chapter aims to conclude this work by summarizing its main findings and
providing suggestions for future research on the electrochemical reduction of
titanium from ironmaking slag.

Main Findings

This doctoral thesis focuses on evaluating the feasibility of using ironmaking
slag, produced from titanomagnetite concentrates, as an electrolyte to electrolyt-
ically extract titanium metal. It was hypothesized that due to the mixed oxide
nature of the slag, no additional supporting electrolyte would be needed for the
implementation of an electrochemical route and that sufficient ionic conductivity
would be present in the molten slag such that titanium could be extracted. Research
efforts were centred on closing the scientific gap around the characterization of slag
in its molten state. In particular, determining the physicochemical properties, the
electrochemical behaviour and the electrical properties of the melt.

To do so, a laboratory scale, electrolytic cell was designed inside a vertical
tube furnace and used to perform electrochemical measurements at the extreme
temperatures required to melt the slags. The reliability of our experimental method
was verified by computational thermodynamic calculations. A thermodynamic
model was developed using the software package FactSage 7.2 [19] to predict the
thermodynamic cell voltages required for the electrolytic extraction of metals from
the slag. The model was validated by comparing experimental DSC and in situ
high-temperature XRD measurements with the predicted phase relations for the
slags. From 1486 K to 1960 K, the synthetic slag compositions studied melt over
a broad range of temperatures. Ironmaking slag is a high melting oxide mixture,
with temperatures higher than 1450 K required for melting. According to the
thermodynamic predictions, the minimum temperature for a liquid phase to be
stable (Tsol) shows little variation with the titania content in the slag, while the
liquidus temperature is expected to increase.

An important experimental aspect of the electrochemical reduction of titanium
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from ironmaking slag that is quite often overlooked is the the effect of entrained
iron species on its performance as a molten oxide electrolyte. The presence of iron in
the melt, even in small quantities, increased considerably the electronic conduction
in the melt, hindering the faradaic efficiency of the electrolysis. Furthermore, if pure
titanium metal is the desired product, the melt should be free of any iron as it is
easier to reduce than the target metal and it would contaminate the final metallic
product.

Even though the processing conditions were optimized to reliably operate in the
vicinity of the slag’s liquidus temperature, severe technical challenges were present.
The challenges were mainly related to materials compatibility, which limited opera-
tion to reducing conditions and the use of graphite to contain the slag. To overcome
these constraints, the pendant droplet technique was employed inside a modified
thermal imaging furnace [13, 156], enabling precise measurement while avoiding
any potential contamination. This containerless approach was used to investigate
the electrochemical behaviour of TiO2 – SiO2 – Al2O3 – MgO – CaO slags in their
molten state, where iridium was used in a three-electrode configuration to perform
cyclic voltammetry and potentiostatic electrolysis measurements. Post-mortem mi-
croscopy analysis showed the formation of Ir – Ti – Si alloys, while oxygen evolution
was observed thanks to real-time visualisation during experimentation, proving
that the electrochemical recovery of metals from molten ironmaking slags is feasible.

The initial electrolysis experiments showed that Ti and Si were deposited
together. The Ti content in the different alloy phases was always larger than that
of Si, which suggested that Ti might be kinetically favoured. This is interesting
since, thermodynamically, Si reduction from the melt was predicted to be the most
favourable, which suggests that Si would be preferentially deposited. The effect of
varying the amount of TiO2 and SiO2 in the slag composition on the electrochemical
reduction sequence as a function of temperature were predicted using FactSage.
According to the thermodynamic predictions, independent of temperature, titanium
reduction is preferred only when there is no silica in the system. However, the
model used is purely thermodynamic and has no consideration for the kinetics of
the process. Hence, due to the small potential window between Ti and Si reduction,
further electrolysis experiments changing the amount of TiO2 in the slag were
performed to elucidate if the overpotentials at the electrodes could be able to alter
the reduction sequence and selectively reduce titanium. The experiments confirmed
that titanium-silicon alloys are the main products of the electrochemical reduction
of TiO2 – SiO2 – Al2O3 – MgO – CaO slags and validated that changing the amount
of TiO2 and SiO2 alone will not be able to yield titanium or silicon as a pure metallic
product.

Finally, in order to complete the assessment of the use of ironmaking slag
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as electrolyte for the electrolytic extraction of titanium metal, electrochemical
impedance spectroscopy and stepped-potential chronoamperometry experiments
were performed to investigate the electrical behaviour of such a process. The results
confirmed that these slags are mixed conductors, where current is carried by both
ionic and electronic carriers. The influence of structure in the ionic conduction was
minor for the slags studied as the degree of depolymerization and the viscosity
were nearly constant [153, 178] within the temperature and composition range
investigated. Since electron hopping between oxidation states had a predominant
effect on enhancing electronic conduction, in order to sustain a current efficiency
that enables high production rates while minimizing energy consumption, the
operating conditions of the cell should be chosen so the ratio of the different
valences of the titanium ions present in the slag is minimized.

Outlook

It is the author’s belief that the current push for sustainability and environmen-
tal awareness will continue to motivate work into developing electrolytic metal pro-
duction routes to replace the existing capital-intensive and environmentally harmful
beneficiation operations. There, the electrochemical extraction of high-purity metals
from their oxides provides an unrivaled, unique pathway towards clean metal pro-
duction. Hence, in light of the results of this work on the electrochemical reduction
of titanium from ironmaking slag, the following recommendations for future work
are suggested:

• The results of this work encourage the use of the pendant droplet technique in
a modified thermal imaging furnace as a methodology to accelerate the pace
of characterization of titanium-bearing slags. The containerless features of this
method combined with the real-time visualization capabilities of the modified
furnace could be further used to calculate physical properties (such as den-
sity, viscosity, surface tension, interfacial tension, or contact angle) of the iron-
making slag at the extreme operating temperatures. The use of the pendant
droplet method [236] has already been established for measuring thermophys-
ical properties of high temperature, reactive liquids [189]. A further character-
ization of these properties at the operating temperatures will be required for
the development and industrial operation of a MOE electrochemical cell.

• The fact that Si is deposited to a much lesser extent than expected thermody-
namically in comparison with Ti, might indicate that Si is probably not released
from SiO2 but rather from some more stable and more complex ions based on
CaSiO3 or Ca2SiO4. Further research needs to address the non-ideal behaviour
of the liquid oxide melt. The cell potential of the reactions should be calcu-
lated with the chemical potential of the reduced metals in the intermetallic
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or solid solutions rather than in the pure metallic phase. Nakanishi and Al-
lanore [188] reported that a non-ideal mixing behaviour in the molten state for
the La2O3 – Y2O3 mixture led to selective extraction of La, contradicting simple
thermodynamic predictions. However, there is a lack of reliable thermody-
namic description for the electrochemically reduced phases at the high oper-
ating temperatures, e.g. no experimental ternary Ir – Si – Ti phases have been
reported and no predicted phase relations are available. The lack of thermody-
namic data makes detailed analysis of metal deposition challenging. Utilizing
Nakanishi and Allanore [188] approach for Gibbs energy measurement might
offers a potential avenue to thermodynamic property measurements at ultra-
high temperatures.

• The effect of the interactions of the different slags’ constituents on its ther-
mochemical and electrical properties remains largely uncertain. Experimen-
tation on simpler synthetic slag systems could help getting a deeper insight
into the complex mixed oxide nature of the ironmaking slag. This may lead
to finding operating conditions that improve the performance of ironmaking
slag as a sole electrolyte (e.g. reducing the high temperature required or the
electronic conductivity). Ultimately, the determination of the redox-structure
dependence on molten oxides [237] is the key to unlocking the full potential of
MOE.

• The small potential window between the cell voltage for the reduction of sili-
con and titanium ions from the melt motivates the study of the effect of further
chemical modifications to the ironmaking slag system could have in the depo-
sition series of the electrolyte. In this work, as the goal was to operate directly
from the ironmaking process, the composition of the slag was bounded to the
pseudo-quinary TiO2 – SiO2 – Al2O3 – MgO – CaO system. However, further
changes in the concentration of the electronegative species [183], and the ad-
dition of additives [202] have been proven successful at shifting the electrode-
position potential of rare earth metals in molten salts, enabling their otherwise
difficult separation.

• A further in-depth techno-economic study would need to be performed to as-
sess the viability of this production method. While the highest added-value
product from the electrolysis of ironmaking slag would be titanium metal, the
proven electrolytic extraction of Ti – Si alloys could still be a profitable endeav-
our if implemented as these alloys are gaining traction in the market for their
use as high-temperature structural materials [203, 215, 216].
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