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Abstract

Rare-earth elements (REEs) are a group of 17 chemically similar metallic elements
(i.e. 15 lanthanides, plus scandium and yttrium), which are strategic for application in modern
life. Both the United Nations and the European Union classified REEs as critical and strategic
metals due to their properties and their increasing use in critical applications such as wind
power plants. Due to large and increasing domestic demand, China, the largest producer of
rare earths, has tightened export quotas for rare earth concentrates since 2012. Recycling rare
earths from secondary resources such as slag is particularly important to increase resource
efficiency, escape scarcity and minimize environmental impacts. The common method for
processing REEs is hydrometallurgy. However, the disadvantages of this method are the need
for finely ground concentrate and high wastewater generation, which causes significant
environmental pollution. Therefore, this method is not recommended for direct recovery of
REEs from slags with low REE content. The formation of RE-rich phases by pyrometallurgical
processes, such as heat treatment, which are separable from REE-free phases and leachable
can be used to enrich RE in the concentrate. The objective of this research is to provide the
understanding of the rare earth elements (REEs) extraction process from slag, including the
ability of various solid phases to incorporate REEs.

This study applied cerium oxide, CeO., with a purity of 99.9 % as a representative of rare earth
oxides (REOs) as they have similar properties both physical and chemical. In addition, several
other substances, namely CaO, MgO, SiO,, and Al,O3, were also used in some experiments
as constituent components of artificial slag. The experiment focused on the dissolution of
cerium oxide in the phases of the system CaO-MgO-SiO»(-Al2O3). In this investigation, used
contents of CeO, were 1 wt.-%, 2 wt.-%, and 5 wt.-%. After determining the initial compositions,
the slag sample were prepared and then melted at elevated temperature until the
transformation from solid phase to the liquid phase was reached and observed using the hot
stage microscope (HSM) with various parameters. Temperature used to melt the slag samples
were 1400 °C, 1550 °C, and 1600 °C whereas the holding time of the temperature was varied
between 15 minutes and 1 hour. Afterwards, an analysis by a SEM instrument of
JEOL JSM IT-300 LV, equipped with energy dispersive X-ray (EDS) served for the
determination of type and compositions of the generated phases.

The result shows cerium can be enhanced by forming a Ce-incorporating phase, for instance
Ceg.33xCax(Si04)sO2.« containing about 58.82-62.85 wt.-% cerium oxide. Lower cerium oxide
contents can also be found in some phases such as CazxCexSiOas+s5, CaSiO3z, CeCasSisO17,
(Ca,MQg)SiOs3, (Ca,Mg,Ce)(Al,Mg)(Al,Si)20s. In the tests for the system CaO-MgO-SiO, with an
initial cerium oxide content of 5 wt.-%, the highest cerium oxide content was reached with
62.85 wt.-% in the phase Ceg33.xCax(SiO4)sO2.x at 1600 °C for 15 min with a basicity of 1.38.
When the basicity is reduced to 0.52, the generated phases are dominated by SiO; due to its
high content in the initial composition while cerium oxide remains in the matrix. No separation
into several phases can be observed from the experiment carried out at basicity of 0.67 as a
single homogenous phase resulted. At lower initial CeO; contents of 2 wt.-% and 1 wt.-%, no
Ce-incorporating phase forms for an increased melting time of 1 hour. When Al;O3 is added
with a fixed content, cerium oxide can be either incorporated in a certain phase such as
(Ca,Mg,Ce)(Al,Mg)(Al,Si)206 (20.86 wt.-% Ce203) or remained in the matrix (1.72-5.79 wt.-%
Cezos).



Table of Content

AFFIdaVit......ooe e ———————— i
AcCKnNowledgement...........cooiiiiiiiiiiiiiiiie s anranna_. i
Y 13 =T iii
Table of Content ... ——————— iv
1 INtrodUCHION ... —————— 1
1.1 AIMS Of RESEAICN ......eeiiiiiiii e 6
1.2 Research MethodoIOgy .......coooiiiiiiieeeee e 6
2 Technical Fundamentals...........cccccoiiiiniini s 8
21 Processing and Recovery of Rare Earth Elements from Secondary
RESOUICES ... s 8
2.2 Extraction process of REEs from Metallurgical Slag............ccoovveiiiiiiiiiiiiiiiennn, 9
2.3 Processing of REEs from Low REE-Bearing Slag ..........cccccceeiiiiiiiiiiiiiie 10
2.4  Enrichment of REEs in Metallurgical SIag ...........cooccoimiiiiiiiiiiicee e, 11
3 Experimental Investigations............cccoi i e 13
3.1 Sample Preparation ...........cooi oo e 15
3.2 Heat Treatment ProCESS ..........uuuuiiiiiiiiiiiiiiiiieiiiiiiie e 17
3.3  Phases Characterization ... 18
3.4 Phases Identification Method ...........cccuuiiiiiiiiiii e 19
4 RESUILS ...ttt 21
5 DiSCUSSION .....cieieeeiei i 28
5.1 Experiment Result of Slag Sample 1 after Non-isothermal Treatment at
1550 °C for Melting Time Of 1 HOUN........coooiiiiiiii e 28
5.2 Experiment Results of Slag Samples with Fixed Composition of CeO and
Varied Composition of CaO, MgO, and SiO, for Melting Time of 15
MINUEES ..ottt e ettt e e e e ettt e e e e e e et 29
5.3 Experiment Results of Slag Samples with the Presence of Al203.........cccccunneeee. 31
5.3.1 Experiment Results of Slag Samples with Additionally Containing
Al,O3 with Varied Concentrations of CeO, at 1600 °C for a Melting
Time Of 15 MINUEES.....cooiie e 31



10

5.3.2 Experiment Results of Slag Samples with Additionally Containing
Al,O3 with Varied Compositions of CeO, at 1600 °C for a Melting

THME OF 1 HOUL et

5.4 Experiment Results of Slag Samples with Varied Composition of CeO; for

Melting Time of 1 hour without the Presence of Al2O3 .......ccooeeiiiiiiiiiiiii,

5.5 Diagram of the System CaO-MgO-SiO,-Ce,O3; at Room Temperature................
L0701 T W= oY N
=71 o1 Lo |- T o 1 1/
List Of FIQUIES ......cuiiiiiiiinin s s s e s
List Of TabIES .......ceeiiiiiiiiieirr e

N o o1 4 T [
10.1 Appendix A — Data of Heat Treatment Process of the Slag Samples in Hot

StagE MICIOSCOPE ...cvviiiiiii ettt e e e e e e e e e e e e e e e e aaaans

10.2 Appendix B — Measured Data of the Slag Samples.............coooeeiiiiii.



1 Introduction

Rare-earth elements (REEs) are a group of 17 chemically similar metallic elements
(i.e. 15 lanthanides, plus scandium and yttrium), which are strategic for application in modern
life. REEs only have similar electron configurations but exhibit distinctive physical and chemical
properties which enable their use in a broad range of technologies [1]. Consequently, REEs
can be used in a wide range of applications such as magnets, catalysts, metallurgical additives,
batteries, polishing powders, phosphors, glass additives, and ceramics. Distribution of REEs
in each application is not the same, depending on manufacturers but the percentages can be
estimated as shown in Table 1. The United Nations as well as the European Union listed REEs
as critical and strategic metals because of their properties and increasing usages in critical
application such as for wind power plants [2]. REEs can be categorized into two groups,
namely light REEs (LREE) and heavy REEs (HREE). At present, the LREE market is
dominated by the demand for Nd for neodymium-iron-boron magnet (NdFeB) magnets.
Whereas HREE market is driven by the demand for Dy for NdFeB magnet due to its capability
to increase magnetic coercivity and subsequently, increases high temperature performance

and resistance to demagnetization [3].

Table 1. Distribution of REEs in many applications [4]
La Ce Pr Nd Sm Eu Gd Tb Dy Y Other

Application
(%) () (%) (%) (%) (%) (%) (%) (%) (%) (%)
Permanent 23 69 2 1 5
magnets
Battery alloys 50 34 3 10 3
Metallurgy 26 52 5 17
Auto catalysts 5 90 2 3
Fluid 'catalytic 90 10
cracking

Polishing powders 31 65 4
Glass additives 24 66 1 3 2 4
Phosphors 9 10 5 2 5 69

Ceramics 17 12 6 12 53




Rare earth minerals are so many in number but there are six minerals which can be
categorized as primary resources of REEs i.e., bastnaesite [(Ce,La)(COs3)F],
monazite [(Ce,La,Th)PO4], xenotime  (YPO.), loparite [(Ce,Na,Ca)(Ti,Nb)Os],
apatite [(Ca,REE,Sr,Na,K)s:Cay(PO4)3(F,OH)], and ion adsorption clays. The first three
minerals are known as world rare earth resources and commercial rare earth minerals which
have composition of 70-75 % REO, 55-60 % REO, and 55-60 % REO, respectively [5], [6].
Rare earths occur around the world but are mostly mined and extracted in China. They are
also mined in other countries such as Australia, India, and United State but only slowly growing.
Due to large and increasing domestic demands, China has been tightening export quota of
REE concentrate since 2012. This may cause serious problems for REE users outside of China
as well as for the development of a more sustainable, low-carbon economy [7]. In 2013, China
had about 50 % of the rare earth ore reserves and dominated rare earth mining with around

90 %. Figure 1 shows the world’s rare earth producing mines in 2013.
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Remarks: 1 = Bayan Obo, China; 2 = Rare earth cation clays, China; 3 = Mount Weld, Western Australia; 4 = Vizag,
Andhra Pradesh, India; 5 = Manavalakurichi, Tamil Nadu, India; 6 = Chavara, Kerala, India; 7 = Lovozerskoy,

Russia; 8 = Mountain Pass, California; E = Kuantan, Malaysia (Extraction Plant)

Figure 1. The world’s rare earth producing mines in 2013 [8]



There are several steps of REEs processing from primary resources which comprise deposit
exploration, mining, beneficiation, chemical treatment, separation, refining, and purification [5].
In metallurgical processes, REEs extraction is generally initiated by a beneficiation process to
remove undesired impurities and to enhance the concentration of REEs in concentrate.
Physical beneficiation techniques which have been proved to enrich REEs from primary
resources are gravity concentration, tabling, flotation, magnetic separation, and high tension
separation [6], [9], [10]. For instance, magnetic separator is commonly used to separate highly

magnetic gangue from non-magnetic minerals such as monazite and xenotime.

In REEs extraction process from primary resources, hydrometallurgical processes are
commonly used over pyrometallurgical ones. The rare earth extraction by hydrometallurgical
route uses one or more reagents to decompose the minerals and to dissolve the rare earth
elements into solution. These reagents are mainly inorganic acids, alkalis, electrolytes, and
chlorine gas. The commonly used acids include sulfuric acid (H.SO4), hydrochloric acid (HCI),
and nitric acid (HNO3). Whereas sodium hydroxide (NaOH) and sodium carbonate (Na>CO3)
are the most common alkalis. Electrolytes include ammonium sulfate ((NH4)2SO4, ammonium
chloride (NH4Cl), and sodium chloride (NaCl). Several factors affecting the extraction process
are type of minerals in concentrate, grade of concentrate and characteristics of targeted

products.

Separation of REE is a complex process because it relies on small differences in chemical
properties, such as the solubility and chemical stability [11]. Many researchers studied several
methods to separate them into individual elements such as fractional precipitation and
crystallization, ion-exchange, and solvent extraction also called liquid—liquid extraction.
Solvent extraction is currently the dominant technology of separating and purifying the

individual rare earth elements [10].

The main issue of producing REEs from primary production is the so-called balance problem.
Some REEs will be produced in larger quantities than required by the REE market. Then, these
elements need to be stockpiled which comes at a cost. In this condition, for instance, REEs
production is dominated by Lanthanum (La) and Cerium (Ce) while the demand of REE s for
Neodymium (Nd) and Dysprosium (Dy). Therefore, the demand for Nd and Dy might not be
met by primary production alone. The balance problem implies that the rare earths industry will
either have to find new applications for REEs that are excessively available or need to find
substitutes for REEs that have both limited availability and high demand. This issue can be
partly overcome by recycling. Potential secondary resources include residues from both
primary and secondary metal production of which the volumes are enormous so the content of
REEs is also very large and may secure an independent source as well as shield REEs

resource-poor countries from export quotas and price fluctuations as illustrated in Figure 2.
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However, the presence of thorium as radioactive element in some of these commodities as
well as the often low content of REEs, which in general can range from a few ppm to several

percent are main obstacles [1], [3].

5. (Enhanced) Landfill Mining including
metal recovery

Landfills containing
industrial process residues

e

W (stocks) Industrial Process
R Residues from Residual minerals
e = primary and to be valorised in
- secondary metal 4. Metal building materials
‘ Tailing ponds | production (flows) recovery
Metals and alloys (Intermediate)
Products
Recyclates

aseyd asn)

Manufacturing scrap |

Primary
mining
1. Direct (preconsumer)
Recycling
(flows)
2. Recycling/Urban Mining I

End-of-Life Products (flows/stocks)

3. (Enhanced) Landfill
Mining

Landfills containing Urban Selid
Waste (stocks)

Figure 2. Recycling of REE-containing resources in many forms, revealing the importance of metal
recovery from both flows and stocks of industrial process residues from primary and secondary metal
production [3]

Countries with no rare earth reserves have initiated investigations of rare earth recycling from
secondary resources such as from slags of base metals smelting processes. The expanding
population, economic growth, and desire for new technologies drive the fast growth of demand
for rare earth elements. The REEs are ideally removed from the raw material streams at a pre-
smelter stage, although REE-recovery from smelter slags should not be neglected either [12].
The recycling of rare earth elements from secondary resources is very important with respect
to increasing the resources efficiency, dodging the scarcity, and minimizing environmental
impacts [13]. Nevertheless, REEs recycled from end-of-life products amounts only to around
1 % (end-of-life recycling rate) while the rest is deported to waste and removed from the cycle
[1]. Furthermore, the recycling can take place from permanent magnets, fluorescent lighting,

batteries, and catalyst with certain targeted REEs as shown in Table 2.



Table 2. Potential sources of REEs recycling [1]

Source for recycling Targeted REEs
Catalyst in chemical and petroleum industry LREE (La, Ce)
End of Life products La, Ce, Tb, Y
Magnets Nd, Dy, Pr,and Tb
Batteries La, Ce, Pr, and Nd
Other industrial processes and residues Depending on the source material, the recycling
process can target different REE

Compared to primary processing, recycling of rare earth from secondary resources will provide
more benefits with respect to air emissions, groundwater protection, the risks of acidification,
eutrophication, and climate protection. The basic processes used for recycling of rare earth
from secondary resources are similar to those utilized for extraction of rare earth from ores
[14]. In REEs extraction processes from primary resources, hydrometallurgical methods are
commonly used over pyrometallurgical techniques. Hydrometallurgy processes are more
reliable due to a possibility of selective leaching of rare earth from low-grade metal resources
with lower processing cost and relatively low pollutant generation [15]-[21]. However, the
disadvantages of this process are the demand of finely ground concentrate and the large scale
of wastewater generated that cause a serious environmental pollution. Therefore, it is very
important to enhance rare earth elements concentration in slag prior to hydrometallurgical

processes.

In comparison to natural ores, slags have the advantage that the formation of mineral phases
during cooling can be influenced by use of different slag formers, cooling rates and furnace
conditions. This processing of slags is defined as hot stage slag engineering [22]. The slag
composition and microstructure can be changed by adjusting the primary pyrometallurgical
process directly or immediately after separation of the slag from the molten metal, while the
slag is still at high temperature. If a metal can be enriched in a certain mineralogical slag phase
embedded in a matrix of other minerals by choosing a suitable slag composition and cooling
trajectory, then a separation of this mineral phase might be possible by conventional ore
processing methods. Furthermore, rare earth oxides can be selectively separated from the

slag by hydrometallurgical processes.



1.1 Aims of Research

This research project is aimed to consolidate the understanding of extraction process of rare
earth elements (REEs) from slag. Specifically, a series of experiment was carried out in
variations of initial composition of substances to produce an artificial slag. Melting time and

Al2O3 as flux are used as parameters of experiment, which aimed at:

¢ Ability of various solid phases to incorporate REEs.

e Reviewing best conditions of heat treatment and additives to obtain a REE-rich phase
which is easily separable and leachable as well as contain sufficient high content of
REEs.

1.2 Research Methodology

This research is based on the fact that hydrometallurgy is the most commonly used process
to extract rare earth elements (REEs) from secondary resources such as metallurgical slags.
However, processing materials with low REEs contents requires a large amount of chemicals
and water as well as poses a massive problem, especially in terms of the environment [23]
[24]. This process can generate large amounts of residues and wastewater. Therefore, this
method is not recommended for recovering REEs directly from slag. Pyrometallurgical
technology has been reviewed as an alternative to process REEs from slag which offers
following advantages such as high processing capacity, simple process, high efficiency, less

production of pollution and hazardous wastes [25] .

The first stage of the research comprises a literature review which is focused to understand
and strengthen fundamental aspects of theory related to experiment through a comprehensive
literature survey. Operational mechanism of instruments in order to characterize REEs are also

studied such as hot stage microscope (HSM) and scanning electron microscope (SEM).

The next stage deals with several experiments regarding phase formation using HSM and
SEM. In the experiments, cerium was used as a representative of REEs due to their similar
properties. These investigations are carried out at different initial compositions, temperatures,
and fluxes as parameters of the process. By the experiments, solid phases are identified that
easily incorporate REEs in significant concentrations as well as others which do not or only to
a minor content dissolve them. The expected results form the knowledge base for a partitioning
of the slag into a REE concentrate and a gangue without relevant amounts of REEs. Research

methodology conducted in the investigation is shown in Figure 3.



Fact:

Considering environmental aspects, REE extracting process using hydrometallurgical methods is
not recommended when their concentration are low, for instance in REE-bearing slag.

A 4

Problem statement:

Investigate the possibility that REE-containing melt results in a solid material which is easily
separable by beneficiation methods

le
[«

v v

Work package 1: Work package 2:
Literature review Phase formation from molten
slag
T
Analyzing methods / Instruments: Data:
1. Hot stage microscope (HSM) 1. Distribution of REE in solid material
2. Scanning electron microscope (SEM) 2. REE content in various phases

Analysis

Criteria

Formation of REE-rich phase

Discussion

}

Conclusion

Figure 3. Research methodology



2 Technical Fundamentals

This chapter deals with the fundamental aspects used to build the research. The discussion
starts with the processing and extraction of rare earth elements (REEs) from secondary
sources, and is complemented by the extraction process of rare earth elements from
metallurgical slags. The REEs in metallurgical slags from recycling pose a problem of low
concentration. Consequently, the method to enhance the REEs content as an alternative prior

to recovery with hydrometallurgical processes has to be discussed.

2.1 Processing and Recovery of Rare Earth Elements from

Secondary Resources

The recycling that takes place can be divided into three groups, namely direct recycling of
production scrap or residues, urban mining of end-of-life (EOL) products, and recycling or
landfill mining of industrial solid and liquid wastes containing REEs. This concept is referred to
as "technospheric mining," as shown in Figure 2. The recovery of rare earths by technospheric
mining has the advantage that there are no thorium problems, and the composition of the
recovered rare earth concentrate is less complex [26], [27]. The lack of cost-efficient
processing of primary deposits forces many countries to rely on recycling of rare earth
elements. The recycling must meet various aspects, such as an economic perspective,
meeting the collection, transportation, and processing cost requirements for electronic
recycling [27]. Rare earths recycling from secondary resources is very important to increase
resource efficiency, escape scarcity, consume less energy than primary rare earths production,
minimize the expansion of land filling, and reduce environmental impact [8], [13]. In 2014, the
recycling rate of rare earths amounted to only 1-2 % of their end-use objects. This is a big
difference from the recycling rates of other metals such as 90 % for iron and steel, 80 % for

platinum group metals, 70 % for aluminum, and 60 % for copper.

Several authors classify scrap used as a source for rare earths recycling into two categories,
namely scrap generated from mechanical processing in the manufacturing process and scrap
generated from physical disassembly of EOL products [28]-[30]. The recycling process for rare
earths from end-of-life products includes four main steps, namely collection, disassembly,
separation, and processing [14], [31]. Collection can be done by various means. Collection
methods include direct shipment of products to sites set up by equipment manufacturers and
drop-off of used products at designated sites, such as retail stores or sites specifically set up
as part of collection campaigns. Disassembly/preprocessing steps are critical to separate the

high-value components from the lower-value materials. Often, high-value materials such as
8



rare earths and other metals like gold make up only a small percentage of the item being
recycled, and separation steps allow them to be recovered more efficiently. However, even
when metals are separated from other non-metallic components, mixed metal scrap is more
difficult to recycle than separated metals. Typical disassembly and processing steps include
manual or mechanical disassembly, manual or mechanical separation, mechanical crushing,
and screening. The goal of this step is to remove hazardous and unwanted materials while
retain the valuable materials for reuse and recycling processes. After the pre-processing steps

are completed, the components of interest are ready for the processing step.

2.2 Extraction process of REEs from Metallurgical Slag

Metallurgical processes produce various slags as a by-product. Depending on their origin and
properties, slags can be divided into three groups namely ferrous slags, nonferrous slags, and
combustion slags [32]. There are different types of nonferrous slags produced by nonferrous
metal smelters, such as tin, copper, zinc, and nickel. Extensive studies on metal recovery from
nonferrous slags have been conducted in the past decades. However, reports on the recovery
of rare metals and rare earths from nonferrous slags are relatively sparse. The recovery of
niobium (Nb) and tantalum (Ta) from tin slag was reported by [33]. Recently the investigation

results on the recycling of rare earth metals from phosphorus slag were reported by [34].

Pyrometallurgical flowsheets for recycling valuable metals from batteries can produce a slag
that is relatively rich in rare earths. The batteries are placed in a vertical shaft furnace along
with a small amount of coke and a slag former [35]. Oxygen-enriched air is injected into the
bottom of the shaft furnace. The metals are converted into a Ni-Co-Cu-Fe alloy and a slag.
The slag consists mainly of oxides of calcium, aluminum, silicon, and iron, and also contains
lithium and rare earths [36]. Compared to natural ores, slags have the advantage that the
formation of mineral phases during cooling can be influenced by using different slag formers,
cooling rates, and furnace conditions. This processing of slags is referred to as hot stage slag

engineering [22].

The effects of slag composition, slag to metal (S/M) ratio, and scrap type on rare earth slag
extraction were studied [30]. In general, a lower amount of slag used results in a higher REE
concentration in the slag. Slag composition and microstructure can be altered by adjusting the
primary pyrometallurgical process immediately or after the slag is separated from the molten
metal while the slag is still at high temperature. If a metal can be enriched in a particular
mineralogical slag phase embedded in a matrix of other minerals by choosing an appropriate
slag composition and cooling course, then separation of this mineral phase by conventional
ore processing techniques might be possible. In addition, rare earth oxides can be selectively

separated from the slag by hydrometallurgical processes.
9



In hydrometallurgical processes for the recovery of rare earths from slag, there are two main
steps, namely dissolution of the rare earths and separation. The extraction and separation of
rare earths and Al from FCC waste slag achieved by acid leaching and selective precipitation
were studied by [37]. Under the optimum leaching conditions, nearly 91.01 % La, 92.24 % Ce
and 94.77 % Al were extracted from FCC waste slag. The separation of rare earths happened
by adding Na;SO. to precipitate the rare earths in the form of NaRE(SO4)..xH20, while Al
remained in the leachate. The recovery of REEs from molten NiMH battery slag was
investigated [8]. This method consists of several steps, i.e., (i) the slag is granulated with water
to form particles with a diameter of about 100 um, (ii) very finely ground, (iii) leached with nitric
or hydrochloric acid, and (iv) purified and separated into individual rare earth solutions by
solvent extraction. Leaching and recovery of the pure rare earths takes place at Solvay's rare

earths plant in La Rochelle, France.

2.3 Processing of REEs from Low REE-Bearing Slag

REEs can be found not only as main elements in primary ore, but also as by-products of metal
processing. The Bayan Obo Mine is known to be the world's largest REE deposit in which low
concentration of REEs coexist with iron, niobium, and other metals, with only a few hundred
parts per million by weight. Therefore, an economic and efficient extraction of REEs from the
ore is difficult. The Bayan Obo facility primarily produces iron with large amounts of slag
containing REEs at high concentrations [38], [39]. Unlike Bayan Obo, in Indonesia, REEs are
found in monazite and xenotime minerals and end up in the final slag of tin metal processing.
Typically, the slag contains 5-6 % of REEs which comprises 3 % LREE and 2.5 % HREE. This
slag is processed to produce RE concentrates containing REO up to 97 %. However, the
concentration process consists of complex processes and requires longer time and much
energy [40]. Therefore, treatment of REE-bearing slags by a pyrometallurgical route is a
potential alternative to separate REEs from other elements prior to any extraction process

using chemicals.

Due to low concentration of REEs in the slag, a pretreatment process for slag, followed by
magnetic separation, flotation or supergravity separation, namely, selective crystallization and
phase separation, have been more effective in increasing rare earth grades [41]. Furthermore,
rare earth phase crystallization is crucial to study in order to enrich RE-elements and generate
RE-phase growth well. Crystallization behavior of CaO-SiO,-CaF2-LaO3 rare earth-containing
slag using selective crystallization and phase separation (SCPS) was studied by [39].[42]
Influence of P.Os and CaF2 on crystallization phase in CaO-SiO2-Al,03-La>03 slag system was

investigated by [41]. Precipitation of RE-slag by isothermal reduction and melting separation
10



was studied by [43]. However, effect of composition of the slag on crystallization behavior has

not been investigated.

2.4 Enrichment of REEs in Metallurgical Slag

Extraction of REEs from RE-bearing secondary resources such as metallurgical slags is
dominated by hydrometallurgical methods exemplary described in [23], [44], [45]. However, it
requires large amounts of chemicals and water resulting in large amounts of waste sludges
and wastewater [12]. Thus, it seems not effective to extract REEs from sources with low
concentration. Forming of RE-rich phases by pyrometallurgical method can be used to enrich
RE in concentrate as can be seen in Figure 4, in which fundamental understanding of RE
distribution in slag, appropriate cooling path as well as the influence of process parameters
such as temperature and atmosphere exhibit important roles [46], [47]. In addition, the
structures, compositions and transformation of REEs phases are also relevant [38]. In NiMH
batteries recycling, FeO-B.0O3 fluxes were used as REEs oxidant at high temperature so that
99 wt.-% REEs were separated and collected in an oxide phase [48]. Selection of a suitable
slag system is a crucial point which has to fulfill demands such as high-density difference to
the liquid metal, low viscosity and pour capacity [49]. Calcium oxide and silica are commonly
used as fluxes in metallurgical industries and in general have very high content in slags
affecting the properties of slag systems [25]. Chemical compositions and mineralogy of RE-
phases in RE-bearing slags can be found different from each other. Various research has
investigated the formation of RE-phases in Bayan Obo RE-bearing slag. RE-phases can be
formed during the cooling process such as calcium cerite (RE203CaO-SiO), britholite
(CasCe2[(Si,P)Oa]sF), or cerium fluorosilicate (7[(Ca,Ce).SiO4](F,0)10) [50]-[52]. Crystallization
behavior of RE-phases affected by temperature and cooling mechanism represents a critical
factor for the recovery of REE from slag [24]. During isothermal process, the volume fraction
of RE-phase increased significantly with the elongation of the holding time [53]. Therefore, it
is essential to study the isothermal phase equilibria of RE-bearing systems such as Ce;0s-
Ca0-SiO; system at 1300 °'C, 1500 'C, and 1600 ‘C [24], [54]. Ce203 performs as a basic
component in the Ce203-Ca0-SiO, system [54].

After a RE-rich phase is obtained and separated from others, the next step comprises the
recovery of REE using hydrometallurgical methods. There are two main steps namely the
dissolution of REEs and the separation by selective processes. There are several important
parameters in leaching processes of rare earth from waste slag [55]. Increasing leaching
temperature will accelerate the leaching rate and extent of leaching of lanthanum from the slag

[15]. An extraction and separation of REEs and Al from fluid catalytic cracking (FCC) waste
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slag were achieved by acid leaching and selective precipitation. Under the optimum leaching
conditions, almost 91.01 % of La, 92.24 % of Ce, and 94.77 % of Al in the FCC waste slag was
extracted [37]. Leaching of REE from phosphorus slag using nitric acid performed good results
with recovery efficiencies of 98.3-98.6 % for rare earth metals, 96.5-98.6 % for aluminum,
94.9-96.5 % for iron, and 99.1-99.5 % for calcium [56]. The recovery of REEs from NiMH
battery molten slags were studied. This method consists of several steps i.e. (i) the slag is
water-granulated to 100 um diameter particles; (ii) ground very fine; (iii) leached with nitric or
hydrochloric acid; and (iv) purified and separated into individual rare earth solutions by solvent

extraction [8].
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Figure 4. Schematic process of REE enrichment in slag through heat treatment process
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3 Experimental Investigations

In this chapter, the steps carried out in the experimental procedure are explained. This study
applied a cerium oxide, CeO, with a purity of 99.9 % as representative of rare earth oxides
(REOs) as they have similar properties both physical and chemical. In addition, several other
substances were used, namely magnesium oxide (MgO), calcium oxide (CaO) and silicon
oxide (SiO.) mixed with CeO; to generate synthetical slags. Aluminum oxide (Al.O3) was also
used in some experiments as component. Furthermore, the experiment focused on the slag
phase formed in the ternary system constructed with Factsage8.0. Furthermore, the
experiment focused on the dissolution of cerium oxide in the phases of the system
Ca0-MgO-SiO2(-Al.03). An isothermal section of this ternary diagram was calculated by
Factsage 8.0 at 1500 °C to select compositions of slags, which can be completely melted in
the applied hot stage microscope. The selected six test points, used in experiments, are
pointed out by green marks in Figure 5. The addition of a certain amount of CeO: resulted in
the definite composition of the slag samples for the melting experiments, which are

summarized in Table 3.

Point A

Point B

Point C

Point D

Point E

Point F

e \J x N
Sio 09 08 07 06 05 04 03 02 0.1 M O
2 g9

mass fraction

Figure 5.  Ternary system of CaO-MgO-SiO2 at 1500 °C and 1 atm constructed using Factsage 8.0
in which an area with only liquid slag as stable phase was observed from which six test points were
selected
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The experimental process consisted of four main steps namely calculation of initial
compositions, preparation of slag samples, high temperature melting process, and phase
characterization. After the determination of initial compositions, the slag sample were prepared
and then tested in a series of experiments with various parameters. The melted slag samples
obtained from the tests were further prepared in the embedding process in which the melted
slag samples were mounted into the resin. An analysis through scanning electron microscopy
and energy dispersive X-ray spectroscopy (SEM-EDS) served for the determination of type
and compositions of the generated phases. The entire sequence of the test procedures is

shown in Figure 6.

MgO

A

Preparation
stage

!

Melting process

!

Embedding
process

!

Phase
characterization

!

Result:
e Phase type
e Phase composition

|

Conclusion

Figure 6. Flowchart of sequence of the test procedures
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3.1 Sample Preparation

The aim of the sample preparation was to obtain a homogeneous slag material as a feed of
the further test. The preparation started with weighting of each oxide of CeO,, CaO, MgO, and
SiO; as well as Al,O3 according to the calculation of the initial compositions required for the
melting test. This investigation used the raw materials CeO, (CAS Nr. 1345-13-7), CaO (99.9
pct, Sigma-Aldrich, CAS Nr. 1305-78-7), MgO (= 98 pct, Roth, CAS Nr. 1309-48-4), SiO, (> 99
pct, Roth, CAS Nr. 14808-60-7), and AlO3 (= 99 pct, Roth, CAS Nr. 1344-28-1)
(see Figure 7). Before weighting of Al,Os, an additional treatment took place by heating the
raw material up to 1400 °C for 24 hours in the furnace to ensure the aluminum oxide used in
the experiment exists as Al,Os. The weighting was conducted with the equipment of Denver
Instrument SI-603A that has an accuracy of 0.001 gr.

Figure 7.  Raw oxide materials used in the investigations, (a) calcium oxide, CaO; (b) magnesium
oxide, MgO; (c) silicon dioxide, SiOz; (d) aluminum oxide, Al2Os; and (e) cerium dioxide, CeO2
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Afterward, all substances were grinded and mixed using a swing mill as shown in Figure 8.
Moreover, the use of the swing mill aimed to produce a homogeneous slag sample. The weight
of each slag feed prepared for melting test amounted to 100 grams. Finally, the slag feed was

ready for further test of the melting process.

Figure 8. Swing mill used in the preparation stage in order to obtain a homogenous slag feed

The first melting test applied an initial composition of 15 wt.-% CeO,, 45 wt.-% CaO,
and 40 wt.-% SiO.. Moreover, melting tests were performed at 6 different points on the ternary
diagram of system CaO-MgO-SiO; referring to Figure 5. The slag samples of each test point
composed of different composition of CaO, MgO and SiO.. In this investigation, contents of
CeO; used were varied of 1 wt.-%, 2 wt.-%, and 5 wt.-%. By addition of CeO., the new oxide

compositions were obtained and then used as the initial compositions as shown in Table 3.

16



Table 3. Initial compositions of slag samples and parameters of melting process

Slag Test Initial composition (wt.-%) Temperature Time
sample  point CeO2 SiO2 CaO MgO  Al:03 (°C) (hour)
1 15.00 40.00 45.00 1550 1
2 C 5.00 57.00 28.50 9.50 1400 0.25
3 A 5.00 39.90 40.85 14.25 1600 0.25
4 D 5.00 62.70 22.80 9.50 1600 0.25
5 E 5.00 62.70 30.40 1.90 1600 0.25
6 C 5.00 57.00 28.50 9.50 1600 0.25
7 B 5.00 49.03 34.89 11.09 1600 0.25
8 F 5.00 46.30 22.86 25.83 1600 0.25
9 5.00 37.80 38.70 13.50 5.00 1600 0.25
10 2.00 39.06 39.99 13.95 5.00 1600 0.25
11 1.00 39.48 40.42 14.10 5.00 1600 0.25

12 5.00 37.80 38.70 13.50 5.00 1600 1
13 2.00 39.06 39.99 13.95 5.00 1600 1
14 C 2.00 58.80 29.40 9.80 1600 1
15 C 1.00 59.40 29.70 9.90 1600 1
16 A 1.00 41.58 42.57 14.85 1600 1

3.2 Heat Treatment Process

In the heat treatment process, the homogeneous slag samples obtained from the preparation
stage were melted at high temperature for a certain melting time. Temperature used to melt
the slag samples were 1400 °C, 1550 °C, and 1600 °C whereas the holding time of the
temperature was varied between 15 minutes and 1 hour. The aim was to investigate the best
conditions for producing a cerium-incorporating solid phase, so that an enrichment of cerium
in one of several stable phases contained in the slag after solidification and cooling was
possible through conventional separation process. The slag was melted at high temperature
until the transformation from solid phase to the liquid phase was reached and observed using
the hot stage microscope (HSM). Figure 9 shows the hot stage microscope applied to observe
melting behavior of slag samples. The melting process consisted of several steps. Firstly, the
slag sample was pressed into a small cylinder and placed on a platinum plate. Then, the
heating of the sample took place in the instrument with a heating rate of 10 °C/min up to the
specified temperature of 1400, 1550, or 1600 °C. After maintaining this temperature for a
certain time (15 min or 1 hour) a controlled cooling down to 1100 °C took place with a cooling
rate of 2 °C/min before switching off the heater for further cooling to room temperature. During

this whole cycle, the furnace chamber was purged by air to control its atmosphere. Finally, the
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heat treated sample could be removed for subsequent analysis. The detailed data of heat

treatment process of each slag sample in hot stage microscope were given in Appendix A.

Pl
KE »g
o]

7

Figure 9. Hot stage microscope used to observe melting behavior of slag samples

3.3 Phases Characterization

Prior to metallographic analysis, the melted slag obtained from the heat treatment process was
initially prepared by an embedding process. The samples were mounted in resin, with the ratio
of resin to hardener being 5:1. Each specimen was placed transversely in the resin so that the
analysis would observe the cross-section layer. Afterwards, the mounted resin was left for 48
hours to achieve good hardness. In order to obtain a flat surface, grinding with sandpaper
starting from size of 320 to 4000 grit took place. Finally, the mounted resin was washed with

isopropanol to clean the surface and then dried in the oven.

The next step comprised metallographic analysis using scanning electron microscope (SEM).
The mounted-resin sample were coated with a carbon film for a cross-section observation
through SEM. This investigation applied a SEM instrument of JEOL JSM IT-300 LV, equipped
with energy dispersive X-ray (EDS) as shown in Figure 10. The analysis was conducted to
determine the cerium oxide content of all phases formed during the heat treatment. In addition,
the contents of the other elements in each phase, in wt.-%, were also quantitatively determined
by EDS.
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Figure 10. Scanning Electron Microscope (SEM) equipped with an energy dispersive X-ray (EDS)
detector used in the investigation

3.4 Phases ldentification Method

The identification of the phases was done based on the calculation of the atomic percentage
of the phase constituent elements. The composition of each element, in wt.-%, which has been
collected from the EDS analysis was converted to moles of element referring to Equation 1.
Cerium, silicon, calcium, magnesium, and aluminum were the elements used for the
calculation. In addition, the mole numbers was used to calculate the moles of oxide, taking into
account the number of ions contained in the oxide as in Equation 2. Finally, the percentage
value of each oxide was calculated by dividing moles of oxide to total of moles of oxide

according to equation 3.

mass of element (i) in wt.—%

Moles of element (1) = relative atomic mass of element (i) (eq' 1 )
For reaction of element, 1,0, = xI +y0O
. .y __ Moles of element (i)
Moles of oxide (i) = Number of ion (D.x (eq. 2)
. . __ Moles of oxide (i)
Atomic percentage (i) = ST Moles of oxides (eq. 3)
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For instance, identification of cerium phase as cerium oxide was calculated as follows.

mass of Ce in wt. —%
140.116 g/mol

Moles of Ce =

Relative atomic mass of Si, Ca, Mg, and Al used in calculation were 28.0855, 40.078, 24.305,
and 26.981 g/mol, respectively.

For reaction of cerium dioxide, Ce,0; = 2Ce+ 30

moles of Ce

Moles of Ce, 05 = >

moles of Ce,05
moles of Ce,0; + moles of Si0, + moles of CaO + moles of MgO + moles of Al,04

Atomic percentage (Ce;03) =

The same procedure served for the calculation of the atomic percentage of SiO2, CaO, MgO,

and Al,Os. Finally, identified phases were then validated to appropriate references.
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4 Results

The experimental results of the metallographic analysis are presented in this chapter. As

mentioned above the experiments were focused on slag liquid area in the ternary system of
Ca0-MgO-SiO, at 1500 °C and 1 atm. Specifically, there were 6 test points at which

experiments were carried out as shown in Figure 5. Compositions of phases in the quenched

slag samples are given in Table 4.

Table 4. Compositions of phases in the quenched slag samples

Slag Initial composition (wt.-%) e Final composition (wt.-%)

sample ce0, si0, CaO MgO Al,O; Cez0; SiO; CaO MgO Al0;

1 15.00 40.00 45.00 Ce.33:xCax(Si04)02x 58.82 2354 17.64
Caz+CexSiOus 11.31 32,81 55.88
CaSio; 6.80 4373 49.38

2 500 57.00 2850 9.50 Ce,Ca3Sig0q7 ) 3523 4296 21.81 0.00
CaMgSi,Os 0.00 5540 2588 18.73
(Ca,Mg)SiO; 0.00 53.01 4418 282

3 500 39.90 40.85 14.25 Ceq.33xCax(Si04)s02 62.85 22.87 1428 0.00
Ca;MgSi,O; 0.00 4378 4155 14.68
CasMgSi>Os 0.00 3629 51.24 1247
(Ca,Mg)SiO; 14.87 4952 15.03 2057

4 500 62.70 2280 9.50 Matrix 558  57.02 27.14 10.26
SiO;, 0.00 100.00 0.00 0.00

5 500 62.70 3040 1.90 Matrix 595  56.36 3554 215
SiO;, 0.00 100.00 0.00 0.00

6 500 57.00 2850 9.50

7 500 49.03 34.89 11.09 Matrix 840 5453 29.83 7.23
Ca;MgSi,O; 0.34 4409 4122 14.35

8 500 46.30 22.86 25.83 Mg.SiO4 0.00 4310 1.83 55.07
(Ca,Mg)Sio; 6.58 4891 3266 11.85

9 500 37.80 38.70 13.50 5.00 Matrix 588 4191 3511 544 1167
Ce,0; 98.89  0.00 111 0.00 0.00
CaMgSiO, 022 3864 3530 2583 0.00
CasMgSi;Os 135 3657 49.98 1210 0.00

10 200 39.06 39.99 1395 500 (CaMg,Ce)Al,Mg)AlSi),0s" 20.86 36.15 16.47 10.18 16.35
Mg.SiOs4 0.00 4246 337 5417 0.00
Ca,MgSi,0O; 0.00 4222 4101 1342 3.36
CasMgSiOs 0.00 3645 5113 1241 0.00

1 1.00 39.48 4042 1410 500 CasMgSi:Os 0.00 36.19 51.35 1247 0.00
CaMgSiO, 0.00 3826 3534 2640 0.00
Matrix 172 4339 3633 1024 833

12 500 37.80 38.70 1350 5.00 Matrix 579 5041 2429 648 13.03
Ce.0; 100.00 000 000 0.00 0.00
CaMgSiO, 0.00 3829 36.60 25.11 0.00
CasMgSi>Os 0.00 3639 5166 11.95 0.00
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Slag Initial composition (wt.-%) Final composition (wt.-%)

Phase

sample ce0, Si0, CaO MgO AlO; Ce,0; Si0, CaO MgO AlLO;
13 200 3906 3999 1395 500 Matrix 395 4414 3636 543 10.12
CaMgSiO, 0.00 3848 3532 2620 0.00
CasMgSi,Os 000 3678 5121 1201 0.00
14 200 5880 29.40 9.80 Matrix 246  59.31 2843 979
15 1.00 5940 2970 9.90 Matrix 103 6043 2995 859
16 100 4158 4257 14.85 CaMgSiO, 0.00 3790 3691 25.18
CasMgSi,Os 0.00 3554 5279 1167
(Ca,Mg)SiO; 195 4713 4420 6.72
Note:

(*) Proposed formula
(**) inclusive dissolved Ce;03

This chapter also shows microstructure images of the phases through SEM analysis. Figure
11 to Figure 26 illustrate microstructure of the slag samples after non-isothermal heat
treatment.
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Figure 11. Microstructure of the slag sample 1 after non-isothermal heat treatment
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Figure 12. Microstructure of the slag sample 2 after non-isothermal heat treatment
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Figure 13. Microstructure of the slag sample 3 after non-isothermal heat treatment
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Figure 14. Microstructure of the slag sample 4 after non-isothermal heat treatment
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Figure 15. Microstructure of the slag sample 5 after non-isothermal heat treatment

Figure 16. Microstructure of the slag sample 6 after non-isothermal heat treatment
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Figure 17. Microstructure of the slag sample 7 after non-isothermal heat treatment
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Figure 18. Microstructure of the slag sample 8 after non-isothermal heat treatment
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Figure 19. Microstructure of the slag sample 9 after non-isothermal heat treatment
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Figure 20. Microstructure of the slag sample 10 after non-isothermal heat treatment
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Figure 21. Microstructure of the slag sample 11 after non-isothermal heat treatment
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Figure 22. Microstructure of the slag sample 12 after non-isothermal heat treatment
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Figure 23. Microstructure of the slag sample 13 after non-isothermal heat treatment
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Figure 24. Microstructure of the slag sample 14 after non-isothermal heat treatment

Figure 25. Microstructure of the slag sample 15 after non-isothermal heat treatment
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Figure 26. Microstructure of the slag sample 16 after non-isothermal heat treatment
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5 Discussion

This chapter discusses further analysis of the possibility of Ce-incorporating phase formation
for each slag sample. The morphology and compositions of the phases are discussed based
on the data from SEM-EDS analyses for each slag sample summarized in Table 4 as well as
Figure 11 to Figure 26. The detailed compositions of the phases for each sample retrieved
from EDS analysis are given in Appendix B. This chapter also discusses the effect of CeO-
content, ratio of CaO/MgO, presence of aluminum oxide as well as melting time during the

heat treatment process on several generated phases.

5.1 Experiment Result of Slag Sample 1 after Non-
isothermal Treatment at 1550 °C for Melting Time of 1

Hour

This experiment investigated a possibility for the generation of cerium-incorporating phases in
the system Ca0-SiO,-Ce»03. The respective composition of CaO, SiO,, and CeO; used in the
slag sample 1 were 15 wt.-%, 40 wt.-%, and 45 wt.-%. These compounds were mixed and then
melted at 1550 °C for 1 hour. The SEM and EDS analyses (Figure 11) verified after the cooling
process the existence of two phases, namely CaSiOs; and Ceg33xCax(SiO4)sO2x The latter
incorporates a higher cerium content than the region of spectrum 13, which includes at least
two different phases according to its striped appearance. As illustrated by Figure 11, the region
of spectrum 13 contains 11.4 wt.-% Ce20s3, whereas the phase Ceg33.xCax(SiO4)sO2.x Of
spectrum 14 comprises a much higher Ce>O3 content of 49.2 wt.-%. These data have been
normalized by converting compositions of each element in the sample from EDS analysis into
their oxides. Cay«CexSiOa4+s originated from Ca,SiO4 as parental compound by substituting
Ce*" for a part of Ca?* [24]. In contrast, Ceg33xCax(Si04)s02x Was formed through replacing
partially Ce®* in the parental compound Ces 33(SiO4)sO2 by Ca?* [24]. This phase has hexagonal

form as RE crystal has sufficient time to growth.
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5.2 Experiment Results of Slag Samples with Fixed
Composition of CeO2 and Varied Composition of CaO,
MgO, and SiO: for Melting Time of 15 minutes

The experiments were carried out to investigate the distribution of cerium oxide to different
phases in the system CaO-MgO-SiO- for six different slag compositions represented by point
A to F in Figure 5. Ratio of CaO/MgO and basicity for each point were different. The content
of CeO2 used in these experiments was a constant 5 wt.-% while other oxides compositions
were adjusted depending on the selected points. The detailed compositions of samples used
are given in Table 5. They were melted for 15 minutes at 1600 °C except slag sample 2 which
was melted at 1400 °C.

Table 5. The detailed compositions of samples used within the region of liquidus temperatures
below 1500 °C for the system CaO-MgO-SiO:
. Initial Composition (wt.-%) Ratio . .
Slag Sample Test Point CeO, Si0, Ca0 MgO CaO/MgO Basicity

2 C 5 57 29 10 3.00 0.67
3 A 5 40 41 14 2.87 1.38
4 D 5 63 23 10 2.40 0.52
5 E 5 63 30 2 16.00 0.52
6 C 5 57 29 10 3.00 0.67
7 B 5 49 35 11 3.15 0.94
8 F 5 46 23 26 0.89 1.05

As shown in Table 4, there were 3 phases generated after slag sample 2 were melted at
1400 °C for 15 minutes. An Ce-incorporating phase was found which composition fits the
proposed compound CeCasSisO17 containing about 35 wt.-% Ce20s. The other two phases
appear as (Ca,Mg)SiOs; and CaMgSi,Os as illustrated in Figure 12. The SEM result showed
that the Ce-incorporating phase has no specific form, instead cerium was distributed in white
area as represented by spectrums 4 and 8. (Ca,Mg)SiOs containing low magnesium exists
around the Ce-incorporating phase with a light grey color as represented by spectrum 5.
Spectrum 9 represents CaMgSi>Os. As reported by [57], four phases can be found in the
ternary system CaO-MgO-SiO,, namely diopside (CaMgSi»Os), akermanite (Ca:MgSi>Oy),
merwinite (CasMgSi2Os), and monticellite (CaMgSiO4). Diopside phase can be generated
when Xugo/(Xcao+Xmgo) = 0.5 at 1400 °C. Therefore, CaMgSi.Os is a stable phase in this

experiment.

When the temperature was increased to 1600 °C, no result was obtained from the experiment.
The melted slag sample 6 was transparent; thus, no partitioning of the sample into several

phases could be detected through EDS analysis. From SEM observation as shown in
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Figure 16, it was found that the melted slag sample was constituted of a single homogeneous
phase. Two experiments with the same condition were carried out but still produced the same
results. Therefore, no separation into several different phases could be observed at these

experimental parameters.

The next experiment was carried out at test point A with the other parameters were maintained
as before. The basicity in this point was the highest of all selected in this region. Figure 13
shows the results of slag sample 3 consisting of four different phases. Ca,MgSi-O; and
merwinite phase (CasMgSi.Os) were found as represented by spectrums 12 and 13,
respectively. Based on SEM-EDS analysis, cerium was incorporated in two different phases,
namely Ceg33xCax(SiO4)s02x phase represented by spectrum 8 and (Ca,Mg)SiOs; with
dissolved Ce;Os3 represented by spectrum 9. The Ceg33xCax(SiO4)sO2x phase of this
experiment had similar composition with that of slag sample 1 but did not have a certain
specific form. Compared to previous experiment, it can be seen that basicity affects
crystallization behavior of RE-incorporating phase through producing different geometries of

crystalline phases.

The next experiments were carried out at points D and E in Figure 5. Slag sample 4
representing test point D and slag sample 5 representing test point E have the same basicity
of 0.52 but different CaO/MgO ratios of 2.40 and 16.00, respectively. Due to the high content
of SiO2 used in these experiments, it is likely to be formed again as shown in Figure 14 and
Figure 15, respectively. Whereas cerium oxide remained in the matrix for both experiments. At
low basicity, high content of SiO- in slag leads to high slag viscosity and inferior slag fluidity

thus increases the obstruction of crystal growth [39].

Since cerium oxide was found in Ce-incorporating phases at point A and C, it was interesting
to observe a particular composition in the middle of those points. This point was labelled as
point B in Figure 5. The respective slag sample 7 with a basicity of 0.94 were melted at
1600 °C for 15 minutes. Figure 17 shows that cerium oxide was mainly found in the matrix and
only to a small content in Ca:MgSi2Oy. The latter generated in the experiment was identified

as akermanite (Ca;MgSi»O7) based on EDS analysis.

The last point observed was Point F in Figure 5. Slag sample 8 comprises the lowest CaO/MgO
ratio of 0.89 and a basicity of 1.05 and was melted at 1600 °C for 15 minutes. After cooling
process, 2 different areas can be distinguished as shown in Figure 18, namely matrix and an
olivine phase (Mg.SiO.). The first contains about 7 wt.-% Ce>0s and a high SiO content of
nearly 50 wt.-% and corresponds therefore to (Ca,Mg)SiOs with dissolved Cez0Os.
The olivine phase generated in the experiment contains only 1.83 wt.-% CaO.
Since Xugo/XmgotXcao = 0.98, therefore it could be assumed that forsterite phase was

generated. Forsterite represents Mg>SiO4-rich olivine [58].
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5.3 Experiment Results of Slag Samples with the Presence
of Al203

The following subchapters discuss the result of non-isothermal treatment of slag samples
which contain 5 wt.-% Al>Os in addition. The concentration of CeO2 used in the experiments
was varied between 5 wt.-%, 2 wt.-%, and 1 wt.-%. Also, the melting times of 15 minutes or 1
hour were applied in order to observe the effect of melting time on crystallization behavior. The
experimental parameters used in the experiments were same for slag sample 3 that resulted

in two different Ce-incorporating phases.

5.3.1 Experiment Results of Slag Samples with Additionally Containing
Al203 with Varied Concentrations of CeO2 at 1600 °C for a Melting

Time of 15 Minutes

The experiment using slag sample 9 with 5 wt.-% CeO, and 5 wt.-% Al>O3 produced regions
with four different compositions, namely matrix, Ce>Os;, CasMgSi.Os (merwinite), and
CaMgSiO, (monticellite). Based on Table 4, cerium was found in matrix and cerium oxide.
Since Ce»03 is an unstable phase, the Ce in Ce203 can be easily oxidized to the CeO; again
during the quenching process [24]. Therefore, it could be concluded that cerium was remained
in form of its initial particles rather than being incorporated in the identified silicate or dissolved
in the matrix phases. As illustrated in Figure 19, the merwinite phase was represented by
spectrum 8 with a dark grey color. It is arguable that merwinite cannot exist in the experiment
as its melting temperature (1575 °C) is lower than the process temperature (1600°C). Merwinite
melts incongruently to form Ca,SiO4, MgO, and liquid. Since this study was not focused on the
temperature at which the phase started to form, the mechanism of merwinite formation was
difficult to determine. Based on EDS analysis on spectrum 8, the phase has molar Mg/(Ca+Mg)
ratio of 0.25 which corresponds to stoichiometric merwinite and the (Ca+Mg)/Si ratio of 1.96
which is approximately equal to 2 indicating that merwinite solution exists [58]. The existence
of this phase in the sample can be explained either the temperature of the sample did not
reach the melting temperature of that solid solution or it originated during cooling down the

sample after the experiment.

When CeO, content was decreased to 2 wt.-% as in slag sample 10, there were four phases
generated during the heat treatment process. These phases comprise CaMgSi>O7, Mg>SiOs,
CasMgSi.0Osg, and (Ca,Mg,Ce)(Al,Mg)(Al,Si)20s as shown in Figure 20. In Mg2SiO4 phase, CaO
existed in a low content, thus a Mg-rich olivine phase was likely generated in this composition.

Similar to previous experiment, CasMgSi-Ogs was found in this experiment, but its presence
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was low as represented in spectrum 7 in Figure 20. In the slag dominated by CaO, MgO, Al,Os,
and SiO;, cerium was incorporated in pyroxene-like phase which has general formula of
(Y)(X)(AI,Si)206 with Y being Ca?*, Mg?*, REE®*", and X being Mg?*, AP**. In this phase, about
40-50 wt.-% of CaO are replaced by REEs as the ionic radii and the oxygen coordination of
Ca?" and REE®" are quite similar [59], [60]. Consequently, Ca can be exchanged by cerium in

pyroxene-like phases.

When a further decrease of 1 wt.-% CeO, was used in slag sample 11, three distinguishable
regions were generated in the experiment. These consist of matrix, CaMgSiO4, and
CasMgSi20s. The matrix contains around 2 wt.-% Ce203 and 8 wt.-% Al>Os. Unlike the previous
experiments, there was no specific Ce-incorporating phase found in this composition as shown
in Figure 21. This may be due to the CeO2 content used in the slag was too low, only 1 wt.-%

so it is not sufficient to form a Ce-incorporating phase with other elements.

5.3.2 Experiment Results of Slag Samples with Additionally Containing
Al2Os with Varied Compositions of CeO2 at 1600 °C for a Melting

Time of 1 Hour

In the experiment using a CeO; content of 5 wt.-%, there were no changes of generated phases
even the melting time was increased to 1 hour. The microstructure of slag sample 12 from this
experiment (Figure 22) shows a similar microstructure as the sample 9 melted for 15 minutes
(Figure 19). There were four distinguishable regions generated, namely matrix, Ce2Os3,
CaMgSiO., and CasMgSi-Os. Based on Table 4, Al,Os; was only found in matrix and not
detected in other regions through EDS analysis. Ce2Os still remained in this treatment, but as
mentioned above, the phase was unstable so could not be considered as Ce-incorporating

phase for the process of RE-bearing slag.

The next experiment was to reduce the CeO; content in slag sample 13 to 2 wt.-%. Figure 23
illustrated the microstructure of the slag sample after melting for 1 hour. Matrix and merwinite
(CasMgSi>0s) were found as in slag sample 10. However, cerium exists here together with
other components to form a particular phase which was suspected to be Ce>CaMgSi>Os. This
phase contained 63.76 wt.-% Ce>O3 according to the measurement. Anyhow, due to the very
small particle size, it has to be assumed that part of the surrounding area was also measured

and consequently, also this particle exhibits an un dissolved initial particle of cerium oxide.
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5.4 Experiment Results of Slag Samples with Varied
Composition of CeO:2 for Melting Time of 1 hour without
the Presence of Al2.O3

After studying the effect of Al,O3; and an increase of the melting time for slag samples with
certain compositions of CeO,, CaO, MgO, and SiO,, the next parameter tested was to vary the
CeO; content of slag samples containing no Al.Oz which were melted for 1 hour at 1600 °C.
The slag samples 14 and 15 exhibited a CeO, content of 2 wt.-% and 1 wt.-%, respectively.
The other oxides compositions of CaO, MgO, and SiO; were adjusted based on point C in
Figure 5. The microstructure of slag sample 14 is shown in Figure 24, whereas the
microstructure of slag sample 15 is shown in Figure 25. No discrete phases were identified in
both melted slag samples, only matrix. Formation of a single phase is also reported by [54] on
system Ca0-SiO2-Ce20s. The slag sample with the parameters closest to these experiments
was slag sample 6, which has oxides base composition at Point C and 5 wt.-% CeO.. The slag
sample was melted at 1600 °C with a lower time of 15 minutes, but it could not be analyzed as
an amorphous phase emerged. Therefore, further study related to the parameters of slag
samples 6, 14, and 15 was interested to conduct in aims to elucidate the phases formation
mechanism.

The last experiment carried out was to change the content of CeO: to 1 wt.-% as represented
by slag sample 16. Based on SEM-EDS analysis, there were three distinguishable regions
from the treatment, namely matrix, CaMgSiOa, and CasMgSi.Os as shown in Figure 26. The
phases from this experiment were consistent with the phases produced from slag sample 11
which composed of 1 wt.-% CeO, and 5 wt.-% Al,O3 and was melted for 15 minutes. From
these two samples, it could be concluded that the presence of Al,O3 and increase in melting
time did not affect the crystallization behavior of phases for low content of 1 wt.-% CeO: as

cerium oxide remained in the matrix.

5.5 Diagram of the System Ca0O-MgO-SiO2-Ce203 at Room

Temperature

According to composition of the phases shown in Table 4, the generated phases from the slag
samples melted at various parameters were plotted on a ternary diagram (Figure 27) of the
system Ca0-MgO-SiO2-Ce0s.
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Figure 27. Diagram of the system CaO-MgO-SiO2-Ce203 at room temperature with compositions of
the slag samples
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6

Conclusion

A series of experiments proves that a heat treatment process can be used to concentrate the

REE content of slags in certain phases, while others remain free of them. Several conclusions

can be derived from the non-isothermal heat treatment experiments carried out under different

parameter conditions, as follows:

1)

2)

3)

4)

5)

6)

Cerium representing REEs in the experiments can be enhanced by forming
a Ce-incorporating phase which is Ceg33.xCax(SiO4)s02x containing about
59-63 wt.-% cerium oxide. It can also be found at a significantly lower content in some
phases such as Ca;«CeSiOss, CaSiOs;, CeCasSigO+7, (Ca,Mg)SiOs;, and
Ce2CasMgsAlsSigOss.

The other phases observed in the experiments are wollastonite (CaSiOs), diopside
(CaMgSi»Og), akermanite (Ca;MgSi>O7), merwinite (CasMgSi2Os), and monticellite
(CaMgSiOy).

In the system CaO-MgO-SiO, with an initial cerium oxide content of 5 wt.-%, the highest
cerium oxide concentration in Ce-incorporating phase, Ceg33xCax(Si04)sO2«, reached
about 63 wt.-% which is obtained from the experiment carried out at 1600 °C for 15 minutes
with the basicity of 1.38 (test point A in Figure 5).

Under the same parameter conditions, no separation into several phases can be observed
from the experiment carried out at basicity of 0.67 (test point C) as a single homogenous
phase resulted. When the basicity is reduced to 0.52 (test point D and E), the generated
phases are dominated by SiO, due to its high content of the initial composition while
cerium remains in matrix.

A matrix also originated from the experiments carried out at test Point C for a longer
melting time (1 hour) with the respective CeO2 contents in initial compositions of 2 wt.-%
and 1 wt.-%.

When Al;O; is added with a fixed content, cerium can be either incorporated in a certain
phase such as (Ca,Mg,Ce)(Al,Mg)(Al,Si)206 (21 wt.-% Ce) or remained in the matrix
(1.7-5.8 wt.-% Ce203). Despite, CeO3 appeared during the observation but cannot be
considered as Ce-incorporating phase because the phase is unstable and likely represent
incomplete dissolved CeO- particles of the initial powder mixture. Under these parameter
conditions, the various initial compositions of Ce and melting times have no significant

effect as the content of Ce in the generated phases remain low.
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10 Appendix

10.1 Appendix A — Data of Heat Treatment Process of the

Slag Samples in Hot Stage Microscope

AR

Start DT(l) DT(m) DT(r)
T=260°C t=868.0s T=1254°C t=1854.1s T=1254°C t=1854.1s T=14323°C 1=9025.1s
A=100.0 % f1=0.8259 A=1167% f1 =08131 A=1167 % f1=0.8131 A=817% f1=0.8450
h =100.0 % w =100.0 % h=1096 % w=109.5% h=109.6 % w=109.5 % h=081.1% w=013%

DT HT FT

T=14323°C t=9025.1s T=14435°C t=90952s T=14453°C t=9107.2s
A=817% f1=0.8450 A=378% f1 =0.9489 A=30.8"% f1=0.8784
h=91.1% w=0813% h=496% w=110.0% h=319% w=1312%
Legend

T Temperature

t Time

A Area

f1 Aspect ratio 1

h Height

w Width

Figure Appendix 1. Silhouettes of slag sample 1 during heating-up in the hot stage microscope
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AR NN

T=25.0°C
A=100.0%
h=100.0 %

Start DT DT(r) DT()
t=8804s T=1306.3°C t=8252.15s T=1306.3°C t=82521s T=13223°C t=8350.3s
f1=0.8129 A=965% f1=0.7526 A=965% f1=0.7526 A=98.9% f1=10.8294
w =100.0 % h=98.1% w=1124% h=98.1% w=1124% h=103.7 % w=103.5%

DT(B) ST HT
T=13227°C t=83523s T=1329.0°C t=83925s T=13320°C t=84125s
A=993% f1=0.8293 A=1410% f1=0.9348 A=1409% f1=0.9939
h=1045% w=104.1% h=1121% w=155.3% h=957% w=1989.3 %
Legend
T Temperature
t Time
A Area
f1 Aspect ratio 1
h Height
w Width
Figure Appendix 2. Silhouettes of slag sample 2 during heating-up in the hot stage microscope

A

R

DT(r) DT(I)
T=250°C  t=697.4s T=1435.0°C t=8858.1s T=14350°C t=8858.1s T=14367°C t=8870.1s
A=1000%  f1=08194 A=926% 1=0.8353 A=026% 1 =0.8353 A=85.8"% f1=0.8373
h=1000%  w=100.0% h=959% w=802% h=959% wW=902% h=90.7% w=907%
HT

T=14410°C t=8898.1s
A=60.3% 1= 0.9603
h=62.5% w=1202%
Legend

T Temperature

t Time

A Area

f1 Aspect ratio 1

h Height

w Width

Figure Appendix 3.

Silhouettes of slag sample 3 during heating-up in the hot stage microscope
45



AR A R

Start DT DT(r) DT(B)

T=26.0°C t=9039s T=1331.3°C t=8403.7s T=1331.3°C t=8403.7s T=1333.0°C t=84137s
A=1000% f1 =0.8091 A=813% f1 =0.8329 A=913% f1=0.8328 A=983% 1=0.8443
h=100.0% w=100.0 % h=942% w=90.0% h=942% w=80.0% h=971% w=951%

DT(1) ST HT
T=13343°C t=84217s T=1341.0°C t=84638s T=1349.0°C t=8514.0s
A=103.8 % f1 =0.8563 A=1155% f1=0.9524 A=105.1% f1=0.9773

h=99.2% w=100.3 % h=96.1% w=127.1% h=786% w=1622%

Legend
T Temperature
t Time
A Area
f1 Aspect ratio 1
h Height
w Width
Figure Appendix 4. Silhouettes of slag sample 4 during heating-up in the hot stage microscope
Start HT
T=250°C t=9339s T=1297.0°C t=180084s
A=1000% f1=06214 A=520% f1 =0.7035
h=1000%  w=100.0% h=37.1% w=131.1%
Legend
T Temperature
t Time
A Area
f1 Aspect ratio 1
h Height
w Width
Figure Appendix 5. Silhouettes of slag sample 5 during heating-up in the hot stage microscope
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A s 8

Start DT DT(r) DT(B)

T=250°C  t=8779s T=13200°C t=83202s  T=13200°C t=83202s  T=13215°C t=83302s
A=1000%  f1=0.7981 A=89.4%  f1=08128 A=894%  f1=08128 A=99.8%  f1=0.8409
h=1000% w=1000% h=981%  w=046% h=981%  w=946% h=1062% w=963%

DT(l) ST HT FT
T=13218°C t=83322s T=1328.0°C t=83723s T=1332.0°C t=83983s T=14725°C t=124787s
A=1015%  f1=08444 A=1340%  f1=09313 A=1322%  f1=0.9790 A=18% 1=02190
h=107.2 % w=97.3% h=1128% w=1323% h=928% w=1854% h=25% w=251%
Legend
T Temperature
t Time
A Area
i Aspect ratio 1
h Height
w Width
Figure Appendix 6. Silhouettes of slag sample 6 during heating-up in the hot stage microscope
Start DT DT(r) HT
T=25.0°C t=8659s T=936.0°C t=59368s T=936.0°C t=59368s T=13283°C t=83778s
A=100.0 % f1=0.8262 A=107.0% f1 =0.6252 A=107.0% f1 =0.6252 A=1245% f1=0.9320

h=100.0% w=100.0 % h=1042% w=1972% h=1042% w=1972% h=938% w=1984 %

FT

T=1498.0°C t=94580s
A=21% f1=0.1859
h=37% w=63.2%
Legend

T Temperature

t Time

A Area

f1 Aspectratio1

h Height

w Width

Figure Appendix 7. Silhouettes of slag sample 6 during heating-up in the hot stage microscope
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AN

AR

DT(r) DT(1)
T=250°C t=8638s T=1338.7°C t=84423s T=1338.7°C t=84423s T=13408°C t=84563s
A=1000%  f1=08104 A=844%  f1=07525 A=84.4% f1=07525 A=760%  f1=0779%
h=100.0 % w=100.0 % h=983.1% w=98.0% h=83.1% w=98.0% h=86.3% w=923%
HT

T=13435°C t=84744s
A=574% f1=0.9410
h=53.9% w=151.6 %
Legend

T Temperature

t Time

A Area

f1 Aspect ratio 1

h Height

w Width

Figure Appendix 8. Silhouettes of slag sample 7 during heating-up in the hot stage microscope

A8 8.8

Start DT DT(l) DT(r)
T=240°C  t=8957s T=13537°C t=85598s T=13537°C t=85508s T=13545°C t=85658s
A=1000%  f1=07972 A=88.7 % f1 =0.8452 A=88.7 % 1=0.8452 A=9286% f1 = 0.8547
h=100.0%  w=100.0% h=919% w =100.6 % h=919% w=100.6 % h=911% w=107.2%
DT(B) ST HT
T=13563°C t=85758s T=1359.3°C t=85959s T=13620°C t=86139s
A=98.5% f1=0.8711 A=1019%  f1=0.9577 A=1023%  f1=0.9868
h=918% w=117.5% h=845% w=137.1% h=76.6% w=164.6 %
Legend
¥ Temperature
t Time
A Area
f1 Aspectratio 1
h Height
w Width

Figure Appendix 9.

Silhouettes of slag sample 8 during heating-up in the hot stage microscope
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AR _R

Start DT DT(l) DT(r)
T=240°C t=8318s T=13980°C t=88129s T=13980°C t=881209s T=13980°C t=88129s
A=100.0% f1=08128 A=86.3% f1=0.7987 A=86.3% f1=0.7087 A=863% f1=0.7987
h=100.0 % w =100.0 % h=942% w=945% h=942% w=945% h=942% w=945%

ST HT
T=14073°C t=88711s T=14083°C t=88771s
A=670% f1=09226 A=573% f1=0.9393

h=80.0% w=118.9% h=59.4% w=146.2 %

Legend
J; Temperature
t Time
A Area
1 Aspect ratio 1
h Height
w Width

Figure Appendix 10. Silhouettes of slag sample 11 during heating-up in the hot stage microscope

AL A A

DT(B} HT
T=240°C t=894.0s T=256°C t=9201s T=256"C t=920.1s T=13940°C t=88025s
A=100.0% f1=0.8183 A=99.8% f1=0.8180 A=998% f1 =0.8180 A=526% f1=0.9570

h=100.0 % w=100.0 % h=99.8 % w=100.1% h=998% w=100.1% h=58.1% w=1250%

FT
T=14080°C t=8898.7s
A=388% f1=0.8551
h=335% w=151.1%

Legend

T Temperature
t Time

A Area

f1 Aspect ratio 1
h Height

w Width

Figure Appendix 11. Silhouettes of slag sample 12 during heating-up in the hot stage microscope

49



DT{1) DT(r)
T=240°C t=0119s T=1398.0°C t=88264s T=1398.0°C t=88264s T=1398.0°C t=88264s
A=1000 % f1=08498 A=T14% f1 =0.8659 A=714% f1=0.8659 A=714% f1=0.8659
h=100.0% w =100.0 % h=86.2 % w=022% h=86.2% w=022% h=862% w=922%

ST HT
T=14015°C t=88505s T=1402.0°C t=88545s
A=602% f1=0.9503 A=542% f1=0.9583
h=74.3% w=1141% h=59.3 % w=132.7 %

Legend
T Temperature
t Time
A Area
fl Aspect ratio 1
h Height
w Width

Figure Appendix 12. Silhouettes of slag sample 13 during heating-up in the hot stage microscope

-2849 -
Start HT FT

T=240°C t=8639s T=1340.7°C t=84582s T=14920°C t=145387s
A=1000%  f1=05927 A=66.1% 1=09778 A=393% f1 = 0.8667
h=1000%  w=100.0% h=60.3% w=1085 % h=336% w=114.4%
Legend

T Temperature

t Time

A Area

f1 Aspect ratio 1

h Height

w Width

Figure Appendix 13. Silhouettes of slag sample 14 during heating-up in the hot stage microscope
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AL ALR

DT(r) HT
T=250°C  t=8839s T=750°C  t=1529.1s T=750°C  t=15291s T=2060°C t=25492s
A=1000%  f1=0.8022 A=1016%  f =086098 A=1016% 1=06098 A=1036%  1=06242

h=100.0% w=100.0 % h=98.5% w=1842% h=985% w=184.2% h=985% w=1725%

FT

T=997.0°C t=6327.1s
A=21% f1=0.2868
h=50% w=214%
Legend

T Temperature

t Time

A Area

1 Aspect ratio 1

h Height

w Width

Figure Appendix 14. Silhouettes of slag sample 15 during heating-up in the hot stage microscope

PUPNPS

Start DT DT(r)
T=1456.0°C t=91997s T=1457.0°C t=92057s T=14570°C t=92057s
A=1000%  f1=02109 A=1095%  f1=0.1857 A=1095%  f1=0.1857
h=1000%  w=100.0% h=1064% w=1497% h=1064% w=1497 %
Legend

T Temperature
t Time

A Area

1 Aspect ratio 1
h Height

w Width

Figure Appendix 15. Silhouettes of slag sample 16 during heating-up in the hot stage microscope
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10.2 Appendix B — Measured Data of the Slag Samples

Table Appendix 1. Measured data of slag sample 1
Measured Data, wt.-%

Analyzed Point Ce203 SiO2 CaOo Total
Spektrum 8 58.82 23.54 17.64 100.00
Spektrum 9 6.89 43.73 49.38 100.00
Spektrum 10 6.73 44 .49 48.78 100.00
Spektrum 13 11.31 32.81 55.88 100.00
Spektrum 14 48.27 28.33 23.40 100.00

Table Appendix 2. Measured data of slag sample 2
Measured Data, wt.-%

Analyzed Point Ce203 SiO2 CaO MgO Total
Spektrum 4 35.23 42.96 21.81 0.00 100.00
Spektrum 5 0.00 53.01 44.18 2.82 100.00
Spektrum 8 35.52 43.69 20.78 0.00 100.00
Spektrum 9 0.00 55.40 25.88 18.73 100.00

Table Appendix 3. Measured data of slag sample 3
Measured Data, wt.-%

Analyzed Point Ce203 SiO2 CaO MgO Total
Spektrum 1 0.00 36.29 51.24 12.47 100.00
Spektrum 2 0.00 43.78 41.55 14.68 100.00
Spektrum 3 62.85 22.87 14.28 0.00 100.00
Spektrum 4 63.07 22.58 14.36 0.00 100.00
Spektrum 5 14.87 49.52 15.03 20.57 100.00
Spektrum 6 0.00 36.60 51.14 12.25 100.00
Spektrum 7 17.04 49.21 12.24 21.52 100.00
Spektrum 8 61.77 23.61 14.62 0.00 100.00
Spektrum 9 23.31 46.32 11.68 18.68 100.00

Spektrum 10 61.17 23.97 14.86 0.00 100.00
Spektrum 11 0.00 43.83 41.47 14.70 100.00
Spektrum 12 0.00 43.59 41.57 14.84 100.00
Spektrum 13 0.00 36.55 51.21 12.24 100.00
Spektrum 14 0.00 36.40 51.26 12.34 100.00
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Table Appendix 4. Measured data of slag sample 4
Measured Data, wt.-%

Analyzed Point Ce203 SiO2 CaO MgO Total
Spektrum 1 0.00 100.00 0.00 0.00 100.00
Spektrum 2 5.58 57.02 27.14 10.26 100.00
Spektrum 3 5.74 57.03 26.93 10.31 100.00
Spektrum 4 0.00 100.00 0.00 0.00 100.00
Spektrum 5 0.00 100.00 0.00 0.00 100.00
Spektrum 6 5.58 57.34 27.00 10.07 100.00
Spektrum 7 5.60 57.01 27.09 10.30 100.00
Spektrum 8 0.00 100.00 0.00 0.00 100.00

Table Appendix 5. Measured data of slag sample 5
Measured Data, wt.-%

Analyzed Point Ce203 SiO2 CaO MgO Total
Spektrum 1 5.95 56.36 35.54 2.15 100.00
Spektrum 2 0.00 100.00 0.00 0.00 100.00
Spektrum 3 5.38 57.06 35.13 2.43 100.00
Spektrum 4 0.00 97.41 2.59 0.00 100.00
Spektrum 5 0.00 100.00 0.00 0.00 100.00

Table Appendix 6. Measured data of slag sample 7
Measured Data, wt.-%

Analyzed Point Ce203 SiO2 CaO MgO Total
Spektrum 1 8.40 54.53 29.83 7.23 100.00
Spektrum 2 0.34 44.09 41.22 14.35 100.00
Spektrum 3 8.46 54.20 29.63 7.71 100.00
Spektrum 4 0.00 44.38 41.27 14.35 100.00

Table Appendix 7. Measured data of slag sample 8
Measured Data, wt.-%

Analyzed Point Ce203 SiO2 CaO MgO Total
Spektrum 1 0.00 43.44 2.07 54.49 100.00
Spektrum 2 0.00 43.10 1.83 55.07 100.00
Spektrum 3 6.58 48.91 32.66 11.85 100.00
Spektrum 4 6.08 48.74 31.47 13.71 100.00
Spektrum 5 6.26 48.81 30.99 13.93 100.00
Spektrum 6 0.00 43.04 1.82 55.14 100.00
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Table Appendix 8.

Measured data of slag sample 9

Measured Data, wt.-%

Analyzed Point Ce203 SiO2 CaO MgO Al203 Total
Spektrum 1 98.89 0.00 1.11 0.00 0.00 100.00
Spektrum 2 97.64 0.00 217 0.00 0.19 100.00
Spektrum 3 5.51 42.30 34.38 6.21 11.61 100.00
Spektrum 4 5.88 41.91 35.11 5.44 11.67 100.00
Spektrum 5 0.22 38.64 35.30 25.83 0.00 100.00
Spektrum 6 0.57 37.95 35.46 26.02 0.00 100.00
Spektrum 7 1.35 36.57 49.98 12.10 0.00 100.00
Spektrum 8 1.68 35.59 50.84 11.89 0.00 100.00

Table Appendix 9. Measured data of slag sample 10
Measured Data, wt.-%

Analyzed Point Ce203 SiO2 CaO MgO Al203 Total
Spektrum 1 17.61 37.10 19.64 8.98 16.67 100.00
Spektrum 2 20.86 36.15 16.47 10.18 16.35 100.00
Spektrum 3 0.00 42.46 3.37 54.17 0.00 100.00
Spektrum 4 0.00 42.09 418 53.73 0.00 100.00
Spektrum 5 0.00 42.22 41.01 13.42 3.36 100.00
Spektrum 6 0.00 41.57 41.41 13.06 3.95 100.00
Spektrum 7 0.00 36.45 51.13 12.41 0.00 100.00
Spektrum 8 0.00 41.65 40.99 12.72 4.64 100.00
Spektrum 9 0.00 41.54 41.03 13.17 4.26 100.00
Spektrum 10 0.00 42.48 270 54.82 0.00 100.00
Spektrum 11 15.82 37.39 19.59 9.39 17.82 100.00
Spektrum 12 16.78 37.63 17.83 11.14 16.62 100.00

Table Appendix 10. Measured data of slag sample 11
Measured Data, wt.-%

Analyzed Point Ce203 SiO2 CaO MgO Al203 Total
Spektrum 1 1.84 43.17 38.15 7.35 9.49 100.00
Spektrum 2 0.00 36.19 51.35 12.47 0.00 100.00
Spektrum 3 0.00 36.38 51.14 12.48 0.00 100.00
Spektrum 4 1.96 43.41 38.59 6.37 9.68 100.00
Spektrum 5 0.00 38.26 35.34 26.40 0.00 100.00
Spektrum 6 0.00 38.09 35.94 25.97 0.00 100.00
Spektrum 7 0.00 38.38 34.15 27.47 0.00 100.00
Spektrum 8 1.72 43.39 36.33 10.24 8.33 100.00
Spektrum 9 1.61 43.17 36.46 10.07 8.70 100.00
Spektrum 10 0.00 36.40 51.20 12.40 0.00 100.00
Spektrum 11 0.00 36.27 51.31 12.42 0.00 100.00
Spektrum 12 0.00 38.33 34.39 27.28 0.00 100.00
Spektrum 13 0.00 38.27 35.68 26.06 0.00 100.00
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Table Appendix 11. Measured data of slag sample 12

Measured Data, wt.-%

Analyzed Point Ce203 SiO2 CaO MgO Al203 Total
Spektrum 1 0.00 38.01 35.98 26.01 0.00 100.00
Spektrum 2 100.00 0.00 0.00 0.00 0.00 100.00
Spektrum 3 100.00 0.00 0.00 0.00 0.00 100.00
Spektrum 4 100.00 0.00 0.00 0.00 0.00 100.00
Spektrum 6 0.00 38.56 35.67 25.76 0.00 100.00
Spektrum 9 0.00 38.30 35.92 25.77 0.00 100.00
Spektrum 10 0.00 38.10 36.14 25.76 0.00 100.00
Spektrum 11 5.79 50.41 24.29 6.48 13.03 100.00
Spektrum 12 0.00 36.65 51.29 12.06 0.00 100.00
Spektrum 13 0.00 35.90 52.24 11.86 0.00 100.00
Spektrum 14 0.00 36.44 51.19 12.37 0.00 100.00
Spektrum 15 4.87 43.61 34.20 5.91 11.41 100.00
Spektrum 33 0.00 36.39 51.66 11.95 0.00 100.00
Spektrum 34 0.00 38.29 36.60 25.11 0.00 100.00
Spektrum 35 0.00 38.26 35.53 26.21 0.00 100.00
Spektrum 36 0.00 38.18 36.15 25.67 0.00 100.00
Spektrum 38 100.00 0.00 0.00 0.00 0.00 100.00
Spektrum 39 100.00 0.00 0.00 0.00 0.00 100.00
Spektrum 43 0.00 36.46 51.31 12.23 0.00 100.00
Spektrum 46 4.99 43.86 33.68 6.24 11.23 100.00
Spektrum 48 4.63 43.34 36.23 4.59 11.20 100.00

Table Appendix 12. Measured data of slag sample 13

Measured Data, wt.-%

Analyzed Point Ce20s3 SiO2 Cao MgO Al203 Total
Spektrum 49 3.95 4414 36.36 5.43 10.12 100.00
Spektrum 52 0.00 38.69 35.60 25.71 0.00 100.00
Spektrum 53 0.00 35.85 41.91 22.23 0.00 100.00
Spektrum 54 0.00 38.71 35.11 26.19 0.00 100.00
Spektrum 56 0.00 38.59 34.76 26.65 0.00 100.00
Spektrum 57 3.76 43.56 35.65 5.66 11.37 100.00
Spektrum 59 0.00 36.38 51.70 11.92 0.00 100.00
Spektrum 60 0.00 36.83 50.99 12.19 0.00 100.00
Spektrum 61 0.00 38.51 33.95 27.54 0.00 100.00
Spektrum 62 0.00 38.39 35.79 25.81 0.00 100.00
Spektrum 63 0.00 36.42 51.53 12.05 0.00 100.00
Spektrum 64 3.88 42.47 37.74 5.49 10.42 100.00
Spektrum 65 0.00 37.76 38.18 24.05 0.00 100.00
Spektrum 66 0.00 38.68 34.47 26.85 0.00 100.00
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Measured Data, wt.-%

56

Analyzed Point Ce20s3 SiO2 Cao MgO Al203 Total
Spektrum 68 63.76 18.52 10.90 6.82 0.00 100.00
Spektrum 75 4.20 43.91 35.47 5.39 11.02 100.00
Spektrum 76 3.64 43.75 35.76 5.49 11.36 100.00
Spektrum 77 0.00 36.78 51.21 12.01 0.00 100.00
Spektrum 78 0.00 36.61 51.29 12.09 0.00 100.00
Spektrum 79 0.00 42.37 36.66 13.17 7.80 100.00

Table Appendix 13. Measured data of slag sample 14
Measured Data, wt.-%

Analyzed Point Ce203 SiO2 CaO MgO Total
Spektrum 107 2.46 59.31 28.43 9.79 100.00
Spektrum 108 213 59.88 28.28 9.72 100.00
Spektrum 109 2.04 57.13 31.40 9.43 100.00
Spektrum 110 2.09 59.03 30.00 8.89 100.00
Spektrum 111 187 5972 2915 926  100.00

Table Appendix 14. Measured data of slag sample 15
Measured Data, wt.-%

Analyzed Point Ce203 SiO2 CaO MgO Total
Spektrum 164 0.00 60.57 30.89 8.54 100.00
Spektrum 165 1.04 60.11 30.32 8.53 100.00
Spektrum 166 1.15 59.79 30.57 8.49 100.00
Spektrum 167 0.00 60.47 30.75 8.78 100.00
Spektrum 168 0.00 60.95 30.71 8.35 100.00
Spektrum 169 1.05 60.28 30.12 8.55 100.00
Spektrum 170 1.04 60.14 30.67 8.15 100.00

Table Appendix 15. Measured data of slag sample 16
Measured Data, wt.-%

Analyzed Point Ce203 SiO2 CaO MgO Total
Spektrum 229 0.00 35.67 52.53 11.80 100.00
Spektrum 230 0.00 38.07 37.35 24.59 100.00
Spektrum 231 0.00 35.54 52.79 11.67 100.00
Spektrum 232 2.16 48.62 4213 7.09 100.00
Spektrum 233 1.95 47.13 44.20 6.72 100.00
Spektrum 236 0.00 38.44 35.66 25.91 100.00
Spektrum 237 0.00 38.37 37.58 24.05 100.00
Spektrum 238 0.00 37.90 36.91 25.18 100.00
Spektrum 239 0.00 38.32 36.67 25.01 100.00



Measured Data, wt.-%

Analyzed Point
Spektrum 241
Spektrum 242
Spektrum 243
Spektrum 246
Spektrum 247

Ce203
1.70
1.59
0.00
1.72
1.17

SiO2
48.29
48.04
35.48
48.28
43.02

CaO
44.06
43.12
52.90
44.01
48.06

MgO
5.94
7.25
11.62
5.99
7.76

Total
100.00
100.00
100.00
100.00
100.00

Note:
(*) Proposed formula

(**) inclusive dissolved Ce;03
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