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Abstract

The European Union lacks domestic primary production of scandium (Sc); therefore, this metal is
currently classified as a critical raw material with a very limited, highly concentrated supply base.
Finding new Sc sources would create a foundation for a more stable market, decrease the
dependency on non-European suppliers and increase the use of Sc in high-technology
applications.

To respond to the lack of supply, potential primary and secondary resources of Sc are being
investigated. The recently discovered Sc deposit associated with the Kiviniemi mafic intrusion in
eastern Finland has a preliminary mineral resource estimate of 13.4 Mt with an average Sc grade
of 163 g/t, allowing for regarding Kiviniemi as a potential Sc deposit. The Kiviniemi intrusion has
high Sc, Fe, Ti, and P contents, with Sc being mainly incorporated into the lattices of ferrous
clinopyroxene and amphibole. To release Sc from ferrous silicates, the following 3-stage
processing scheme has been suggested: 1) magnetic separation to decrease the amount of alkali-
containing diamagnetic minerals and produce ferrous concentrate enriched in Sc; 2)
pyrometallurgical reduction of the ferrous component from the magnetic concentrate, and 3)
hydrometallurgical extraction of Sc from FeO-depleted and Sc,03-enriched slag. The purpose of
thesis was to conduct experimental investigations on suggested processing steps, supplemented
with material characterization.

A combination of low-intensity (LIMS) and high-gradient magnetic separation (HGMS) with
SLon® resulted in 32-45 mass% reduction from the feed and only negligible losses of Sc,0O3 to
the tailings. The characteristics of the reduction of the ferrous oxide component from the magnetic
preconcentrate were investigated using thermogravimetric analysis (TGA). Moderate additions of
CaO were shown to improve the reduction characteristics and segregation of metallic iron from
the Sc,O3-enriched slag. The resulting acidic, amorphous slag was submitted to H,SOy4-based
leaching experiments. Although the risk of gelation was avoided by the mentioned methods, the
efficiency of leaching remained at best at the level of 40—50%. However, the obtained results
provide a foundation for further investigations on the beneficiation possibilities of Kiviniemi-type
ferrous scandium deposits. Further studies could include modification of slag properties to
improve the potential for selective leaching and/or further investigations of the direct
hydrometallurgical extraction of Sc from the concentrates, provided a control over Fe dissolution
could be established.

Keywords: hydrometallurgy, Kiviniemi deposit, magnetic separation, process
mineralogy, pyrometallurgy, scandium
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Tiivistelmd

Skandium on EU:n luokittelun mukaan ns. kriittinen raaka-aine, jolla on kohtalainen tai korkea
taloudellinen merkittdvyys ja Euroopan teollisuuden kannalta saatavuusriski. Sen kysynnin odo-
tetaan kasvavan merkittévésti ldhitulevaisuudessa korkean teknologian kayttokohteissa.

Kiviniemen skandiumesiintymé on EU:n alueella merkittdva potentiaalinen raaka-aineldhde
odotusarvoltaan kasvaville Sc-markkinoille. GTK:n alustavan malmiarvion mukaan se sisaltdd
13,4 miljoonaa tonnia skandiumpitoista kived, jossa keskipitoisuus on 163 g/t skandiumia. Skan-
dium on Kiviniemen mineralisaatiossa sitoutunut rautapitoisten silikaattimineraalien, pyroksee-
nin ja amfibolin kidehilaan. Kiviniemen-tyyppisen ldhtomateriaalin prosessoimiseksi on ehdotet-
tu kolmivaiheista menetelméketjua: 1) malmi rikastetaan perinteisilld magneettisilla menetelmil-
13 pyrokseeni-amfibolirikasteeksi; 2) korkean rautapitoisuuden vuoksi rikasteen sisdltdma rauta-
oksidikomponentti pelkistetddn pyrometallurgisin menetelmin metalliseksi raudaksi skandiumin
konsentroituessa kuonafaasiin; 3) skandium liuotetaan tuotetusta kuonasta. Téssé tutkimuksessa
selvitettiin kokeellisesti ehdotettuihin vaiheisiin liittyvid ilmiditd sekd karakterisoitiin tuotettuja
materiaaleja.

Magneettisilla erotusmenetelmilld pystytdén poistamaan merkittdvd méard (32—45 massa-%)
alkaleja sisdltdvid, diamagneettisia harmemineraaleja skandiumin saannin pysyessé korkealla
tasolla. Tuotetun, rautapitoisen rikasteen pelkistystutkimuksissa todettiin maltillisen CaO-lisdyk-
sen parantavan metallisen raudan erottumista happamasta kuonasta. Happaman ja amorfisen
Sc,05-pitoisen kuonan liuotusprosessin haasteina on estd piihappogeelin muodostuminen; kéy-
tetyilld H,SOy4-pohjaisilla menetelmilld geelin muodostuminen véltettiin, mutta skandiumin
saanti liuokseen jdi 40-50 %:iin. Tutkimus on kuitenkin tuottanut lisdd hyodyllistd tietoa Kivi-
niemen-tyyppisen materiaalin hyddyntdmisvaihtoehtojen kartoittamiseen. Jatkotutkimuksissa
voitaisiin tarkastella joko sulapelkistykselld muodostetun kuonan lisimodifiointia liuotuksen
selektiivisyyden parantamiseksi, ja/tai selvittdd mahdollisuuksia rikasteen hydrometallurgiselle
prosessoinnille, mikili raudan liukeneminen ja sen erotus saataisiin hallintaan.

Asiasanat: hydrometallugia, Kiviniemen esiintyma, magneettierotus,
prosessimineralogia, pyrometallurgia, skandium
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List of abbreviations and symbols

o degree of conversion

AM amphibole

AP apatite

aq aqueous

BT biotite

CAL calcite

Ci metal concentration in the leaching solution
ccC concentration criterion

Cc concentrate mass and assay
CEF compound energy formalism
CFGC Central Finland Granitoid Complex
CFS clinoferrosilite

CHL chlorite

CMA Centre for Material Analysis
CPX clinopyroxene

D partition coefficient

Dy density of fluid

Dy, density of heavy particles

D density of light particles
DMS dense media separation
EPMA electron probe microanalyzer
ni leaching efficiency

FA fayalite

FeOx iron oxides

FESEM field emission electron microprobe
FSP potassic feldspar

GPa gigapascal

GRT garnet

GTK Geological Survey of Finland
HEA high-entropy alloy

HFSE high-field strength element
HPAL high-pressure acid leaching
HPC high-pressure caustic leach
HSAB hard-soft-acid-base

HPOXAL  high-pressure oxidative acid leaching



ICP-OES  inductively coupled plasma optical emission spectrometry
ILM ilmenite

JORC Joint Ore Reserves Committee

LBM laser beam manufacturing

LIMS low intensity magnetic separation

m sample mass

mo initial sample mass for TG experiment
my sample mass at the end of the experiment
M1 site smaller octahedral site in pyroxene structure
M3 site octahedral site in amphibole structure
NSR net smelter return

NYF Nb-Y-F pegmatites

PHGMS pulsating high gradient magnetic separator
PL plagioclase

PLS pregnant leach solution

QTZ quartz

R recovery

REE rare earth elements

RM red mud

SDD silicon drift detector

SEM scanning electron microscope

S/L solid to liquid ratio

SOFC solid oxide fuel cell

SULF sulfides

T temperature

t time

TREE total rare earth elements

Tt tailings mass and assay

pm micrometer

nm nanometer

pm picometer

Vv volume of leaching solution

WHIMS wet high-intensity magnetic separation

X; mass fraction of the metal element in the slag
X variable (7, £)

XRD X-ray diffraction

ZRN zircon
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1 Introduction

There is no domestic primary production of scandium (Sc) in the European Union;
therefore, this metal is currently classified as a critical raw material with a very
limited, highly concentrated supply base (Blengini et al., 2020). Hence, new Sc
sources are required that can provide the foundation for a more stable market and
help increase the use of scandium in high-technology applications (Bobba et al.,
2020; Blengini et al., 2020). To respond to the lack of Sc supply and its expected
increasing demand, potential new sources of Sc are investigated from various
primary and secondary resources (Botelho Junior et al., 2021). One example of
potentially exploitable Sc mineralization is the recently discovered Sc deposit
associated with the Kiviniemi mafic intrusion in eastern Finland, which has a
preliminary mineral resource estimation of 13.4 Mt, with an average Sc grade of
163 g/t (Halkoaho et al., 2020; Hokka & Halkoaho, 2016).

Based on preliminary metallurgical tests with samples collected from the
Kiviniemi intrusion during 2009-2010 (Korhonen et al., 2011), magnetic
separation resulted in a mineral concentrate with ~346 ppm Sc at a recovery level
of ~72%; therefore, it was suggested to be the most potential concentration method
for Sc-bearing minerals of the deposit. Using a mixture of hydrogen fluoride and
hydrochloric/sulfuric acid in leaching experiments resulted in the best dissolution
of Sc, but the solubility of Fe was almost 1000-fold in comparison with Sc.
Furthermore, this type of processing required large quantities of acids and produced
large volumes of materials that needed to be managed in further processing
(Korhonen et al., 2011).

To overcome the harmful issues introduced by Fe to the hydrometallurgical
processing of concentrate, a three-stage processing scheme is suggested for
Kiviniemi-type deposits (Figure 1). It introduces a preconcentration stage with
conventional magnetic methods followed by pyrometallurgical treatment to reduce
the ferrous oxide component prior to hydrometallurgical processes. This study was
designed to experimentally investigate the main features related to each of the
suggested processing stages, as illustrated in Figure 1. The purpose of this study
was to identify the related physical and chemical phenomena supplemented with
mineralogical and chemical characterization of Kiviniemi-type feed material along
the progression of work from one stage to another. Paper I presents the results on
the magnetic separation stage and the process mineralogical details of the samples
included in this study. Papers II and III focus on the high-temperature reduction
characteristics of the concentrates produced. Finally, Paper IV completes the
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original research plan by presenting the first sets of hydrometallurgical extraction
experiments on Sc,0s-enriched and FeO-depleted slag.

Kiviniemi (s T '
. i Research questions :
drill core samples [
l i
1. Beneficiation What are the main process mineralogical characteristics of the scandium-containing
(magnetic) ferrodiorite with respect to traditional beneficiation methods? (Paper 1)
;
2. Pyrometallurgy Which kind of phenomena exist in pyrometallurgical processing of the magnetic
(Fe removal) preconcentrate? (Papers Il and II1)
l s
3. Hydrometallurgy What are the possibilities for hydrometallurgical extraction of scandium
(Sc extraction) from Sc,0,-enriched slag after metal separation? (Paper V)

Fig. 1. Research questions and the progression of work with the produced articles.

16



2 Scandium

Scandium has an atomic number of 21 and atomic mass of 44.96. It was discovered
in 1879 by Swedish chemist L. F. Nilson when he was trying to isolate ytterbium
from minerals gadolinite and euxenite (Gupta & Krishnamurthy, 2005; Horovitz,
1975). Although Nilson was not able to complete the examination of the chemical
properties of this new element due to its very limited amount, he was still able to
determine the atomic mass of Sc and the density of its oxide. He named this new
element scandium in honor of Scandinavia (lat. Scandia). After its discovery, little
attention was paid to scandium for decades. Scandium metal itself was produced
for the first time in 1937 by the electrolysis of molten scandium chloride (Horovitz,
1975).

Scandium is placed in group 3 (IIIB) of the periodic table with an electronic
configuration of [Ar]3d'4s? and, in nature, occurs exclusively as *°Sc; it has an
oxidation state of +3 and an electronegativity of 1.36 (Williams-Jones & Vasyukova,
2018). It has a high charge to radius ratio and is a hard cation in hard-soft-acid-base
(HSAB) terminology (Pearson, 1963). Accordingly, it tends to form strong aqueous
complexes with hard ligands, such as OH™ and F~ (Williams-Jones & Vasyukova,
2018; Wood & Samson, 2006).

Scandium and yttrium are classified as rare earth elements (REE) together with
the fifteen lanthanides (Connelly et al., 2005; Sahama, 1947), although sometimes
scandium may also be excluded from the REE (Henderson, 1984; Jordens et al.,
2013). This is due to its smaller ionic radius (Figure 2) (Sc 75 pm in octahedral
coordination while lanthanides range from 103 to 86 pm; Henderson, 1984;
Shannon, 1976). Consequently, in geological systems, Sc behaves differently from
the rest of the group. Despite being a trivalent cation, the relatively small ionic
radius of Sc makes it a moderately compatible element fitting into the lattice of
common ferromagnesian rock-forming minerals, particularly pyroxene, amphibole
and garnet (Williams-Jones & Vasyukova, 2018). The substitution of Sc for Mg or
Fe in the M1 octahedral site in clinopyroxene is possible due to the similarity of
the ionic radius of Sc** with those of Mg?" and Fe?* (72 and 78 pm respectively);
Sc is also suggested to enter the M3 site in the amphibole structure (Horovitz, 1975;
Samson & Chassé, 2016).

In the bulk continental crust the average Sc abundance is 22 ppm (Taylor, 1964).
Mafic igneous rocks contain 30-40 ppm scandium on average, whereas the
abundance is less than 20 ppm in felsic rocks (Norman & Haskin, 1968 as cited in
Halkoaho et al., 2020).
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Fig. 2. The ionic radii of the trivalent lanthanides, yttrium, and scandium (Shannon,
1976). The systematic decrease in the size of lanthanide ions with an increase in atomic
number is called lanthanide contraction. Yttrium is considered one of the “heavy” rare
earth elements, whereas scandium is often excluded from the rare earth element
grouping due to its much smaller ionic radius.

21 Scandium deposits

As a lithophile element, scandium is widely dispersed in the lithosphere, residing
predominantly in silicate minerals rather than in metal- or sulfur-bearing minerals
(Henderson, 1984; Jaireth et al., 2014). The bulk of the element is contained in
rocks formed in the early stages of magmatic differentiation, although, to some
extent, it may also pass through to late stages of differentiation, entering pegmatites
and pneumatolytic and hydrothermal deposits (Horovitz, 1975; Sahama, 1947).
Only a few rare minerals are known to possess Sc as a major constituent. These
include thortveitite (Sc2Si207), pretulite (ScPOs), kolbeckite (ScPO42H,0),
jervisite (NaScSi,Og), eringaite (CaszSca(SiO4)3), bazzite (Bes;Sc:SicOis),
heftetjernite (ScTaOs), juonniite (CaMgSc(PO4)(OH)-4(H2O)) and cascandite
(CaScSi305(OH)), which are commonly hosted in granitic pegmatites, quartz veins
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or phosphate deposits (Horovitz, 1975; Williams-Jones & Vasyukova, 2018). In
addition to actual scandium minerals, scandium may be present in significant
proportions in a number of high field strength element (HFSE) minerals, such as
columbite, tantalite, and ixiolite, and in titanium and zirconium minerals, and it
may also be present as a trace constituent in ferromagnesian silicate minerals
(Williams-Jones & Vasyukova, 2018).

According to Walters et al. (2011), the geological formations in which REE,
including Sc, are enriched can be broadly divided into primary Sc deposits related
to igneous and hydrothermal processes and secondary deposits where sedimentary
processes and weathering concentrate Sc to produce laterite and placer deposits. A
similar classification based on geological enrichment processes was suggested by
Wang et al. (2021), who distinguished magmatic, hydrothermal, and supergene
scandium deposits. Magmatic and post-magmatic processes concentrate Sc in
minerals, such as clinopyroxene, amphibole and baddeleyite, in addition to actual
Sc-minerals, such as thortveitite and Sc-rich phosphates. Wang et al. (2021)
estimated that magmatic deposits (mafic—ultramafic intrusions) constitute to about
90% of the global Sc resources, hosted mainly in clinopyroxene + amphibole.

As stated by Williams-Jones and Vasyukova (2018), the main magmatic
processes with respect to Sc concentration are partial melting and fractional
crystallization. The nature of the source and the degree of partial melting control
the composition of the primitive melts, which may be key factors in determining
the Sc concentrations of igneous rocks (Wang et al., 2021). According to Chassé et
al. (2018), garnet accounts for ~75% of the Sc budget of the deep lithospheric
mantle, controlling the mobility of Sc. Because of the incompatibility of Sc in
spinel but its high compatibility in garnet, the behavior of Sc during partial melting
of the mantle is largely influenced by the relative proportions of spinel and garnet
in the source (Chassé et al., 2018; Wang et al., 2021). At high pressures (>3 GPa),
most Sc is hosted in garnet, whereas at lower pressures (<2 GPa) in the spinel
peridotite facies of the upper mantle, Sc is mainly hosted in clinopyroxene (Li,
2018; Wang et al., 2021).

Considering mineral-melt partitioning of trace elements in magmatic systems,
the values of partition coefficients (D) are dependent not only on P-T but also on
crystal chemistry, melt composition, and melt water content (Bédard, 2014; Hill et
al., 2011; Li, 2018). Clinopyroxene and amphibole both have moderately high Ds,
values, which are principally controlled by the MgO content of the melt, with D
increasing with decreasing MgO (Bédard, 2014; Williams-Jones & Vasyukova,
2018). With respect to DgCovsilicate melt - gcandium is insensitive to the variation of
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mantle fO, due to a valence state of 3 at Earth’s upper mantle conditions (Li, 2018;
Mallmann & O’Neill, 2009).

Clinopyroxenites in the Alaskan-type intrusions are mentioned as examples of
having a high potential for Sc resources due to the preference of clinopyroxene to
host Sc (Wang et al., 2021). In their experimental study of fractional crystallization
of an anhydrous mantle-derived tholeiitic magma at 1.0 GPa, Villiger et al. (2004)
observed coprecipitation of clinopyroxene and orthopyroxene, whereas in the
experiments conducted by Nandedkar et al. (2014) at 0.7 GPa using calc-alkaline
to tholeiitic magmas, clinopyroxene crystallized under hydrous conditions with
only minor orthopyroxene within a narrow temperature range. Therefore, the
formation of Sc-rich clinopyroxene and suppression of the crystallization of
orthopyroxene could be favored by involvement of water (Wang et al., 2021), as
commonly observed in the Alaskan-type mafic—ultramafic intrusions (Thakurta,
2018). Alaskan-type mafic—ultramafic intrusions, such as those in the Ural
Mountains in Russia, have been reported to host Sc-rich clinopyroxenite +
hornblendite, with Sc contents in clinopyroxenite ranging from 78 to 135 ppm
(Krause et al., 2007). Furthermore, ultramafic-mafic intrusions in the Zhongtiao
Mountain region in China host hornblendite with 71-78 ppm Sc (Yuan et al., 2017).
Alaskan-type complexes have been interpreted as products of fractional
crystallization of magmas originating from mantle plumes, similar to those forming
continental flood basalts (Ishiwatari & Ichiyama, 2004; Pirajno et al., 2008;
Williams-Jones and Vasyukova, 2018). Although most Alaskan-type complexes
occur in convergent tectonic settings, or in mobile belts, in broader terms these
types of complexes can be considered to represent volcanic flow-through systems
and magma storage reservoirs regardless of their tectonic settings (Thakurta, 2018).

In addition to mafic—ultramafic intrusions, carbonatite, and alkaline rock
complexes are known to host Sc-rich minerals; however, the enrichment
mechanisms remain unclear. According to the melt-melt-partitioning data obtained
from carbonate-silicate systems, Sc partitions strongly into the silicate melt in
anhydrous carbonate systems and weakly favors the carbonate phase in a hydrous
system (Martin et al., 2013; Williams-Jones & Vasyukova, 2018). In the Bayan Obo
REE-Nb-Fe deposit in China, carbonatitic magma has been suggested to be the
likely source of scandium, although scandium is concentrated mainly in
clinopyroxene of a metasomatic origin (Fan et al., 2016; Zhou et al., 2017;
Williams-Jones & Vasyukova, 2018). In addition to aegirine, a small proportion of
scandium is also hosted at Bayan Obo in bastnésite, monazite and fluorite, which
are all interpreted to have formed because of the interaction of hydrothermal fluids

20



with dolomitic rocks. The Zhovti Vody deposit in Ukraine also hosted metasomatic
aegirine enriched in Sc (Williams-Jones & Vasyukova, 2018).

In the case of the Kovdor baddeleyite-magnetite-apatite deposit in the Kola
Alkaline Province, NW Russia, Sc has been enriched in a P-rich basic alkaline
magma (phoscorite) as well as carbonatite magma and is incorporated in
baddeleyite (Kalashnikov et al., 2016). The exact process of Sc enrichment is not
known; however, it potentially involves the following coupled substitution: 2Zr**
<> Nb*>" + Sc3*, One of the world’s largest carbonatites, Tomtor in Russia (Lapin et
al., 2016) has elevated contents of REEs, including scandium, but the concentration
to exploitable levels is the result of post-magmatic weathering. A resource of ~100
Mt of ore grading 390 ppm Sc has been established, with the occurrence of Sc being
restricted mainly to xenotime (-Y) (Williams-Jones & Vasyukova, 2018).

The Crater Lake syenitic intrusion (formerly also known as Misery Lake;
Beland, 2021) in northern Quebec, Canada, hosts a potentially important REE-Zr-
Nb prospect, containing significant contents of both light and heavy REEs (Petrella
et al., 2014). Syenitic intrusion is mainly composed of early ferrosyenite and late
felsic syenite units, of which the former contains up to 50 vol% of ferromagnesian
minerals including fayalite, hedenbergite, ferropargasite and Ti-rich magnetite with
up to 1-2 vol% of primary zircon and fluorapatite (Petrella et al., 2014). The
ferrosyenite is interpreted to have formed by fractional crystallization of
ferromagnesian minerals, evolving into a residual magma which produced the
felsic syenites. Gravitational settling of fluorapatite initially concentrated the bulk
of the REE mineralization. High abundance of Sc is restricted to the ferrosyenite,
with the grades ranging from 150 to 300 ppm (Williams-Jones & Vasyukova, 2018),
though locally reaching 1000 ppm (Petrella et al., 2014), with most of Sc being
hosted in hedenbergitic clinopyroxene at a general content of 800 ppm (Wang et al.,
2021).

Enrichment of Sc is occasionally found in late stages of magmatic processes
producing pegmatites and pneumatolytic-hydrothermal formations, involving
preconcentration of Sc in the late-stage liquid and precipitation of Sc-rich minerals
at favorable physicochemical conditions. In addition to partitioning of Sc into late-
stage exsolved liquids, mobilization from earlier crystallized Sc-bearing minerals,
and scavenging from Sc-rich wall rocks are mentioned as possibilities for Sc
enrichment (Wang et al., 2021). The ability of Sc to form fluoride complexes and
the segregation of melt enriched in fluorides may be connected to Sc enrichment
(Gramaccioli et al., 2000; Shchekina & Gramenitskii, 2008). Thorveitite-bearing
NYF pegmatites in Evje-Iveland in Norway were exploited for Sc from the early
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20th century to 1960s (Williams-Jones & Vasyukova, 2018). Other occurrences of
Sc-bearing pegmatites include the Befanamo deposit in Madagaskar, the Crystal
Mountain deposit in USA, the Baveno and Cuasso al Monte deposits in Italy, and
the Yingjiang deposit in China (Wang et al., 2021). According to the recent study
of the Evje—Iveland pegmatites by Gion et al. (2021), they are proposed to be the
result of partial melting of a Sc-rich ultramafic or mafic complex, differentiation of
the formed melt, and emplacement of the residual melt into the host amphibolites.
Thus, the currently preferred model for the origin of the Evje—Iveland pegmatites
involves their formation in the final stages of magmatic differentiation (Gion et al.,
2021).

Lateritic Sc deposits are considered a viable source for future scandium
production (Williams-Jones & Vasyukova, 2018). The most important of them are
located in Australia; JORC-determined resources of Ni, Co, and Sc include the
Lucknow and Greenvale deposits in Queensland and the Nyngan and Syerston
deposits (currently known as the Sunrise project) in New South Wales (Jaireth et
al., 2014; Rangott et al., 2016). Deeply weathered laterite profiles have been
developed above Phanerozoic mafic—ultramafic intrusions, which have been
variously described in the literature as having an ‘alpine’-, ‘ophiolite’-, and
‘Alaskan’-type affinity (Jaireth et al., 2014). During the weathering of primary
mafic minerals, Sc is released into solution with subsequent transportation and
redeposition and/or adsorption on clay minerals (Horovitz, 1975). A four-stage
model has been proposed for the mobility and concentration of Sc during the
formation of Sc-rich sedimentary profiles (Chassé¢ et al., 2019). According to this
model, the initial Sc reservoir of an ultramafic or mafic intrusion provides the
source for the formation of Sc-bearing smectitic clays, formed by dissolution of
clinopyroxene. These clays immobilize and concentrate Sc by topotactic
replacement under reducing conditions. After smectite dissolution, iron oxides and
oxyhydroxides scavenge Sc by adsorption, which is further concentrated by the
successive dissolution-recrystallization of goethite generations, eventually
resulting in a Sc-enriched lateritic duricrust (Chassé et al., 2017; Chassé et al.,
2019).

In summary, considering igneous rocks, the relatively low contents of Sc in
basaltic melts coupled with its moderately compatible nature, promotes the
dispersion of Sc into ferromagnesian minerals at the early stages of crystallization.
Scandium is not easily enriched by geological processes to ore grades due to the
geochemical characteristics which are controlled largely by its ionic charge and
ionic radii. Consequently, the estimated global Sc production is only 15 to 25 tpa
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(Chassé et al., 2017; Eilu, 2017; U.S.Geological Survey, 2022; Williams-Jones &
Vasyukova, 2018). Main features of selected Sc deposits are summarized in Table
1, including both those that are currently under production, such as Bayan Obo, and
those that are at various development stages. Kiviniemi ferrodiorite-hosted Sc
deposit is also included (Halkoaho et al., 2020; Hokka and Halkoaho, 2016).
According to Wang et al. (2021), magmatic rocks with average Sc contents of more
than 60 ppm can be regarded as potential Sc deposits.

Table 1. Main features of selected Sc deposits (adapted under CC BY 4.0 license from
Paper | © 2021 Authors).

Deposit Resource Est. Main Host Minerals for Deposit Type References

(country) t @ Grade Sc

Bayan Obo 140 000 t; 200 Aegirine Carbonatite Williams-Jones and

(China) ppm Sc in tailings Vasyukova (2018)

Kovdor 420t @ 509 ppm Baddeleyite Carbonatite Kalashnikov et al. (2016)
(Russia) Sc

Tomtor 100 Mt @ 390 Xenotime (-Y) Carbonatite Lapin et al. (2016), Williams-
(Russia ppm Sc (weathered) Jones and Vasyukova (2018)
Nyngan 16.8 Mt @ 235 Adsorbed species on Lateritic Rangott et al. (2016)
(Australia) ppm Sc ferric oxyhydroxide in

limonite and saprolite

Syerston 21.7 Mt @ 429 Adsorbed species on Lateritic Williams-Jones and
(Australia) ppm Sc goethite, hematite Vasyukova (2018), Chassé et
al. (2017)

Crater Lake Ind. 7.3 Mt @184 Hedenbergite Ferrosyenite (Imperial Mining Group Ltd.,
(Canada) ppm Sc; inf. 13.2 2022)

Mt @ 172 ppm Sc
Kiviniemi 13.4 Mt @ 163 Hedenbergite, Ferrodiorite Hokka and Halkoaho (2016),
(Finland) ppm Sc amphibole Halkoaho et al. (2020)

2.2 Overview of scandium production and main applications

As mentioned earlier, the current estimated global Sc production is only 15 to 25
tpa, with China dominating the production from the tailings of the Bayan Obo REE-
Nb-Fe mine (Chassé et al., 2017; Eilu, 2017; U.S.Geological Survey, 2022;
Williams-Jones & Vasyukova, 2018). In addition to the Bayan Obo tailings, Sc is
usually produced as a by-product of beneficiation of Ni, Al, Ti, REE, U and Zr ores.
As reported by the U.S. Geological Survey (2022), the prices of Sc have declined
from 4.6 $/g in 2017 to an estimated 2.2 $/g in 2021 for Sc,O3 with 99.99% purity,
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whereas the prices for metal (ingot) have increased from 132 $/g to 137 $/g during
the same time span. As a reference, Y prices were 3—5 $/kg for 99.99% purity Y03
and 35-38 $/kg for Y metal. Furthermore, gold prices increased between 2017 and
2021 from 1261 $/troy ounce to an estimated 1800 $/troy ounce, equivalent to 41—
58 $/g. The absence of a steady, long-term producer in addition to the extremely
high prices has limited the commercial applications of Sc (Wang et al., 2011). New
sources could provide the foundation for a more stable market and help to increase
the use of Sc in high-technology applications. However, the occurrence of Sc as a
trace element in mineral lattices inevitably reflects as the complexities in recovery
flowsheets, depending on the quality and quantity of other elements involved.

Considering REE production in a wider perspective, after the traditional
beneficiation of REE minerals, hydrometallurgy is most commonly used to extract
individual elements, the other methods being electrometallurgy or pyrometallurgy
(UNCTAD, 2014). Depending on the mineralogy of the REE-containing phases and
the characteristics of gangue minerals, hydrometallurgical extraction may involve
acidic or alkaline routes. According to Haque et al. (2014), the acidic route
dominates at least 90% of extraction methods. Depending strongly on the
mineralogy, roasting of the rare earth ore at 400—500°C in concentrated sulfuric
acid can be used to remove fluoride and CO, and produce water-soluble phases
(Haque et al., 2014). In addition to ore pretreatment, current hydrometallurgical
processes include leaching, solvent extraction, precipitation, and calcination (Wang
etal., 2011). The purified bulk product is often a solid oxide, carbonate, or chloride
with a very low content of impurities, which is then further processed into desired
end-products (Goode, 2019). The recovery of REE at Bayan Obo, currently the
main producer of Sc, is conducted using low- and high-intensity magnetic
separation, followed by flotation (Bisaka et al., 2017). Bayan Obo tailings, which
contain 200 ppm Sc on average, are used for Sc recovery, employing roasting
typically with sodium hydroxide, and subsequent leaching protocols (Williams-
Jones & Vasyukova, 2018; Zhou et al., 2017).

Bauxite residues, or so-called red mud (RM), which is the main waste product
of the Bayer process, with annual production rates approximated ~150 Mt (Khanna
et al., 2022), have been extensively studied in recent decades as possible secondary
resources of Sc (Lietal., 2018; Liu & Li, 2015). Bauxite residues generally contain
40-100 ppm Sc, although higher concentrations have also been reported for this
highly alkaline, hazardous material (Akcil et al., 2018; Binnemans et al., 2015). In
the hydrometallurgical processing of bauxite residues, the nonselective
mobilization of Fe and Ti may deteriorate the purification and precipitation of
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suitable Sc products (Alkan et al., 2017; Borra et al., 2015; Yagmurlu et al., 2018;
Zhou et al., 2018). According to Yagmurlu et al. (2019), sustainable recovery of Sc
from RM with selective iron recovery may be accomplished by combining
pyrometallurgical and hydrometallurgical processes. Anawati and Azimi (2022)
have also studied integrated carbothermic smelting—acid baking—water leaching
process for bauxite residues. Furthermore, Li et al. (2014; 2018) conducted
experiments with reductive roasting pretreatment of bauxite residue, in which
hematite and goethite were reduced to metallic iron, followed by magnetic
separation. Moreover, the PyEarth process has been developed by Mintek to
recover REEs from iron-rich REE-bearing carbonatite ores of complex mineralogy
in Southern Africa (Bisaka et al., 2017). The difficulties related to REE minerals
with a particle size of less than 20 microns, disseminated in a matrix of iron oxide,
are overcome in the PyEarth process by pyrometallurgical pretreatment to produce
a Fe-Mn by-product and an REO-enriched slag for processing via
hydrometallurgical methods (Bisaka et al., 2017).

Despite its excellent elemental properties, light-weight nature, and good
alloying potential (Riva et al., 2016), production and usage of Sc in a larger scale
have been hindered due to the challenges faced during its extraction and
complexities in flowsheets. Scandium is currently mainly used in solid oxide fuel
cells (SOFC’s), in which it acts as a stabilizing agent for the solid electrolyte
(Blengini et al., 2020; Zakaria & Kamarudin, 2021). It is estimated that Bloom
Energy represents 80% of the world’s annual consumption of Sc in SOFCs, and the
consumption is expected to increase over the next decade (Minor Metals Trade
Association, 2022).

Furthermore, Sc is known as the most effective microalloying element to
contribute to the strength and weldability of Al-Sc alloys (Ahmad, 2003; Dorin et
al., 2018; Lathabai & Lloyd, 2002). Adding alloying elements to an aluminum melt
can be done either by adding pure elements or by adding the elements in the form
of master alloys. Although adding pure Sc to the melt is technologically feasible,
metallic Sc is excessively expensive (Royset, 2007). Chemical compounds, such as
ScF3, ScCl; and Sc,0s3, can be transformed into Al-Sc master alloys by reducing
reactions without a very complicated and costly process for producing pure metallic
Sc; the most widespread master Al alloy contains 2 wt% Sc (Milman, 2006). Small
additions of Sc (0.2—0.3 wt%) to Al create dispersed particles of intermetallic Al3Sc
coherently bound with the Al matrix. The presence of these particles and the
decreased grain size in cast metal increase its strength and plasticity characteristics
(Dorin et al., 2018; Milman, 2006). As stated by Riva et al. (2016), AI-Mg—Sc
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alloys may reduce the weight of an aerospace construction by up to 15-30% in
comparison with common Al and Ti alloys, with the benefit of ensuring better
mechanical and thermal characteristics in addition to better chemical stability. Al—-
Mg-Sc alloys with the trademark Scalmalloy® have been specifically designed for
laser beam manufacturing (LBM) and aerospace structural applications (Begoc et
al., 2019).

Furthermore, Sc alloys have been successfully implemented as hydrogen
storage materials, in high-entropy alloys (HEAs) and in bulk metallic glasses,
resulting in a new materials with lower density and higher hardness (Riva et al.,
2016). Other Sc applications include mercury vapor high-intensity lights and
activator ions in TV or computer monitors. In comparison to Y, Sc has much better
electrical conductivity and superb heat-treating (and strengthening) dopant
properties (Duyvesteyn & Putnam, 2014). In most applications, Sc has been used
as a small-amount dopant, which hinders the possibility of recycling.

According to a recent summary published by the Minor Metals Trade
Association (2022), Sc can be used in numerous large-volume applications, given
sufficient supplies to meet the potential demand. In addition to the current main Sc
suppliers from China and Russia, Sumitomo Metal Mining has built and
commissioned an Sc recovery circuit at Taganito Bay nickel high-pressure acid
leach (HPAL) plant in the Philippines, which recovers scandium oxalate
(Sc2(C104)3-xH>0) for processing into oxide (~7-8 tpa). Several operating and
development projects utilizing HPAL technology to recover and separate Ni and
Co in laterite deposits, are currently underway, many of which are generally able
to recover Sc. Emerging projects, particularly in Australia, such as Nyngan and
Syerston (currently known as Sunrise) (Table 1), are designing Sc recovery into
their circuits alongside Ni and Co, with the potential output of Sc ranging from 50
to 100 tpa or even more.

With respect to titanium production, Chinese integrated titanium producer
Lomon Billions has established a 20-30 tpa Sc,0; facility with the potential to
increase to 50 tpa in its titanium plants using the sulfate process (Minor Metals
Trade Association, 2022). Furthermore, Rio Tinto has recently commenced Sc
recovery from titanium dioxide by-products in its Sorel Tracy plant in Québec,
Canada, which can supply 3 tpa of Sc,O3, with plans to produce Al-Sc master alloy
(Rio Tinto, 2022). In addition, the recently commenced ScaVanger program (2021—
2024) in the EU aims at recovering Sc through hydrometallurgical successive Sc,
Nb, and V extraction from titanium acid waste solutions (EIT Raw Materials, 2022).
ScaVanger focuses on chlorine-rich solutions from TiO production mainly from

26



high grade TiO; feedstock (natural rutile, synthetic rutile, and upgraded titania slag),
targeting the production of 21 tpa of Sc,Os. Recoverable resources are contained in
liquid acid waste (60-140 mg/L of Sc, Yagmurlu et al., 2021). The residual metal-
rich solutions are currently neutralized, dewatered, and mainly landfilled at high
cost as filter cakes; some are also sold to chemical industries without any
valorization of Sc, V, and Nb.

The only other currently known primary resource of Sc similar to the Kiviniemi
deposit is the Crater Lake ferrosyenitic deposit in Canada (Table 1). The Crater
Lake project is developed by Imperial Mining Group Ltd., which has reported
indicated resources of 7.3 million t grading 184 g/t Sc and inferred resources of
13.2 million t with 172 g/t Sc for the Northern Lobe of the TG Scandium Zone
(Imperial Mining Group Ltd., 2022). In addition to Sc, determinations of magnet
rare earth oxides (Nd, Pr, Dy, Tb) have been made for both resource categories.
Using a net smelter return (NSR) cut-off value of SCAN 110.80/t, the value of the
mineralization was determined to be in the range of SCAN 386-413/t. With respect
to beneficiation processes, Imperial Mining has reported results of LIMS and wet
high-intensity magnetic separation (WHIMS) for two samples with differing
mineralogy, producing mineral concentrates that yielded Sc recoveries of 78% and
88% in addition to total rare earth element (TREE) recoveries of 56% and 69%.
They also reported dense media separation (DMS), yielding recoveries of 90.6%
for Sc and 89.2% for TREE in the mineral concentrate. Optimization of the process
parameters and the development of hydrometallurgical flowsheets for the Crater
Lake project are currently underway. Hydrometallurgical processing is based on a
two-stage extraction method with high-pressure caustic leaching (HPC), followed
by hydrochloric acid leaching of the HPC residue, with reported recoveries of Sc
to pregnant leach solution (PLS) of 87% and 84% for the two samples studied
(Imperial Mining Group Ltd., 2022).

27



28



3 Kiviniemi intrusion

The Kiviniemi mafic intrusion (1857 £ 2 Ma) locates in the municipality of
Rautalampi, approximately 70 km southwest of the city of Kuopio (Figures 3A,B)
(Halkoaho et al., 2020; Hokka & Halkoaho, 2016). As stated by Halkoaho et al.,
(2020) it occurs near the eastern margin of the Paleoproterozoic Central Finland
Granitoid Complex (CFGC) and is associated spatially and temporally with post-
kinematic Fe-Ti-P-enriched Svecofennian orogenic mafic magmatism. The main
relatively homogeneous ferrodioritic unit has a surface extension of ~2.5 hectares
with an additional small satellite body. During drilling programs between 2008 and
2010 altogether nine holes were drilled at Kiviniemi. Medium- to coarse-grained
garnet-bearing fayalite ferrodiorite bodies, enriched in Fe and Sc, are surrounded
by transitional ferrodiorites and pyroxene ferromonzodiorites (Figure 3A). The
country rock is porphyritic granite. As stated by Halkoaho et al. (2020) ferrodiorite
and the surrounding granite (1860 + 7 Ma) can be considered coeval within
analytical error.
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Fig. 3. (A) Geological map of the Kiviniemi intrusion with the location and direction of
the drill holes. The drill cores included in this study are indicated with red circles. (B)
Fayalite ferrodiorite blocks of the Kiviniemi intrusion, the view is from the north
(reprinted under CC BY 4.0 license from Paper | © 2021 Authors).

An average Sc grade of 163 g/t with 1726 g/t Zr and 81 g/t Y have been reported
for mineral resource of 13.4 Mt, which represents a preliminary estimate calculated
with the inverse distance method (Hokka and Halkoaho, 2016). Mineral
paragenesis is broadly similar for all ferrodiorites and leucoferrodiorites at
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Kiviniemi; main minerals include (ferro)hedenbergitic clinopyroxene, almandine
garnet, fayalitic olivine (Fo;_4), amphibole (ferropargasite and ferroedenite), and
plagioclase (average An ca. mol-40%) with grain sizes ranging typically between
100 and 2000 pm (Korhonen et al., 2011). According to Halkoaho et al. (2020)
amphibole (Sc,0; 103-2088 ppm, n = 27), clinopyroxene (ferro)hedenbergite
(S¢203 818—1736 ppm, n = 29) and fluorapatite (Sc,O3; 1062 and 1133 ppm, n = 2)
are the main carriers of Sc. [lmenite, fluorapatite, zircon, magnetite, biotite, pyrite,
pyrrhotite, quartz, clinoferrosilite and microcline are accessory minerals, of which
ilmenite is the most common, occurring as inclusions, exsolution lamellae, and
skeletal aggregates with magnetite, hematite, pyrite, and pyrrhotite. Strong
recrystallization and corona formation overprint primary magmatic features;
however, some relict cumulate textures have been preserved. Sporadic large
potassic feldspar grains occur as xenocrysts from the surrounding granite
(Halkoaho et al., 2020).

As stated by Halkoaho et al. (2020), the major element geochemical
composition of the intrusion, coupled with its close association with the
surrounding granite indicate that it belongs to the post-kinematic Paleoproterozoic
magmatic stage of the Svecofennian orogen (ca. 2.0-1.77 Ga). However, the
exceptionally high content of Sc in ferrodiorites (50-281 ppm, n = 42) deviates
from the compositions of other Svecofennian mafic intrusions of the CFGC area.
The Kiviniemi mafic body is geochemically metaluminous and tholeiitic and is
significantly enriched in iron relative to magnesium. The main deposit ferrodiorites
(SiO3 35.3-50.6 wt%, 44.8 = 3.4 wt% on average, n = 31) have FeO contents of
11.7-33 wt% (23.1 = 3.7 wt% on average) and magnesium number (Mg#) of 5.0—
10.9 (7.5 = 1.55 on average). In addition to Sc, contents of Zr (275-5600 ppm), Y
(58-189 ppm), Hf (7-115 ppm), and Ba (160-3586 ppm) are also elevated, whereas
compatible element contents are comparatively low. The origin of the Sc
enrichment at Kiviniemi is most probably magmatic, with Sc partitioning into
ferromagnesian silicates and fluorapatite when these phases were stabilized. As
discussed in Halkoaho et al. (2020), due to crystallization of the F- and P-bearing
phases—fluorapatite at Kiviniemi—the activity of F and P ligands decreased in the
magma (Gramaccioli et al., 2000; Shchekina & Gramenitskii, 2008), which may
have resulted in a compatible behavior of Sc with respect to Fe-Mg silicates
(Halkoaho et al., 2020).
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4 Theoretical foundation

4.1 Magnetic separation

An overview of the general characteristics of minerals relevant to the Kiviniemi
deposit, including density and mass magnetic susceptibility values (Mass 1y,
10-*m3/kg), is provided in Table 2. The values of mass magnetic susceptibility are
from the study of Hunt et al. (1995), unless stated otherwise, and refer to values
measured in weak fields at room temperature. Large variations in the mass
susceptibility values of minerals are due to the variability in the mineral chemical
composition, the presence of inclusions, and different measuring techniques
(Svoboda, 2004). The chemical composition of the minerals is the main controlling
factor for their mass susceptibility values, with not only Fe but also Mn and Cu
contents exerting the main effects on the extraction efficiency of paramagnetic
minerals (LeiBner et al., 2016; Rosenblum & Brownfield, 2000).

Table 2. General characteristics of minerals relevant to Kiviniemi ferrodiorite as based
on literature.

Mineral Chemical Formula Density g/cm® Mass x 10-°m3/kg
Apatite Cas(POa4)s(F,OH,Cl) 3.20 From -12.6 to -0.33*
Calcite CaCOs 2.71 From -0.3 to -1.4
Potassic feldspar KAISizOs 2.56 From -0.49 to -0.67
Plagioclase NaAISiz0s-CaAl2Si20s 2.62 -4.52*

Quartz SiO2 2.65 From -0.5 to 0.6
Zircon ZrSiO4 4.70 From -0.73 to 164.60*
Amphibole NaCaz(FesAl)SisAlz022(OH)z 3.44 6.5-380***

Biotite KFe3AISizO10(OH)2 3.17 52-98

Chlorite (Fe,Mg)sAl(SisAl)O10(OH)s 3.20 10-35.2*
Clinopyroxene CaFeSi20s 3.55 8-80*

Fayalite Fe2SiO4 4.39 130

Garnet FesAlz(SiOas)s 4.32 39.5-155.8*

limenite FeTiOs 4.72 46-80,000

Magnetite FesOs 5.20 20,000-110,000
Pyrite FeS2 5.02 1-100**

Pyrrhotite FeixS 462 10-30,000

*Data from Nordman and Kuusisto, (1994); **magnetic property may change from diamagnetic to
paramagnetic; ***susceptibility data for hornblende
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The chemical and physical properties of Sc-bearing silicates, the bulk mineralogy
of the deposit, and the textural features provide the main criteria for selecting
appropriate beneficiation procedures. Regarding the concentration criterion (CC)
and the practicality of gravity concentration—other than DMS—for the Kiviniemi
Sc-bearing minerals, the density differences are considered inadequate for
successful amphibole and pyroxene separation from gangue minerals. According
to the criterion provided by Taggart (in Dunne et al., 2019) concentration criterion
is calculated

CC = (Dy-Dy/(D-Dy) )

in which D, = density of the heavy particles (g/cm?), D; = density of the light
particles (g/cm®) and D= density of the fluid (water 1.0 g/cm?). Clinopyroxene and
amphibole as the main Sc-bearing minerals in the Kiviniemi deposit have an
average density of 3.5 g/cm?, whereas the dominant gangue minerals, plagioclase,
and potassic feldspar, have an average density of 2.6 g/cm?. Therefore, the CC value
of 1.6 falls into the range of very difficult separation (Dunne et al., 2019).

Given the paramagnetic characteristics of the Kiviniemi Sc-containing
minerals (Table 2) and the proposed processing scheme (Figure 1), wet magnetic
separation with SLon pulsating high-gradient magnetic separator (PHGMS) was
chosen for the preconcentration. According to information obtained from the earlier
beneficiation study (Korhonen et al., 2011), 72% Sc recovery with 346 ppm Sc
grade was achieved by applying low intensity and high gradient magnetic
separation. This information together with general characteristics of paramagnetic
mineral separation with SLon (Chen & Xiong, 2015), and the nature of the
Kiviniemi feed material (Table 2) were used to select experimental parameters for
SLon. Separation to magnetic and non-magnetic fractions with SLon occurs via a
combination of magnetic force, pulsating fluid and gravity (Dobbins et al., 2009;
Metso Outotec, 2022). The filamentary matrix is constructed of rods orientated
perpendicular to the applied magnetic field at equal distances, optimizing the
magnetic force and minimizing the risk of entrapment of diamagnetic particles. The
separation performance is enhanced by pulsation in the separation zone, which
agitates the slurry and keeps all particles in a dispersed state, simultaneously
minimizing the entrapment of diamagnetic minerals. This mechanism also ensures
maximum particle accumulation on the rod matrix. In addition to minimized
particle entrapment, another benefit of SLon is its applicability to separate fine
fractions (Chen & Xiong, 2015; Dobbins et al., 2009).
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4.2 High-temperature reduction

4.2.1 Thermodynamic basis

Differences in the thermodynamic properties of oxides form the basis for selective
reduction of ferrous oxide in a system containing Sc,Os3. The high affinity of Sc to
oxygen provides the theoretical foundation for the reduction and separation of
metallic products from Sc,Os-containing slag (Gupta & Krishnamurthy, 2005; Faris
et al., 2017). Figure 4 shows molar Gibbs standard free energies of formation as a
function of temperature, known as the Ellingham diagram, with selected oxides that
are relevant to the Kiviniemi ferrodiorite concentrate.
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Fig. 4. Ellingham diagram for the pure oxides relevant to the Kiviniemi concentrate.
Gibbs free energy data were obtained from HSC Chemistry.

With increasing temperature, the stability of oxides decreases, making them easier
to be reduced. Scandium oxide is in the lowermost part of the diagram, indicating
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the high stability of Sc,O3 in comparison to the other oxides, particularly ferrous
and ferric oxides present in the Kiviniemi concentrate. The free energies of
formation of the compounds involved determine the feasibility of the reduction
process; however, the practicability is determined by other properties of the
material, such as melting characteristics, vapor pressure, density and viscosity, in
addition to chemical reactivity and alloying behavior of the various reactants and
products (Gupta & Krishnamurthy, 2005). Although the direction of the expected
reactions in the system is provided by the standard free energy data, it does not
indicate the reaction rate (kinetics), which should be investigated by experimental
methods, such as thermogravimetric analysis (TGA).

4.2.2 Thermogravimetric analysis

The kinetics of the reaction can be determined via measuring changes in the sample
mass with temperature through TGA method, applicable particularly for clearly
defined process in the TG curve, e.g., stoichiometric dehydration of a definite
hydrate (Brown, 2004; Saadatkhah et al., 2020). The extent of conversion is
determined experimentally as a fraction of the total mass loss (Vyazovkin et al.,
2011). The kinetic parameters of discrete solid-state reactions can be determined
with several analytical methods, unlike the analysis of complex processes (Perejon
et al, 2011). Furthermore, with heterogeneous materials, overlapping and
interacting phenomena originating from various reactions within and from various
types of crystal structures may occur. Table 3 presents high-temperature
characteristics for minerals relevant to Kiviniemi concentrate based on the
literature.

Various mineral reactions include dehydration, dehydroxylation, thermal
dissociation, and gas—solid reduction reactions at lower experimental temperatures,
in addition to which at higher experimental temperatures melting, slag formation,
gas—liquid, and solid—liquid reduction reactions are included (Foldvari, 2011;
Saadatkhah et al., 2020). Furthermore, diffusion and heat transfer account for the
whole scenario in addition to chemical reactions at reactant/product interfaces.
Moreover, during dynamic experiments, heat transfer from the furnace to the outer
regions of the sample and into the sample, self-cooling or self-heating of the sample
during reactions, removal of evolved gaseous product, and the influence of these
products on the rates of reactions—all contribute to the reaction processes (Brown,
2004).
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Since the physical properties measured by the thermogravimetric method are

not specific to species and, therefore, usually cannot be linked directly to specific

reactions of molecules, the value of conversion reflects the progress of the overall

transformation of the starting material to the products (Vyazovkin et al., 2011). The

overall transformation, particularly in this study with heterogeneous starting

material, involves many reactions, each of which has a specific extent of conversion.

However, some of the potential reduction reactions contributing to the observed

mass loss are discussed in Paper II.

Table 3. General high-temperature characteristics of minerals relevant to Kiviniemi
ferrodiorite as based on literature (adapted under CC BY 4.0 license from Paper Il ©

2022 Authors).
Mineral Chemical Formula High-T Characteristics References
Apatite Cas(POa4)3(F,OH,CI) Fluorapatite melting point at 1660°C Kaia et al. (2012)
Calcite CaCOs Decomposes at 897°C to CaO and CO2 Kracek (1963)
Potassic KAISi;Os Incongruent melting 1150°C; eutectic Kracek (1963)
feldspar with SiOz at 990°C
Plagioclase NaAlSi3Os-CaAl2Si20s Albite melting point at 1118°C; anorthite Kracek (1963)
melting point at 1550°C
Quartz SiO2 Quartz melting point (metastable) Kracek (1963)
1470°C
Zircon ZrSiO4 Decomposes to oxides below liquidus, Kracek (1963)
1540°C
Amphibole NaCaz(FesAl)SisAl2022(OH)2 Dehydroxylation begins at >500°C; Brett et al. (1970),
decomposes to pyroxene, spinel, olivine Hodgson et al.
and feldspars; beginning of melting at (1965)
1100°C
Biotite KFesAISizO10(OH)2 Dehydroxylation 600-1000°C Brett et al. (1970)
Chlorite (Fe,Mg)sAl(SisAl)O10(OH)s  Dehydroxylation begins at ~450°C (in air) Zhan and
Guggenheim (1995)
Clinopyrox CaFeSi2Os Stable below 965°C; decomposes into Kracek (1963)
ene CaSiOs solid solution; melting relations
are ternary, mixtures 0-72% FeSiOs
behave in binary manner.
Fayalite Fe2SiO4 Melting point at 1205°C Kracek (1963)
Garnet FesAl2(SiO4)s Decomposes at 900°C Kracek (1963)
limenite FeTiOs Melting point at 1450°C Kracek (1963)
Magnetite FesOq4 Melting point at 1597°C; reduction Kracek (1963) Yang
reactions already at low temperature et al. (2014)
Pyrite FeS:z Reduction begins at 500°C Schwab and Philinis

(1947)
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4.2.3 Calculation with FactSage

FactSage 7.2 was used to test whether theoretical equilibrium calculation provide
consistent results with our experimental data (Paper II). Accessibility to high
quality thermodynamic database covering the given system of interest and the
correctness of the algorithm that minimizes the total Gibbs energy of a system with
a given set of constraints are two important preconditions for accurate
thermodynamic calculations (Jung & Van Ende, 2020). As multiple databases can
be selected for calculations, FToxid, FSStel and FactPS were used. FToxid database
for slags, glasses, minerals, ceramics, refractories, etc. contains consistently
assessed and critically evaluated thermodynamic data for stoichiometric oxides and
oxide solid solutions formed by 23 elements (Jung & Van Ende, 2020; Penttila,
2014). The crystal structures of more than 80 solid solutions, such as spinel, olivine,
melilite, pyroxenes, perovskite, wollastonite, etc. are modeled in the framework of
the compound energy formalism (CEF) (Jung & Van Ende, 2020). As stated by
Penttild (2014) the core system (AlO3;-CaO-FeO-Fe,03-MgO-MnO-SiO;) has
been fully optimized from 25°C to above liquidus temperatures for all compositions
and oxygen partial pressures.

Figure 5 displays the result of equilibrium calculation on the stability of
crystalline phases, formation of solid and liquid metal, and liquid slag formation as
a function of temperature using the average concentrate composition from all
composite Kivniemi samples (100 g concentrate, 100 g CO and 5 g C in a
temperature range of 500—1500°C). Fayalite, hedenbergite, and potassic feldspar in
addition to the plagioclase end-members albite and anorthite are the main
crystalline phases at equilibrium at temperature range 500-800°C. Hydrous
minerals were excluded in this calculation, resulting in high amounts of fayalite
and feldspars. The presence of minor crystalline phases suggested by calculation is
also shown in the figure 5, although they were not present in the concentrate. The
calculations indicate that metallic iron occur at ~820 °C due to reduction of fayalite
and hedenbergite. Along the increasing temperature and progression of reduction
of ferrous silicates, intermediate crystalline phases can be formed, which is similar
to results reported in other experimental studies (Massieon et al., 1992; Massieon
et al., 1993; Xiaoyang, 1996). According to this calculation, hedenbergite is stable
until ~820°C, after which it decomposes into crystalline diopside CaMgSi,O¢ and
wollastonite CaSiOs along with the reduction of the ferrous oxide component to
metallic iron.
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Fig. 5. FactSage 7.2 equilibrium calculation for average concentrate composition,
showing the stability of crystalline phases and the formation of liquid slag and
combined solid and liquid metal as a function of temperature (reprinted under CC BY
4.0 license from Paper Il © 2022 Authors).

4.2.4 Modifying slag characteristics

One of the most important properties of metallurgical melts, which directly affect
the kinetic conditions of the processes, is viscosity (Kekkonen et al., 2012;
Kondratiev et al., 2002; Seetharaman et al., 2005). Viscosity is related to the
internal structure of the oxide melt. It is very sensitive to changes in temperature,
slag composition, and oxygen partial pressure (Kekkonen et al., 2012; Verein
Deustcher Eisenhiittenleute, 1981). The transfer of mass and heat, the solubility of
slag formers and modifiers, and the separation of metal and slag are improved with
low viscosities. Si0,, as a network former, forms strong, highly covalent bonds,
leading to high liquid viscosities. Network-transforming alkali and alkali earth
oxides, such as Na,O, K,O, MgO, CaO, and other divalent oxides, such as MnO
and FeO, decrease viscosity by breaking this network (Kondratiev et al., 2002;
Mills et al., 2013; Seetharaman, 2005; Seetharaman et al., 2005). Depending on the
composition of the slag system, amphoteric oxides such as Al,O3 may act either as
a network former or transformer (Mills et al., 2013; Park et al., 2004). As the slags
contain both covalent and ionic bonds, and the extent of polymerization varies with
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the metal oxide and flux contents in the slag, the quality and quantity of ions and
electrostatic interactions in addition to the temperature have significant impact on
slag viscosity (Kekkonen et al., 2012; Mills et al., 2013).

CaO or CaF, additions are commonly used in metallurgical operations to lower
the viscosity of slag (Kato & Minowa, 1969; Sectharaman et al., 2005; Wu et al.,
2011). Slag composition with a suitable liquidus temperature is essential in
industrial practices in addition to appropriate viscosity. The ternary Al,O3—CaO—
SiO, phase diagram presented in Figure 6 exhibits the target area with lower
liquidus temperatures, as indicated in the close-up, which was used to design the
type and quantity of doping. To calculate and plot the compositions with FactSage
version 7.2 and its FToxid database on the phase diagram, only the main oxide
components of our slag system were considered.

original
+7% CaF, (C)
+ 7% CaF, [A)
+5% Ca0 (C)
+ 5% Ca0 (A)

R

Ca0 oM conio, o8, cant;"tani0.A1,0,
7372 Weight % 84

+ 7% CaF, + 5% Ca0 (C)
+ 7% CaF, + 5% Ca0 (A}

doloc e emE
Slele e oloD

Fig. 6. Ternary phase diagram with the target liquidus temperature area displayed in
the close-up view. Original and modified slag compositions from R2/u and R2/I
concentrates were computed and plotted with FactSage version 7.2 and its FToxid
database. C was calculated from ICP-OES data and A was calculated from EPMA
analysis data (reprinted under CC BY 4.0 license from Paper Il © 2022 Authors).

4.3 Hydrometallurgical extraction

Leaching, solvent extraction, and precipitation are common hydrometallurgical
processes for Sc extraction from various types of sources. According to Wang et al.

38



(2011) precipitation of insoluble Sc compounds from Sc-containing solutions has
been mentioned as the easiest method to recover Sc; however, problems may arise
from nonselective mobilization of Fe and Ti. These tend to deteriorate the
purification and precipitation of suitable Sc products due to similar
physicochemical properties (Alkan et al., 2017; Borra et al., 2015; Yagmurlu et al.,
2018; Zhou et al., 2018). Mineral acids are considered the best leaching agents for
scandium recovery from various sources, but ionic liquids and organic acids have
also been explored (Botelho Junior et al., 2021).

Silica gel formation is one of the most common problems at lower temperatures
in the hydrometallurgical processing of silica-containing resources, such as bauxite
residues, which have SiO; contents in the range of 3.0-30.0 wt% (Alkan et al., 2018;
Binnemans et al., 2015; Wang et al., 2011). In acidic conditions (pH <7), soluble
silica is found as monomer orthosilicic acid, Si(OH)4 (Queneau and Berthold, 1986),
which may connect to each other through Si-O-Si branches to form polysilicic acid
and eventually colloids. Gelation occurs when these colloids connect with each
other becoming unfilterable with liquid entrapped inside (Alkan et al., 2018).
Temperature, pH level, the degree of supersaturation, the presence of seed particles,
and salinity control the gelation rate (Queneau and Berthold, 1986). Other
disadvantages in the direct sulfuric acid leaching of bauxite residues include a low
selectivity toward Fe, Ti and Sc, and the co-precipitation of Sc in an acidic iron
sulfate mineral, thomboclase, formed by dissolution of Fe oxide and subsequent
reprecipitation as sulfate (Alkan et al., 2018).

Implementing hydrogen peroxide creates oxidative conditions in leaching,
which has been reported to lead to the precipitation of dissolved Si as quartz
without silica gel formation (Alkan et al., 2018). Furthermore, the formation of a
titanium peroxosulfate complex yielding a high-Ti leaching efficiency and
decreasing the amount of Sc-entrapping rhomboclase precipitation have been
mentioned. As an example, leaching efficiencies of Sc from bauxite residues
increased from 27% at room temperature to 68% at 90 °C after 30 min of the
leaching and S/L of 1:10 in H,0O»-assisted H>,SO4 leaching (Alkan et al., 2018).

Another possible method to avoid silica gel formation is dry digestion, which
consists of the addition of a concentrated acid to solid materials with subsequent
water leaching (Alkan et al., 2019; Rivera et al., 2018; VoBenkaul et al., 2017). Dry
digestion is very similar to acid baking, which is conducted at higher temperatures
(200-400°C) (Alkan et al., 2019; Kim and Azimi, 2020). With dry digestion, Sc
leaching efficiencies from acidic, RM residue-derived slags with a high content of
amorphous material have been reported to reach 70% (Alkan et al., 2019). In the
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studies of Kim and Azimi (2020), acid baking and Sc leaching from crystalline blast
furnace slag reached a maximum extraction efficiency of 89.4%. Furthermore,
according to Rivera et al. (2019), high-pressure acid leaching (HPAL) may also
provide an opportunity for Sc extraction (up to 90%) while using H,SO4 at 150°C.
Moreover, oxidative pressure acid leaching has been shown to be an effective
method for metal extraction, particularly for slags containing crystalline phases
(Baghalha et al., 2007; Li et al., 2009; Perederiy, 2011; Perederiy and Papangelakis,
2017). However, also for amorphous slag Sc extraction yields of up to 85 wt% with
HPAL have been reported (Rivera et al. 2019).

With respect to Sc in aqueous solution, the properties of Sc**(aq) are suggested
to be closer to those of AI** (ionic radius 54 pm) than to Y** (93 pm) or the
lanthanide ions due to smaller ionic radius (in octahedral coordination 75 pm,
Shannon, 1976). Sc(Ill) functions as a hard metal ion (Pearson, 1963), although
fluoride and hydroxide complexes are unusually strong in relation to its
charge/radius ratio (Schrodle et al., 2008). The distribution of Sc—hydroxide
complexes as a function of pH and temperature are shown in Figure 7 (adapted
from Wood and Samson, 2006), according to which at 25°C, the Sc*" ion
predominates at pH <4, whereas at 300°C, unhydrolyzed Sc" is not predicted to be
present in significant quantities (Wood and Samson, 2006).

100°C
0=5c*
/\ 1=ScOH*
= s AN 2 = Sc(OH),*
3 = SC(OH),?
4= Sc{OH),
[ |20 1300°C

Fig. 7. Distribution of Sc** hydroxide complexes as a function of pH at 25°C, 100°C,
200°C and 300°C at saturated water vapor pressure (adapted from Wood and Samson,
[2006], with permission from Elsevier).
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HSC Chemistry 10 software was utilized to establish the Eh-pH diagram for Sc-S
aqueous system at 50°C, 75°C and 100°C (Figure 8). Scandium exists as Sc** in
our experimental conditions according to this diagram; Sc** stability area is slightly
decreased toward the lower acidity region with increasing temperature.

Fig. 8. Eh-pH diagram for the Sc-S aqueous system at 50°C, 75°C and 100°C (reprinted
under CC BY 4.0 license from Paper IV © 2022 Authors).
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5 Materials and methods

5.1 Samples

GTK delivered samples of Kiviniemi Sc-enriched rocks to this study as crushed
drill core material (<4 mm). Three adjacent or proximal drill core samples (Figure
9) were included from a total of four drill core intervals (a total of 12 samples),
with their selection based on the availability of suitable samples, as well as the
dimensions and the average estimated Sc grade of the deposit. These were
processed into four composite samples to provide sufficient material for laboratory-
scale experiments. Composite samples were coded as and referred to in the
following way: R1 composite sample from drill core R1; R2/upper (R2/u) and
R2/lower (R2/1) composite samples from drill core R2; and R3 composite sample
from drill core R3. Most of the Sc at Kiviniemi is contained in medium- to coarse-
grained garnet-bearing fayalite ferrodiorite, which was the most prominent rock

type in these samples.
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Fig. 9. Lithological columns and variations of Sc, Y and Zr contents in drill cores R1,
R2 and R3, respectively, with the locations of the samples of this study indicated with
green rectangles. Note the different scale (in meters) for each column (reprinted under
CC BY 4.0 license from Paper | © 2021 Authors).

As described in Paper I, the samples were split with a sample splitter, half of which
was processed for magnetic separation experiments. The split samples were first

43



dry sieved with a Retsch sieve shaker (10 min with an amplitude of 1.5 mm).
Combined coarser fractions (>125 um) were ground with a Wedag rod mill (H x D
=30.5 cm x 15 cm) with a constant rotation frequency of 100 rpm. Wet grinding
with 11 stainless steel rods (7 pes, 30 cm % 1.9 cm; and 4 pcs, 30 cm % 1.4 cm) with
a total mass of 7.05 kg and a solid percentage of 60% were used. Samples were
ground as approximately 1 kg aliquots for 1 h, after which they were dried,
combined, and mixed thoroughly with fine fractions. The target Pgo close to or less
than 90 um was considered appropriate at the beginning of the study. This was
considered suitable for magnetic separation experiments with also a possibility to
conduct flotation experiments that were considered an option at the beginning of
the study.

5.2 Material characterization and analysis methods

ICP-OES was chosen as the quantitative bulk elemental analysis method, and all
analyses of solid samples were conducted by Eurofins Labtium in Kuopio and
Eurofins Ahma in Oulu, Finland. Prior to sending them for analysis, dry samples
were pulverized to 100% -90 pm with a tungsten carbide mill at Oulu Mining
School. As described in Papers I and III, for ICP-OES analysis, the prepared pulp
samples (0.2 g) were fused with anhydrous sodium peroxide in zirconium crucibles
by heating them in an electric furnace at 700°C for one hour. The resulting melt
was then dissolved in hydrochloric acid, and the final solution diluted with water
prior to the instrumental analysis. 27 elements with a Thermo Electron ICAP 6500
Duo instrument are analyzed according to routine method. Detection limits with
quality control details are provided as electronic supplementary data in Paper I.

For modal mineralogy, INCAMineral software (Version 5.05) and a Zeiss
ULTRA Plus instrument (Field Emission Scanning Electron Microscope [FESEM])
at the Centre for Material Analysis (CMA), University of Oulu, were used on
polished vertical blocks of all concentrates and tailings (@ 25 mm). To minimize
the effects of the touching particles, graphite was added to the samples. The
following instrumental parameters were applied: acceleration voltage of 15 kV,
beam current of 2.3 nA, and working distance of 8.3 mm. For each sample, a
minimum of 10000 detected features were set and post-processing conducted with
GrainAlyzer software.

As described in Paper IV, slag residues obtained after leaching experiments
were characterized with a JEOL JSM-7900F FESEM equipped with an Oxford
Instruments Ultim Max 65 energy dispersive (EDS) detector and Aztec Mineral
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software at the CMA. A small amount of residue powder was placed onto carbon
scotch tape, after which the samples were coated with carbon. Secondary electron
images with X-ray mapping and point analyses were conducted with an
accelerating voltage of 15 kV, 5 nA probe current, and a working distance of 10
mm.

For mineral, slag, metal, and leach residue compositional analysis, electron
probe microanalyzer (EPMA) JEOL JXA-8530FPlus was used at the CMA.
Analyses were carried out on carbon-coated polished blocks (@ 25 and 40 mm). An
accelerating voltage of 15 kV, a beam current of 15 nA and a beam diameter 1-10
pm were used. The peak and background counting times were set at 10 s and 5 s,
respectively, for all components. Furthermore, for scandium, peak and background
counting times of 30 s and 15 s were also tested and applied. Matrix correction with
the atomic number—absorption—fluorescence (ZAF) method was applied. Data
on detection limits and the standards used are provided as electronic supplementary
data in Papers I, II and Paper IV.

A Rigaku SmartLab 9 kW X-ray diffraction (XRD) apparatus with a Co anode
was used with 40 kV and 135 mA settings to monitor the presence of crystalline
phases at selected temperatures after high-temperature experiments and to
characterize the slags produced as well as the solid residues after leaching
experiments. The speed of acquisition was 4°/min with 0.02°/step and 260 range of
10-130°. PDXL2 software and the PDF-4 2022 database were used for data
processing.

Particle size distributions for Kiviniemi drill core samples after comminution
were determined with wet screening. Particle size distributions for slags continuing
to leaching experiments were determined with Anton Paar particle size analyzer
1190 LD (laser diffraction) in liquid measurement mode with obscuration target
values between 5% and 30%. Water was used as the carrier liquid without
dispersing agents; satisfactory dispersion was obtained via ultrasound.

Carbon and sulfur analyses for slag samples were conducted with a LECO CS
200 Carbon and Sulfur Analyzer. Geostats Mining Industry Consultants Reference
Material Manufacture and Sales Certified Reference Material GGC-07 (C = 0.56
wt%, S = 0.51 wt%) was used as a calibration standard. Analysis method C 0.5-S
0.5 with 40 s analysis time was applied. An iron chip accelerator + Lecocell
Combustion accelerator was used as the blank sample. The accuracy of the results
was 0.01% for C and 0.005% for S.

Agilent 5110 VDV ICP-OES instrument at the University of Oulu was used for
determining Al, Ca, Fe, K, Mg, Mn, Na, Sc, Si and Ti in the 10-fold-diluted
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solutions from leaching experiments. The analytical results are given as a mean
value of five replicate measurements. Yttrium (wavelenght 371.029) was used as
an internal standard to correct for sensitivity drift and matrix effects during the
measurements. Quality control standards and blank samples were measured for
quality assurance purposes. For each sample, 10-, 40-, and 200-fold dilutions with
2% nitric acid were made. The results for Al, Ca, and Ti were taken from the 200-
fold diluted samples; the results for Mg and Na were taken from the 40-fold diluted
samples; and the rest of the results were taken from the 10-fold diluted samples.

5.3 Magnetic separation

Magnetic separation experiments with LIMS WD(20) 111-15 and SLon 100 were
carried out at the laboratories of the Metso Outotec Research Centre, Pori, Finland.
In our study with SLon100, the effect of magnetic induction (0.3, 0.5, 0.7 and 1.0
T) and the frequency of pulsation (50, 150 and 250 rpm) were investigated (Paper
I). Information from the earlier beneficiation study (Korhonen et al., 2011),
characteristics of paramagnetic mineral separation with SLon (Chen and Xiong,
2015) and characteristics of the feed (Hunt et al., 1995; Nordman and Kuusisto,
1994) were used in selecting experimental parameters. SLon separations were
conducted for ~200 g batches. The recovery (R) of Sc was calculated according to

_ Cc
Cc+Tt

* 100 )

in which Cc refers to the concentrate mass and Sc grade, respectively, and Tt refers
to the tailings.

5.4 High-temperature experiments

Schematics of the thermogravimetric (TG) furnace used at the Process Metallurgy
Research Unit, University of Oulu, is provided in Paper II. The furnace has Al,O3
chamber, which allows experimental temperatures up to 1500°C. Mettler Toledo
AG 204 balance (accuracy + 0.1 mg) was used to follow the changes in the sample
mass along with a set temperature program. Parameters were controlled with an in-
house developed software and data were recorded with approximately 5 s intervals.
The temperature was controlled with Eurotherm 3508 and measured with an S-type
thermocouple. The gas flow (2 L/min) was controlled with a Brooks 5850S mass
flow controller. The heating rate was 5 °/min, with the target temperatures and
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isotherms at the set target temperature following the experimental protocols
presented in Papers I and III. At the cooling stage, the flow of N> was 5 L/min.
Fractional extent of reactions—or degree of conversion (a)—was calculated
(Brown, 2004; Cai et al., 2018) according to

a = (mog — m)/(mg — my) 3)

in which my = initial mass, m = mass at each stage of the experiment, and m,= mass
at the end of the experiment. The derivate conversion was calculated using the
degree of conversion to provide more details about the conversion rate. Smoothing
was applied using averages of 10 measurements to decrease the noise in derivative
plots. The following formula was applied to calculate the derivative conversion
curves by means of the central difference

(da/dX)i = 1/2(ai — oi-)/(Xi — Xic))T1/2(ai1 — o)/ (Xin1 — Xi)  (4)

where ai and (da/dX)i are the conversion and derivative conversion of the i-th point,
respectively, and X can be either temperature (7) or time (¢).

In addition to the similar experimental procedure used in the first part of the
pyrometallurgical study (Paper II), quickly cooled samples at selected temperatures
were included in the second stage to investigate the progression of mineral
reduction reactions at various temperatures (Paper III). For these experiments, the
gas composition was changed to 95% Ar and 5% H». The sample was raised to the
upper, cooler part of the furnace after reaching the desired temperature in the TG
furnace, to cool with a N, gas flow, and taken out of the furnace after a few minutes
of cooling.

5.5 Slag production for leaching experiments

For leaching experiments, synthetic slag with a selected composition was prepared
from pure oxides with details provided in Paper IV. Chemicals were mixed and
melted at 1700°C in a platinum crucible, after which molten slag was quenched on
a water-cooled copper plate to ensure its completely amorphous structure. The
produced slag was first crushed and ground to the size of less than 125 pum, after
which further grinding to Dgp ~30 pm was conducted using Herzog tungsten carbide
vibratory disc mill. In addition to synthetic slag, authentic Kiviniemi concentrates
were processed by reducing the FeO component prior leaching experiments in an
Entech high-temperature gradient furnace as 100 g batches. The details of
Kiviniemi slag production are given in more detail in Paper I'V. After reduction and

47



cooling, the samples were first removed from the graphite crucible, and the large
metal accumulations were removed from the bottom. The slag was cut into four
pieces and crushed with Geopyord breakage test (Bueno et al., 2021). After
crushing, the slag samples were ground with Herzog tungsten carbide vibratory
disc mill to the target particle size of Dgy ~30 um. The final magnetic separation
with a hand magnet (NdFeB) was conducted to remove residual metal inclusions
from the slag as much as possible.

5.6 Leaching experiments

A summary of three the H,SOs-based methods to test slag samples is presented in
Figure 10. Only a few dry digestion experiments were conducted in an open
decanter for 10 g samples, but due to very low extraction efficiencies, the
experiments were directed toward H,O,-assisted acid leaching. The main part of
the leaching experiments, atmospheric H,O,-H>SO4 leaching, was performed in a
0.25-L reactor immersed in a silicon oil bath and using 5.00 + 0.005 grams of Sc
slags per experiment. The reactor was closed using a reflux condenser to prevent
volatilization during leaching. Selected process variables (acid concentration,
temperature, time, S/L ratio) for the leaching were investigated first to optimize Sc
yield with synthetic slag, after which Kiviniemi R1 and R3 slags were tested with
selected parameters. In all our experiments, the agitation speed was maintained at
375 rpm using a magnetic stirrer. The total leaching time was 90 min. Pressurized
leaching experiments were performed in a Hastelloy C22 stainless-steel reactor
(Parr, Moline, IL, USA) equipped with a cylindrical HASTELLOY®C-267 alloy
autoclave (300 mL). The details of leaching experiments and their procedures are
given in Paper IV.

The leaching efficiency (n7) for metal extraction can be calculated in a variety
of ways. In this study, equation 5 was applied for all leaching experiments (Zhou
et al., 2018)

ni = :1_; *100% (5)
in which m is the mass of the slag, ¢; is the metal concentration in the leaching
solution, V is the volume of leaching solution, and x; is the mass fraction of the
metal element in the slag. For comparison, solid residues from few experiments
were also analyzed with ICP-OES to calculate the yield using the following
equation
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X=(1- () *100%

(6)

where C, and C, are the scandium content in the residue and in the original slag,

respectively.

1. Dry digestion

95-98% H,SO,
T=75°C
1:1 solid + acid
1:1.5 solid + acid
30, 60, 90 min

Water leaching
S/L 1:10; 30 min

Filtration

2. H,0,-assisted H,SO, leaching

1.5M, 2.5 M, 3.5 M H,50, +
1.5M, 2.5 M, 3.5 M H,0,
T=50, 75,100 °C
S/L1:5,1:10, 1:20
15, 30, 60, 90 min

l

Kinetics; sampling at
15, 30, 60, 90 min

l

| Filtration

]

| Residual ‘

3. HPAL H,SO, leaching

2.5MH,SO,
T=150°C
S/L1:20
90 min
10, 60 bar

I

Sampling
90 min

Filtration

Fig. 10. H,SO,-based methods which were tested with synthetic and Kiviniemi slags.

5.7 Summary

A summary of the research and characterization methods applied with

corresponding samples studied in relation to each research stage are presented in

Table 4.
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6 Results and discussion

A summary of the materials and the main findings and articles produced during the
progression of this study are presented in Figure 11. The main results of each stage
are briefly presented in the following chapters.

| Kiviniemi drill core samples | : Main findings ;

Tailings; 32-45 mass% l H
B SRt — . P S y s onemnn e e ;
ek T 4—| 1. Beneficiation (magnetic) s LIMS MAGS Sc rec. 7.1-8.5 % with 110-167 ppm Sc !
" e r— o A HGSM MAGS Sc rec. 87-92 % with 230-310 ppm Sc !

¥ MAGS Sc rec. 88-93 % Sc with 211-290 ppm Sc
Sc deportment mainly in Cpx, Am, Grt and Fa :
(Paper 1) !

Fe metal; 24-28 mass% T T G
Iﬂ—' 2. Pyrometallurgy (Fe removal) |—; Documentation of carbothermic smelting reduction |

i with evolving slag composition up to 1500 °C (TGA). |
' Viscosity adjustment with ~5 % Ca0 to improve |
metal separation. Slag 248-387 ppm Sc. ;
(Papers Il and lil) '

Crushing + grinding + metal

separation .'
Leach residues '
E T a -""'""""""'"""""_"?""'""""""""""""
- B '—l 3. Hydrometallurgy (Sc extraction) I—V 5i0;- and 5¢,0,-enriched, FeO-depleted slag
e 1 i H,0,-H,50, leaching with 40-50 % Sc extraction
. ; HPAL 30-45 % 5¢ extraction i
{Paper IV) '

w, -
WA

Sc-containing liquid

Fig. 11. Research process with main findings and produced materials.

6.1 Magnetic separation (Paper I)

Paper I deals with the process mineralogical characteristics of Kiviniemi
ferrodiorite samples included in this study and the applicability of LIMS + PHGMS
to separate diamagnetic, alkali-bearing gangue minerals from ferro- and
paramagnetic minerals, which include the main Sc carriers, ferrous clinopyroxene
and amphibole. The target Pgo for samples was close to or less than 90 um, which
was achieved with wet grinding for 60 min. Sample R1 from the upper part of the
intrusion contains almost 50% < 32 pm after comminution, which is attributed to
the more extensive alteration compared to the samples from the lower parts of the
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intrusion, as based on microscopic observations. The three magnetic LIMS
fractions (Mags1, Mags2, and Mags3) removed, in total, 9.5, 9.0, 9.6 and 8.0 mass%
of the feed for R1, R2/u, R2/1 and R3 composite samples, respectively (Figure 12).
LIMS efficiently removes particles containing ferromagnetic minerals, magnetite
and monoclinic pyrrhotite, into the magnetic fractions, with the total iron oxide plus
pyrrhotite recovery usually exceeding 70%. However, as magnetite and pyrrhotite
both occur on grain boundaries, as inclusions and, particularly magnetite, in
complex symplectitic mineral intergrowths and reaction rims, ternary occurrences
account for most magnetite and pyrrhotite occurrences. Considering that the sum
of feed ferromagnetic minerals varied only between 1.7 and 2.6 mass%,
aforementioned textural features resulted in a relatively high mass% of LIMS
concentrates in all the composite samples with a relatively high Sc content.

Mass

= - -
MAGS1 MAGS2 MAGS3 NMAGS IMAGS S ppm  IMAGS Sc rec.% NMAGS Se ppm
=Rl 5.1 27 17 90.6 110 7.1 150
fu 5.7 2.1 1.2 91.0 163 7.1 210
6.4 18 14 a0.4 153 B5 170
48 23 0.8 92.0 167 74 180

Fig. 12. LIMS magnetic and non-magnetic fractions from Kiviniemi composite samples
(reprinted under CC BY 4.0 license from Paper | © 2021 Authors).

Rougher separations were performed first on the R2/1 composite sample using three
different pulsation frequencies (50, 150 and 250 rpm) and applied magnetic
inductions of 0.3, 0.5 and 1.0 T. Various pulsation frequencies were tested first with
the magnetic induction of 0.5 T, after which the magnetic inductions 0.3 and 1.0 T
were tested with selected pulsation frequency of 150 rpm. The effect of pulse
frequency appears to be more significant with respect to recovery at the rougher
stage than the applied magnetic induction strength. Furthermore, at a pulsation of
150 rpm, the highest applied magnetic induction appeared to provide the best
results. Two sets of rougher-cleaner tests were also carried out for the R2/1
composite sample with a pulse frequency of 150 rpm, varying the applied magnetic
induction from 0.5 to 1.0 T and from 0.7 to 1.0 T. Regarding the cleaner stages, in
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the first cleaner test the grade was only slightly improved to reach the value of 270
ppm with significant decrease in recovery to 78%. In the second cleaner test, the
grade was not improved, with only slight improvement in the recovery. Therefore,
two sets of experimental parameters (1 = 50 rpm pulsation with 0.5 T and 2 = 150
rpm pulsation with 1.0 T) targeting high recoveries at the rougher stage were chosen
to be also applied to the composite samples R1, R2/u and R3. An improvement in
the quality was more obvious for R1 and R2/l concentrates with the 150 rpm
pulsation and 1.0 T applied magnetic induction (Figure 13). With respect to
magnetic separation, the commonly occurring iron-rich lamellae in clinopyroxene
promotes magnetic separation, which is supported by negligible losses of
clinopyroxene to tailings.

94
R2/l Rougher 2;

150 1.0T
i R2/u Rougher 2;
2 gapi Rougher 1; " 150 rpm, 1.0T
50 rpm, 0.5T * .
R2/u Rougher 1; ¥
90 50 rpm, 0.5T *
A
R1/R: her2;
g 88 . lS:)r b .ICI]‘J: R3 Rougher 2;
3 y mm, R3 Rougher 1; 150 rpm, 1.0T
E- 50 rpm, 0.5T * >
86
L
R1/Rougherl;
84 50 rpm, 0.5T
82
200 220 240 260 280 300 320

ppm Sc (ICP-OES)

Fig. 13. Effects of SLon rougher parameters (1 = 50 rpm pulsation with 0.5 T and 2 =
150 rpm pulsation with 1.0 T) on the Sc grade and recovery from all four composite
samples.

Based on the results of EPMA analysis, in addition to the main Sc carriers,
clinopyroxene (130-1490 ppm, n = 238) and amphibole (0—1420 ppm, n = 188),
Sc,03 was detected mainly in garnet (0-260 ppm, n = 39), fayalite (0220 ppm, n
= 33) and zircon (0-300, » = 15). Results above the detection limits (>100 ppm)
were also occasionally observed for ilmenite, clinoferrosilite, plagioclase and
potassic feldspar. Similar results were reported by Halkoaho et al. (2020), with the
main carriers of Sc in the ferrodiorites being amphibole (103-2088 ppm Sc,Os, n
= 27) and clinopyroxene (818—1736 ppm, n = 29). Apatite was also mentioned to
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include Sc (1062 and 1133 ppm, n = 2), which contrasts with the analytical results
of this study. Similarly to this study, Halkoaho et al. (2020) documented the
following Sc-bearing phases: zircon (averaging 187 ppm Sc,03), garnet (44-343
ppm, n = 6), clinoferrosilite (0—199 ppm, » = 13), and plagioclase (22—175 ppm, n
= 18). Sc,03 contents in both main carriers exhibit a wide variation in all composite
samples, as presented in more detail in Paper 1.

Both LIMS and SLon magnetic concentrates were combined to create the feed
for pyrometallurgical experiments; modal mineralogy for R1, R2/u, R2/l and R3
samples produced with LIMS and SLon parameters 1.0 T and 150 rpm are
illustrated in Figure 14.

100
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FSP FSP
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R1 R2/u R2/I R3

HFeOX ®WILM ®WSULF mCFS mBT+CHL  QTZ+CAL m AP EZRN

Fig. 14. Modal mineralogy compositions of combined LIMS and SLon (1.0 T + 150 rpm)
concentrates AM = amphibole; CPX = clinopyroxene; FeOX = magnetite; FA = fayalite;
ILM = ilmenite; SULF = sulfides (both pyrrhotite and pyrite); GRT = garnet; CFS =
clinoferrosilite; BT = biotite; CHL = chlorite; PL = plagioclase; FSP = potassic feldspar;
QTZ = quartz; CAL = calcite; AP = apatite; ZRN = zircon (adapted under CC BY 4.0 license
from Paper Ill © 2022 Authors).
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Deportment calculations were carried out using EPMA-based average contents
together with modal mineralogy data (Figure 14), as discussed in more detail in
Paper 1. Variation in modal compositions of the samples as well as variation in the
Sc,03 contents of both main carriers reflect to the differences between the grades
and the deportment between the concentrates. Figure 15 presents the results of
normalized deportment calculation for main components (CaO, SiO,, Al,O3; and
FeO) and ScyO; in amphibole, clinopyroxene, fayalite and garnet in all the
concentrates produced with LIMS and SLon using parameters 1.0 T and 150 rpm.

100 e 100
o R1 | | o R2/u
80 GRT 80
e 70 e 70 GRT
£ 80 £ 60
o o
E s0 CPX E 50
8.* 40 g 40
S 30 2 3p
20 20
10 AM 10
0 0
€a0 5c203 5io2 AI203 5¢203
100 100
90 90
80 20
- ] £ 70
£ 60 £ 60
o o
E so E s0
2 a0 ]
g =
S 30 S 30

5i02 Al203 FeD

5c203 5i02 Al203 FeO Ca0 5c203

Fig. 15. Deportment calculation of main components and Sc,0; in amphibole (AM),
clinopyroxene (CPX), fayalite (FA) and garnet (GRT) for the R1, R2/u, R2/l and R3
concentrates produced with LIMS and SLon (1.0 T + 150 rpm) (modified under CC BY
4.0 license from Paper lll © 2022 Authors).

As summarized in Paper I, process mineralogical research revealed variation in
intrinsic properties of clinopyroxene and amphibole and indicated variation in the
modal mineralogy of the composite samples. Furthermore, minor Sc deportment to
other ferrous minerals, mainly fayalite and garnet, was detected. Revealing the
causes for the observed variance of Sc,Oj3 in the main carriers would require a more
specific study in this issue only, which is beyond the scope of this study. The
composite samples included in this study from various parts of the main Sc-
containing unit exhibited mutually similar behaviors in magnetic separations;
highest Sc recoveries (87-92% with 230-310 ppm Sc) were achieved with SLon
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experimental parameters of 150 rpm and 1.0 T. As stated in Paper I, maximizing
both the recovery of Sc,O3; and FeOy while decreasing those of SiO,, K,O and
NayO by the removal of paramagnetic minerals into tailings (32—45 mass% in this
study for combined LIMS + SLon concentrate) was considered beneficial for the
proposed high-temperature reduction stage.

6.2 Reduction characteristics (Paper Il)

In the first part of the pyrometallurgical studies (Paper II), the R2/1 concentrate was
used without any additions other than graphite to characterize the reduction up to
temperatures of 1300°C, 1400°C, 1450°C and 1500°C. Although TG curves of
complex materials, such as those represented by the Kiviniemi concentrate, are not
directly interpretable or easy to fingerprint in terms of specific reduction reactions,
some of the potential main reactions contributing to the measured mass loss were
presented and discussed in Paper I1.

The main reduction reactions are considered essentially similar to iron oxide
reactions, although the progression of the FeO component reduction from the
lattices of silicate minerals is more complex than iron oxide reduction reactions
(Sarma et al., 1996; Yang et al., 2014; Yu et al., 2014), with kinetics hindered by
the mass transfer phenomena within the silicate lattices at lower temperature ranges.
Amphibole has the main effect on the reduction reactions and observed conversion
rates due to the main deportment of FeO in the amphibole in R2/1 concentrate.
Reduction reactions for amphiboles containing divalent iron in their lattice occur
at higher temperatures than for amphibole with trivalent iron (Brett et al., 1970).
The main reduction stage for R2/1 concentrate initiates from 950°C onwards with a
sharp increase in the conversion rates between 1050°C and 1170°C and continues
as the forming FeO-containing slag reacts with graphite with relatively high rates
of conversion until ~1250°C. Based on EPMA analysis results, the smelting
reduction of the iron oxide component in the liquid slag with graphite is completed
at the highest temperature (1500°C). Although most of the metal forms large
accumulates consisting of ferrite, FesC and Fe;P in addition to graphite, metal
entrapment even at the highest temperature is prominent due to the very high
viscosity of the slag.

In addition to the reduction of the FeO component, the reduction of silica in
the slag by solid carbon and iron may occur at temperatures above 1400°C (Maroufi
et al., 2016; Ray et al., 2018; Tangstad, 2013). According to Lee and Kolbeinsen
(2021), the reduction of SiO; takes place only after the main FeO reduction in
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ferromanganese and silicomanganese smelting processes, similarly to this study.
Titanium and phosphorus oxides are minor oxide components with the main
deportment in ilmenite and apatite, respectively. According to metal and slag
analyses, the extent of TiO, reduction in our experiments was limited. Although
Kennedy et al. (2017) have reported high temperatures (>1400°C) for apatite
reduction via solid carbon and metallic iron, phosphorus eutectic was present in
large metal accumulations in all the experiments of this study. As stated in Paper II,
silica may help in breaking the phosphate bond, releasing free P,Os gas, which may
react with carbon via the Boudouard reaction or be directly reduced with carbon
(Yang et al. 2014). Furthermore, the MnO component in liquid slag can be reduced
with carbon, and a mechanism involving metallic iron has also been suggested
(Safarian et al., 2009). A small amount of Mn in the metal accumulate was detected
only in the experiment conducted up to the highest temperature.

As summarized in Paper II, the melting and formation of liquid slag promotes
the segregation and accumulation of metal. However, the viscosity of the slag
increases as the FeO component is reduced, hindering the diffusion of the
remaining FeO and causing the entrapment of small metal inclusions in the slag,
which is somewhat compensated by the increasing temperature. Promotion of the
segregation of small metal droplets and separation of as much metal as possible
through suitable modification of the slag composition was considered preferable
prior to hydrometallurgical processing.

6.3 Modifying slag properties (Paper Ill)

Paper I1I focuses on the second stage of pyrometallurgical experiments, which were
designed to complement the characterization of the reduction behavior of
Kiviniemi ferrous Sc concentrates from three perspectives: (1) modifying the slag
composition with CaF, and/or CaO to lower the viscosity of the slag and promote
the reduction of the FeO component with enhanced separation of metallic iron, (2)
comparing the reduction of a variety of concentrates from various parts of the
Kiviniemi mafic intrusion with selected CaF, and/or CaO doping, and (3)
describing in more detail the main features of the progression of reduction with
CaO addition at selected temperature intervals (950°C, 1050°C, 1150°C, 1250°C,
and 1350°C).

As discussed in Paper 111, both additions alone (CaO and CaF») applied in the
amounts to reach the target liquidus temperature area, as presented in the ternary
Al,03—Ca0O-Si0O; phase diagram in Figure 6, exhibited a wider temperature range
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for higher rates of conversion as compared to the combined and thus the highest
amount of doping. This is due to enhanced slag-forming reactions and lower
viscosity, which improve the kinetics of reduction reactions within narrower
temperature intervals with the highest amount of doping. In addition to the
complete reduction of FeO and P,0s, reduction of the MnO, TiO,, K,0, and SiO»
components from slag occurred to some extent, particularly with CaF, additions.
The surface characteristics of the slags with CaF, doping (Figure 16A,C) differ
from the slags with CaO-only doping (Figure 16B); CaF, is known to be a surface-
active constituent in slags (Nakamoto et al., 2007). The wetting behavior of slag
without an FeO component at graphite—slag interfaces has been regarded as rather
poor depending on the carbon-slag interfacial tension, slag and carbon surface
tension, and the dynamic reactions occurring at the interface (Siddiqi et al., 1997),
which is altered by CaF,.

Graphite
crucib

Fig. 16. Back-scattered electron images of slag and metal after experiments with
concentrate R3 conducted up to 1500°C with various dopants. (A) 7% CaF,, (B) 5% CaO
and (C) 7% CaF, + 5% CaO. White metal droplets occur in the slag (reprinted under CC
BY 4.0 license from Paper lll © 2022 Authors).
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Large graphite-bearing metal accumulations include similar phases as described in
Paper II; eutectic steadite between Si-containing ferrite and flake graphite and/or
interdendritic graphite segregations (Figure 16). Titanium carbide (TiC) was
occasionally detected at the borders between ferrite and graphite. Graphite
crystallization in cast gray iron is controlled by melt composition, temperature, and
cooling rate (Radzikowska, 2017; Stefanescu et al., 2018); higher silicon content
in the metal appeared to promote the tendency to form fine interdendritic graphite.
As illustrated in Figure 16, metallic iron somewhat penetrated the graphite crucible,
dissolving carbon into the metal and producing the aforementioned textures upon
cooling. Furthermore, the gasification reactions at the Fe—C surface as proposed by
Teasdale and Hayes (2005a; 2005b) produce CO as one of the reaction steps
involved in the reduction of slag by solid carbon in the presence of liquid Fe—C;
liquid Fe—C metal and gas-forming reactions from various slag components
contribute to the reactions between liquid slags and carbon (White et al., 2017).
To reveal the main features of the progression of reduction, R3 concentrate
with 5% CaO was reduced at selected temperatures (950°C, 1050°C, 1150°C,
1250°C, and 1350°C) as the final aspect of pyrometallurgical studies. This dopant
would be preferable for slag modification due to environmental aspects and other
harmful issues related to the usage of CaF, (Persson et al., 2007; Wang et al., 2006;
Moreira et al., 2018). In these experiments, a mixture of Ar and H> was used to
eliminate the possibility of a reversed Boudouard reaction. With respect to the
baseline experiment conducted with Ar + H,, the main stage of ferrous silicate
reduction reactions peaked at ~1050°C, with similar final mass changes of 15.19
and 14.88% at 1500°C for 100% CO and 95% Ar + 5% H,, respectively. The
progression of the reduction processes at different temperatures is presented in
Figure 17, which illustrates the derivative conversion curve of the baseline
experiment with photographs and back-scattered electron images of the samples.
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The changes at 950°C were very limited, with differences between clinopyroxene
and amphibole reactions visualized in more detail in Figure 18. At this temperature,
clinopyroxene appeared as an intact mineral with the original composition and
structure, whereas the destruction of the original amphibole and the formation of
new solid phases, including minuscule metallic iron particles within the relict of an
amphibole crystal, had occurred due to dehydroxylation and reaction with the
reducing gas. The XRD patterns in Figure 19 demonstrate the complexity of
concentrate crystal structures at 950°C, with identifiable patterns for potassic
feldspar, plagioclase, clinopyroxene, garnet, fayalite, ilmenite, and even amphibole,
with relicts occasionally preserved within larger grains.

Fig. 18. Back-scattered electron images of mineral reactions and progression of
decomposition with formation of slag and metallic iron at 950°C, 1050°C, 1150°C, and
1250°C. Mineral abbreviations: CPX = clinopyroxene, AM = amphibole, ILM = ilmenite,
FA = fayalite, PLG = plagioclase, Fe = metallic iron (reprinted under CC BY 4.0 license
from Paper lll © 2022 Authors).
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At 1050°C, the decomposition of amphibole and garnet dominate the formation of
initial slag. Gas-forming reduction reactions created porosity around graphite
particles, producing metal rims around the pores (Figure 17). Phases such as
pyroxene, spinel, olivine, feldspars, and silica in addition to melt have been
mentioned as decomposition products of various types of amphibole (Brett et al.,
1970; Grapes, 2006). Furthermore, metallic iron, cristobalite, and hercynite, with
fayalite as a secondary product have been detected under reducing conditions
(>1000°C) after the decomposition of garnet (Aparicio et al., 2010). In R3 samples,
the common decomposition products were very fine-grained mixtures of dark, lath-
shaped crystals with a composition resembling that of plagioclase, and an FeO-rich
phase (Figure 18). Clinopyroxene, ilmenite, potassic feldspar, and plagioclase were
more persistent primary minerals at this temperature, which exhibited reaction rims,
dissolution structures, and zoning, as illustrated in Figure 18. Clinopyroxene and
plagioclase were identifiable in the XRD patterns in addition to metallic iron and
graphite (Figure 19). The amount of metallic iron and slag increased along the
progression of reduction reactions at 1150°C (Figure 17). Minor peaks were still
identifiable for clinopyroxene and plagioclase in addition to metallic iron, which is
the dominant phase in the XRD patterns (Figure 19).

4x10°

¢ 1150°C
1050°C  —
Fe 950°C  —
[
3x10°
w
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s (22 PG [PLG]  epx Fe Fe
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Fig. 19. XRD patterns of concentrate R3 reduced at temperatures of 950°C, 1050°C, and
1150°C. Mineral abbreviations: AM = amphibole, CPX = clinopyroxene, FA = fayalite, GRT
= garnet, PL = plagioclase, FSP = potassium feldspar, C = graphite, Fe = metallic iron
(reprinted under CC BY 4.0 license from Paper lll © 2022 Authors).
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Binary plots of the main components and Sc,O3 vs. SiO; in Figure 20 display the
evolution of the chemical composition of the slag phase. As the mineral reactions
proceed with increasing temperature, leading eventually to the decomposition and
melting of all clinopyroxene, potassic feldspar and plagioclase into the slag by
1250°C, the composition of the slag becomes homogenized with respect to the main
components, with a steady decrease in FeO.
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Fig. 20. Binary plots of FeO, CaO, Al,O;, and Sc,0; (wt%) vs. SiO, for amphibole relicts

(blue) at 950°C and slag at higher temperatures (reprinted under CC BY 4.0 license from
Paper lll © 2022 Authors).

With respect to the commonly expressed empirical slag basicity based on CaO/SiO»
(Verein Deustcher Eisenhiittenleute, 1981; Mills et al., 2013), the basicity varied
without doping between 0.20 and 0.24, whereas in the doped experiments, it fell in
the range of 0.32—0.54. Although still at high acidity and therefore high viscosity,
the applied relatively moderate additions of CaF, and CaO did improve properties
via enhanced metal segregation from the slag.
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6.4 Hydrometallurgical extraction (Paper IV)

Paper IV focuses on hydrometallurgical experiments with respect to the third and
final stage of the suggested processing scheme (Figures 1 and 11). Synthetic slag
in addition to Kiviniemi R1 and R3 slags were produced for these experiments
(details in Paper I'V). Figure 21 presents a set of images from slag R1 before final
grinding; the remaining small metal in the slag was separated with a hand magnet
prior to leaching experiments. The target of grinding was at Dgg ~30 pm, which was
accomplished for the synthetic and R3 slags with 26 and 30 pum, respectively,
whereas slag R1 remained slightly coarser with a Dy value of 34 um. Based on
slag diffractograms after magnetic separation of the ground slag, the non-magnetic
fractions submitted to hydrometallurgical experiments can be considered
completely amorphous (details in Paper 1V).

Fig. 21. Set of images from R1 slag prior to final grinding; (A) slag in the graphite
crucible after the reduction; (B) slag cut from the crucible; (C) cross-section of the slag;
(D) large metal accumulation; and (E) stereomicroscope image of crushed slag particles
(reprinted under CC BY 4.0 license from Paper IV © 2022 Authors).

Experiments were commenced with dry digestion procedures, but due to the low
Sc extraction (<22 mg L' after 90 min leaching), focus was soon shifted to H,O»-
assisted H>SO4 leaching. The factorial design of the experiments is presented in
Paper IV. First, the effect of H»O, molarity at various levels of H,SO4 molarity was
investigated at 100 °C with S/L of 1:10 on synthetic slag; the highest efficiency of
leaching was achieved with the highest molarities of 3.5 M H>SO4 and 3.5 M H>O..
Furthermore, the effects of temperature on the leaching efficiency were
investigated with an S/L ratio of 1:10 and the effects of varying S/L at 100 °C. The
improvement of increasing leaching efficiency with increasing temperature and
increasing S/L at 100°C are presented in Figures 22A and 22B, respectively.
Based on the results obtained from the synthetic slag, two levels of acid
molarities, 2.5 M H,SO4 + 2.5 M H,0» and 3.5 M H,SO4 + 3.5 M H»0,, were
selected and used at 100 °C with two ratios of S/L (1:10 and 1:20) for the Kiviniemi
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R1 and R3 slags. Figure 23 reveals that there is a significant difference between the
leaching characteristics of these two slags, which is considered a consequence of
the slightly coarser particle size of R1 slag.
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Fig. 22. Effect of (A) temperature and (B) S/L on Sc leaching efficiency for synthetic
slag with 2.5 M H,SO, and 2.5 M H;O; (reprinted under CC BY 4.0 license from Paper IV
© 2022 Authors).

A S0
i 25 MH,50,+25 MH,0, Z 3.5 M H;50,+3.5 M H,0,

]
3

30 i;?—“ﬁ
2 b 4 ——R15/L1:10

: — e ——RISALLI0
25 d —

=——R15/L1:20
—a—R3I5/L1:10 —a—A3 5L 1:10

L ——msuI - — R35/L1:20
10 Y

e =T

——R15/L1:20

5¢ leaching efficiency (%)
Sc leaching efficiency (%)
e

e w

15 30 &0 20 15 30 &0 S0
Leaching duration (min} Leaching duration {min)

Fig. 23. Effect of H,O, and H,SO, molarity and S/L both 1:10 and 1:20 on the leaching
efficiency of R1 and R3 slags. (A) 2.5 M H,SO, + 2.5 M H,0O, (B) 3.5 M H,SO, + 3.5 M H,0,.
Temperature 100°C. Error bars 20 (reprinted under CC BY 4.0 license from Paper IV ©
2022 Authors).

Formation of an orange complex was observed as soon as H,O, was added into the
reactor in all leaching experiments. This is caused by the combined effect of H,SO4
and H,O, contributing to soluble titanium peroxosulfate formation. The formation
of soluble titanium peroxosulfate and the mechanism of dissolution in pregnant
leach solution (PLS) can be exemplified via the following chemical reactions, in
which, at the first-stage, titanium oxide reacts with sulfuric acid to produce
oxotitanium sulfate and water (Alkan et al., 2018)
TiO, + H,SO4 — [TiO]SO4 + H,O @)
[TiO]SO4+ H20, — [TiO-0]SO4+ H>O (®)
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The secondary electron image of the slag R3 leach residue with corresponding X-
ray elemental maps for Si and Ca are shown in Figure 24. Further details on both
the EPMA and FESEM-EDS analysis results are provided in Paper I'V. Small silica-
enriched particles occurring as agglomerates or on the surfaces of larger particles
are interpreted to represent essentially a siliceous residue from which other
elements have been extracted. Furthermore, silica precipitation under very acidic
conditions has been described to proceed via fast polymerization of monomeric
silica from solution followed by flocculation (Gorrepati et al., 2010; VoBBenkaul et
al., 2017); this possibly contributes to the presence of observed SiO,-enriched
particles. Although silica precipitation with a crystalline structure has also been
suggested as a mechanism for avoiding silica gel formation (Alkan et al., 2018),
according to XRD investigations, crystalline silica was not detected.
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Fig. 24. Secondary electron image of slag R3 leach residue (2.5 M H,O, + 2.5 M H,SO,
with S/L 1:20 at 100°C) with corresponding X-ray elemental maps for Si and Ca (adapted
under CC BY 4.0 license from Paper IV © 2022 Authors).

Extremely high silica content of the Kiviniemi slags poses challenges compared to
hydrometallurgical processing of various slags as based on literature (Alkan et al.,
2019; Kim and Azimi, 2020; Perederiy, 2011; Rivera et al., 2019; Yagmurlu et al.,
2019). Therefore, focus was given to the suppression of silica gel formation. Even
with higher acidity of the Kiviniemi slags (53—56 wt% SiO; vs. 38; Yagmurlu et al.,
2019), smaller particle size distribution of the synthetic reference and R3 slag
samples utilized in our experiments allowed reaching 40-50% efficiency of Sc
extraction. Despite avoiding silica gel formation under the applied oxidative
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leaching conditions, it is obvious that the amorphous structure does not provide the
possibility for selective leaching (Figure 25) with respect to other components.
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Fig. 25. Summary of average leaching efficiencies for slags R1 and R3 with both tested
molarities and S/L ratios (indicated in brackets) after 90 min of leaching. Based on the
compositions of liquids determined by ICP-OES. Error bars 20 (reprinted under CC BY
4.0 license from Paper IV © 2022 Authors).

As stated by Terry (1983), in the case of crystalline structures, silica must be present
in the leaching material either as units of a small molecular weight to be present to
any degree in the solution, or it must be broken into such units by the action of acid.
Infinite silicate chains are not easily broken down into smaller silicate units due to
the strength of the Si—O bonds, which results as siliceous residue. However, for
example Al,O3; may weaken the silicate network against acid attack. Furthermore,
the metal cation—oxygen bond in any silicate material is weaker and more
susceptible to acid attack than the silicon—oxygen bond (Terry, 1983). The
formation of a passive silica-enriched protective surface layer due to the
preferential removal of metal ions (Fe, Mg, Al, Ca, K, Na) by acid has been
described in amorphous slag dissolution (Perederiy & Papangelakis, 2017). This is
in line with the percolation model of glass dissolution (Cailletau et al., 2008), which
results in a siliceous layer due to leaching of alkali and earth alkali cations.
Furthermore, according to Perederiy and Papangelakis (2017), hydrolysis of the
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Si—O bonds leading to silica dissolution competes with re-polymerization of silica
and precipitation of dissolved silicic acid along the path of the acid attack, thus
precluding the complete dissolution. This is also interpreted to occur in the
Kiviniemi slags; the silica-enriched particles are indications of preferential metal
cation dissolution from an amorphous slag. Smaller slag particles respond easily to
the acid, whereas larger particles exhibit intact interiors with silica-enriched outer
layers as described in more detail in Paper I'V.

HPAL leaching of slags after of bauxite residue smelting was studied by Rivera
et al. (2019); they reported up to 85 wt% of Sc extraction from amorphous slags
using H>SOy at 150 °C. Therefore, as the final aspect of hydrometallurgical study,
a few HPAL experiments were conducted on synthetic and Kiviniemi R3 slag.
However, leaching efficiencies in conditions used in our study remained at lower
level (30-45%) than those with atmospheric H,O,-assisted H,SO4 leaching. The
pressure range (10 and 60 bar) studied in these preliminary experiments appear to
have negligible effect to the leaching efficiency for the synthetic reference slag
(details in Paper IV).
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7 Concluding remarks and recommendations
for future research

This dissertation consists of four peer-reviewed papers. The first paper focuses on
a conventional beneficiation method with mineralogical characterization of
Kiviniemi garnet-bearing fayalite ferrodiorite samples included in this study; the
next two deal with phenomena related to high-temperature characteristics of the
produced concentrates, and the fourth focuses on leaching characteristics of the
produced Sc-enriched, Fe-depleted slag. Thus, the samples from Kiviniemi are
carried through each suggested processing stage according to the plan introduced
in the beginning of this study (Figures 1 and 11), the results combining into a
summary on Kiviniemi material properties.

Such a challenging, dispersed element in nature, such as scandium, certainly
provides a wide field for experimental research with respect to beneficiation and
extraction methods. The characteristics of this element inevitably reflect into the
complexity of beneficiation scenarios with no easy solutions in the near future.
However, the promising outlook for Sc in high-technology applications, combined
with the criticality of the supply, has initiated much research that focuses on its
extraction from both primary and secondary sources. This study offers insights into
the characteristics of Kiviniemi-type feed material for further evaluation of various
processing options. Although this study was conducted along the suggested steps
progressing from one to the other, future research can benefit from the results
obtained at each step and may include a variety of processing options, also
deviating from energy-intensive smelting reduction. It appears obvious that the
preconcentration of ferrous scandium carriers with magnetic methods can be
considered a sound, feasible, and relatively easy technology, which is easy to
implement to a bigger scale. However, the occurrence of Sc as a trace element in
clinopyroxene, amphibole, fayalite, and garnet—in other words, in chemically
resistant silicate structures—introduces challenges in terms of metal extraction.
Furthermore, as observed in this study, overcoming challenges at one stage may
give rise to some new ones for the next stages.

If pyrometallurgical treatment is to be considered for Kiviniemi-type ferrous
scandium concentrates, one of the difficulties is to optimize and modify the
composition of highly viscous slag to promote the reduction of FeO and segregation
of metal without excessively diluting the slag Sc,O; content. According to the
results of this study, the reduction of the ferrous oxide component of the slag and
the segregation of metallic iron was improved with moderate additions of CaF, and
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CaO, which lowered the liquidus temperature and viscosity of the slag. Despite the
variations in the modal mineralogy of the concentrates used in this study, the high-
temperature behavior essentially remained similar, although the main reduction
stage is initiated at a slightly higher temperature (~1000-1030°C) for the
concentrates with less amphibole and a higher amount of nonferrous minerals. The
beginning of the main reduction stage, with the formation of initial slag, is
dominated by the decomposition and reduction of amphibole and garnet. The final
decomposition of clinopyroxene occurs at a significantly higher temperature than
that of amphibole, with structures persisting until 1150°C. Only after the complete
melting of silicates and dissolution of unreduced FeO into the slag can the final
FeO reduction from the slag be achieved by carbon, accompanied by segregation
and accumulation of metallic iron.

Although pyrometallurgy does offer the potential to eliminate what could be
stated as the “Fe problem” for the hydrometallurgical extraction and separation
stages, the benefits of pyrometallurgical processing against the drawbacks of high
energy consumption would have to be carefully evaluated. If pyrometallurgy
continues to be included as an option for the Kiviniemi-type feed material, the
effects of hydrogen on reduction should be investigated. Unfortunately, this was
not possible in this study, whereas recently upgraded research infrastructure at the
Process Metallurgy Research unit would allow these types of studies to be
conducted in the future. Furthermore, other options might be provided by milder,
high-temperature manipulation of the concentrate crystalline structures without
smelting reduction. A somewhat similar analog, which has been used in industrial
production, is roasting of ilmenomagnetite with sodium carbonate to recover
vanadium via the formation of soluble sodiumvanadate—then again, extracting
elements from oxide lattices is a simpler task than extracting trace elements from
silicate lattices, and particularly for an element with an ability to change oxidation
state, unlike scandium. Moreover, Ca(OH),-coal roasting procedures to recover
iron, niobium, and scandium from the Bayan Obo tailings, followed by sulfuric
acid leaching process, have been reported (Zhang et al., 2019). Although Sc occurs
mainly in pyroxene and possibly amphibole in the Bayan Obo tailings, the
differences in feed mineralogy might hinder the possibilities offered by roasting in
the case of Kiviniemi. Among the pyrometallurgical options, controlled cooling
procedures with or without further slag modification might provide crystalline
material for the hydrometallurgical stage. The phenomena related to the leaching
characteristics of feed material are strongly influenced by the type of crystalline
structures involved. Therefore, crystalline structures may provide the benefit of
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selective or enhanced leaching; however, excessive dilution of the slag Sc.O3
content in the case of further compositional modification should be avoided.

Although slag systems have been reported to have high Sc leaching efficiencies
with mineral acids, it appears obvious that the Kiviniemi slag system as such does
not offer any easy solutions for sufficiently high extraction efficiencies, which
remained in the range of 40-50%. Nevertheless, hydrometallurgical processing
options provide a huge field for investigation, and most likely there are several
options for both concentrate and pyrometallurgically treated materials with which
studies can be continued. The process of direct hydrometallurgical extraction from
magnetic concentrates is currently under development with a similar type of
primary Sc resource, Crater Lake in Canada, focusing on a two-stage extraction
method with a high-pressure caustic leach (HPC), followed by hydrochloric acid
leach of the HPC residue. The separation of Sc products after this type of extraction
is not yet published; however, it should consider having a control over soluble Fe,
which is known to deteriorate the Sc separation.

Understanding and characterizing the behavior of material, as dictated by
mineralogy, is the basis for any developmental work aiming toward beneficiation.
The results of this study provide information for further studies of the beneficiation
potential of Kiviniemi-type deposits, where Sc is incorporated in ferrous silicate
minerals. Whether technological pull will be sufficient to allow more studies on the
development of beneficiation of the Kiviniemi deposit, remains to be seen.
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